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Propositions

accompanying the dissertation

Luminescent Greenhouse Coating
Investigating the potential of luminescent materials in greenhouse applications

by

Chun-Ting Cho

1. Food security, defined as “when all people, at all times having physical and eco-
nomic access to sufficient safe and nutritious food that meets people’s dietary
needs and food preferences for an active and healthy life”, makes it impossible
to achieve.

2. The agronomic benefits of ambient solar ultraviolet radiation are outweighed by
its harmful effects; therefore, UV may be excluded from sunlight and supplied only
on-demand through artificial lighting in greenhouses.
This proposition pertains to Chapter 2 of this dissertation.

3. Tuning particle size is more practical for optimizing light scattering than altering
refractive index for greenhouse luminescent coatings.
This proposition pertains to Chapter 4 of this dissertation.

4. In Mediterranean greenhouse horticulture, optimising spectral quality is more crit-
ical for crop performance than maximising overall light transmittance.
This proposition pertains to Chapter 5 of this dissertation.

5. Hortiscatter metric defined in NEN-2675 is impractical for routine use because its
measurement protocol is complex and shows low inter-laboratory reproducibility.

6. Maximizing resource efficiency and yield should come before broad sustainability
goals in greenhouses.

7. Trusting intuitive judgments blindly is as flawed as dismissing them entirely.

8. Physics students should undergo more extensive pre-work lab safety training than
students from chemistry disciplines, because the standard curriculum of physics
disciplines offers less exposure to chemical hazards.

9. "Black tea" is not a "black" tea, but a "red" tea, although it looks "brown".

10. Squats can solve mental issues. If not, do 10 more.

These propositions are regarded as opposable and defendable, and have been approved
as such by the promotors prof. dr. P. Dorenbos and dr. E. van der Kolk.
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1
Introduction

1.1. Food insecurity and solutions
Food insecurity has been a long-lasting topic on the table of the United Nations. Since
1927, the world population has risen from about 2 billion to 8 billion and is expected to
continue growing in the coming decades. Thanks to the Industrial Revolution, advanced
technology, and public effort, the production of food, such as corn, wheat, and rice, has
been enhanced to support the world population. However, according to the 2024 re-
port of the Food and Agriculture Organization of the United Nations, nearly 281 million
people are encountering high levels of food insecurity [1]. The reasons are various, for
example, waste, poor supply chain, regional conflict, extreme weather, and economic
shocks. Among all the reasons, extreme climate conditions account for over 72 million
people in 18 countries facing high levels of food insecurity, which was 56 million in 2022.
The four critical factors for food security are presented in Fig. 1.1.

Figure 1.1: The four factors of food security. Figure was reproduced from Carthy et al. [2].

One of the most straightforward ways to address food insecurity for a rapidly expand-
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ing global population is to increase crop production. However, current food production
systems are already operating under severe stress, and further expansion may not be sus-
tainable because we have over-exploited natural resources; for example, an estimated
17% of the Amazon rainforest has already been degraded [3]. In addition, industrializa-
tion, environmental pollution, and climate change are reducing the amount of available
land area for agriculture [4, 5]. It is widely acknowledged that food insecurity cannot be
solved by a single solution. In response, international organizations have recommended
several strategies, including policies to reduce food waste, preserve resources, improve
current production, transportation, storage systems, and better communication along
the value chain between farmers and end consumers [6].

Several measures are proposed specifically to address the food insecurity arising from
climate change. Strengthening the sustainability of agriculture is a major focus, which
includes conservation agriculture, crop diversification, and organic farming. Other mea-
sures, such as sustainable land management, soilless planting, water conservation, and
efficient irrigation techniques can all be helpful for enhancing the resilience of crops to
climate change. Lastly, the use of artificial intelligence, big data, and advanced sensor
systems can help monitor the growing conditions of crops in real time, providing imme-
diate adjustments for higher crop yields [7–13].

Greenhouses are a promising solution for addressing food insecurity arising from cli-
mate change, as they offer a shielded environment that protects crops from extreme
weather conditions and provide a higher crop yield compared to open-field farming.
There are various types of greenhouses. In tropical regions, the greenhouses are usually
built with plastic covers. In northern areas like the Netherlands and England, green-
houses are often made with glass panels, which protect the crops from strong winds,
snow, and frost. Apart from providing protection, greenhouses also provide a suitable
platform for applying advanced technologies such as precision nutrition control, climate
system, pest control, lighting systems, automation, and AI monitoring systems. The var-
ious features of greenhouses can help increase crop yields more effectively [14, 15]. Be-
yond advanced greenhouse technologies, light is important to plant growth because it
directly drives photosynthesis and influences crop yield. In greenhouses, “light manage-
ment” involves regulating the spectral quality, intensity, and duration (photoperiod) of
incoming light, along with the optical properties of the glazing and supplemental light-
ing systems.

1.2. Light management in greenhouses: Spectrum,
Transmittance, and Scattering

1.2.1. Air mass spectrum and sunlight trajectory
To establish a unified standard for evaluating solar cell performance, the air mass coeffi-
cient system was introduced, abbreviated as “AM” followed by a number. AM0 refers to
the solar energy spectrum outside the atmosphere, which means zero atmosphere. AM1
refers to the solar spectrum passing through one atmosphere layer at sea level, which
is often used to characterize the performance of solar cells in the tropical and equato-
rial regions. However, sunlight rarely traverses exactly one atmosphere in all situations.
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Sunlight’s spectrum varies with weather conditions, as well as the latitude and altitude
of the observation point. In the morning and evening, the penetrating path of sunlight
is much longer than at noon. Weather conditions, such as sunny or cloudy skies, also
influence the air mass. In addition, because the major population of the world lives in
the temperate zone, the average term of AM1.5, corresponding to a solar zenith angle
of 48.2°, can better represent the average length of sunlight trajectory and is often used
in research to characterize the performance of solar cells. Figure 1.2 illustrates the AM0
and AM1.5 solar spectrum reproduced from the data in Gueymard et al. [16]. The Earth
orbits the Sun and also rotates on its own axis. As mentioned, the trajectory of sunlight
varies according to different latitudes and the altitude of the observation point. Figure
1.3 illustrates that at high-latitude regions like the Netherlands and England, the sunlight
never reaches the ground at a perpendicular angle.

Figure 1.2: The AM0 and AM1.5 solar spectrum.

Beyond photovoltaics, horticulture also relies heavily on the solar spectrum, as sun-
light is a free and indispensable resource for plant growth. The two fields draw on many
of the same principles. For example, both greenhouse roofs and solar panels are installed
at region-specific tilt angles based on the sun’s trajectory. In the Netherlands, solar pan-
els achieve the highest power output when oriented south at a tilt angle of about 37°,
while greenhouse roofs are often tilted 20–30° to maximize sunlight capture [17].

1.2.2. Hemispherical light transmittance
Because sunlight rarely enters the greenhouse roofs at a perpendicular angle, character-
izing the performance of greenhouse roof only with “perpendicular transmittance (or di-
rect transmittance)”, which is often used in the physics field and only measured with the
light incident at a perpendicular angle (0° angle of incidence), does not accurately reflect
real-world conditions. To address this limitation, researchers from Wageningen Univer-
sity and Research introduced the concept of “hemispherical light transmittance (THEM)”,
which integrates the angular transmittance from 0° to 90° angle of incidences, providing
a more comprehensive and accurate method to characterize the transmittance property
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Figure 1.3: The sun trajectory in the high latitude (52°N) region.

of the greenhouse roof materials. Hemispherical light transmittance is considered more
representative compared to the direct transmittance for the users in horticulture.

Figure 1.4: WUR Transvision system. Image from Swinkel et al. [19].

The latest procedures and requirements for measuring hemispherical light transmit-
tance are regulated by the Netherlands Normalisatie Instituut in the document NEN-
2675-2018 [18]. Currently, there is only one accredited institute (according to Raad voor
Accreditatie ) that can carry out the measurement of hemispherical light transmittance,
with a system called “Transvision” at Wageningen University and Research (WUR) Light
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Lab. The system utilizes a high power xenon lamp with two reflective mirrors to split
the incident light, and a 1.5 m integrating sphere (with 2 openings) is used as the sig-
nal collector, as shown in Fig. 1.4 [19]. The WUR Transvision system is recognized as
the industry standard for measuring hemispherical transmittance of greenhouse glazing
materials [20]. According to Marcelis et al., 1% extra hemispherical light transmittance
enhances 0.5% to 1% extra crop yield [21]. Therefore, the manufacturers and owners of
greenhouses significantly value this specific optical property.

1.2.3. Hortiscatter
Besides light transmittance, Dutch plant biologists and growers also value how sunlight
is scattered onto leaves. Photosynthesis does not increase linearly with sunlight flux;
beyond a certain intensity, additional light does not enhance photosynthesis and effec-
tively goes to waste. In low-scattering conditions, such as on a cloudless day, sunlight
enters the greenhouse directly and primarily illuminates the top layers of leaves, causing
them to reach photosynthetic saturation while lower leaves receive insufficient light. By
increasing the scattering of sunlight, illumination is distributed more evenly, allowing
more leaves to operate at optimal photosynthetic efficiency [22–24]. As a result, green-
house owners often use scattering coatings or specialized roof structures (this disserta-
tion focuses on scattering coatings) to enhance light distribution.

To quantify a covering material’s ability to scatter light, researchers introduced the
concept of Hortiscatter (SH), which is defined and regulated under NEN-2675-2018. A
0% SH means that all transmitted light rays keep their original direction, while a 100%
SH means that the scattering distribution of the light rays follows a perfect Lambertian
distribution. In the case of a Lambertian scattering, an observer looking at the scattering
source from a fixed distance, perceives constant brightness, i.e., the radiance is constant,
from all possible viewing angles. The hortiscatter indicates the extent to which a scatter-
ing distribution resembles Lambertian scattering. According to Wageningen University
& Research (WUR), a Hortiscatter level of about 10% can boost crop yield by approxi-
mately 1.8 - 2.2% [25]. However, increasing scattering often lowers overall light transmit-
tance (THEM), as some incident light is reflected outwards. Our ray tracing monte-carlo
simulation shows that as particle size increases from a few nanometers to a few microm-
eters, THEM rises while SH decreases, revealing a trade-off that makes it difficult to max-
imize both simultaneously (Figure 1.5). Although NEN-2675-2018 specifies procedures
for measuring SH, there is currently no reliable system that can measure this parameter
consistently, so Hortiscatter is not investigated further in this dissertation.

1.3. Light-driven plant physiology: PAR, UV, and NIR
1.3.1. Photosynthesis effect and photosynthetically active radiation

(PAR)
Plants require light, carbon dioxide, water, and nutrients for photosynthesis and growth.
Through photosynthesis, CO2 is converted into organic compounds, contributing to
biomass accumulation and, under certain conditions, to carbon sequestration. The en-
ergy from sunlight is primarily absorbed by chlorophyll, a specialized pigment found in
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Figure 1.5: The figure presents the dependence of various quantities of interest on parti-
cle size (r) calculated via a ray tracing monte-carlo simulation. The dark blue
line represents the extra yield (Y+, 1), the turquoise line represents perpen-
dicular transmittance (TL, 2), the blue line represents hemispherical trans-
mittance (THEM, 3), the pink line represents hortiscatter (SH, 4), and the rasp-
berry line represents backscatter (SB, 5). The red line represents glass absorp-
tion (AG, 6). This work was done by Benjamin Slotboom using LightTools, and
has not been published yet.

plants, cyanobacteria, and algae. Chlorophyll is a tetrapyrrole-based organic molecule
with several structural variants (chlorophyll a, b, c1, c2, d, and f), each differing in the
composition and arrangement of side chains as shown in Fig 1.6. These structural differ-
ences influence their absorption spectra, allowing organisms to optimize light capture
in different environments [26]. Among them, chlorophyll a and b are the main pigments
in plants [27].

The biological process of absorbing photon energy by chlorophylls and converting it
into organic molecules that store chemical energy is called photosynthesis. The gen-
eral equation of photosynthesis was first proposed by Cornelis Bernardus van Niel and
later became the current form of the equation shown in Eq. 1.1. Photosynthesis con-
sists of two stages, the light-dependent reaction and the light-independent reaction. In
the light-dependent reaction, chlorophyll converts photon energy into chemical energy
by consuming water molecules. In this process, oxygen, reduced nicotinamide adenine
dinucleotide phosphate (NADPH), and adenosine triphosphate (ATP) which store the
chemical energy, are formed. NADPH and ATP produced in the light-dependent reac-
tion serve as essential energy carriers for the light-independent reaction, where carbon
dioxide is converted into carbohydrates. Together, these reactions form a series of elec-
tron transport processes as shown in Fig. 1.7 [28].
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Figure 1.6: The chemical structure of a) chlorophyll a, b) chlorophyll b, c) chlorophyll c1,
d) chlorophyll d.

6CO2 +6H2O = C6H12O6 (glucose)+6O2. (1.1)

Expanding on the light-dependent reaction, there are two photosystems: photosys-
tem I (PSI) and photosystem II (PSII). Each photosystem contains a combination of
pigments, including chlorophyll a, chlorophyll b, carotenoids, and other accessory pig-
ments. When a photon is absorbed by a pigment, an electron is excited to a higher energy
level and transferred through an electron transport chain. In this chain, electrons move
from PSII to PSI in a stepwise manner, driving the synthesis of ATP and NADPH as shown
in 1.7. Electron transport occurs within both PSI and PSII through specialized reaction
centers.

Figure 1.7: The chain reaction of photosystem I and photosystem II.

Each reaction center contains chlorophyll a and accessory pigments that help tune its
absorption spectrum. In PSI, the reaction center is called P700 because it absorbs light
most efficiently at 700 nm, while in PSII, the reaction center is P680, with a peak ab-
sorption at 680 nm (in the red light region). After absorbing the corresponding photon,
an electron is excited and transferred through the electron transport chain, ultimately
reducing NADP+ to NADPH. The absorption spectral range of the chlorophyll pigments
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responsible for photosynthesis defines the part of the solar spectrum that is called pho-
tosynthetically active radiation (PAR). The spectrum range of PAR highly overlaps with
the human visual spectrum, ranging from 400 nm to 700 nm. Photons with longer wave-
lengths (over 700 nm) lack sufficient energy to drive photosynthesis, although the far-red
(700 - 750 nm) photons can impact plant growth and photosynthesis [29]. The shorter-
wavelength photons (below 400 nm) can be harmful to plant cells due to their high en-
ergy, though most are filtered out by the atmosphere. Each photosynthetic pigment has
a different absorption spectrum within the PAR range. Chlorophyll a has its strongest
absorption at 440 nm, with a secondary peak at 680 nm. Chlorophyll b absorbs most ef-
ficiently at 470 nm and 650 nm, while carotenoids primarily absorb light between 400 nm
and 550 nm. A chloroplast contains multiple pigments. The combined absorption spec-
tra of all pigments within the chloroplast influence the plant’s overall photosynthetic ef-
ficiency. The combined absorption spectrum of all pigments determines the plant’s "ac-
tion spectrum", which reflects the photosynthetic rate at different wavelengths of light.
As shown in Fig. 1.8, the action spectrum exhibits peaks in both the red and blue re-
gions, which explains why plant leaves appear green, since green wavelengths are least
absorbed and mostly reflected.

Figure 1.8: The absorption coefficient of chlorophyll a, b, and carotene. Data from
Clementson et al. [30].

Generally, blue and red light play a crucial role in plant growth and development. Blue
light (450-495 nm), for instance, promotes a more compact lettuce, enhances pigment
concentration in lettuce [31], and supports the highest vitamin C content of Chinese
cabbage [32]. Red light (620-700 nm), has been shown to increase tomato yield [33], and
promote reproductive growth of Chinese cabbage [32]. It also reduces nitrate concen-
tration in lettuce, marjoram, and green onions [34]. Additionally, red light enhances vi-
tamin C content in green vegetables such as spinach and rocket [35]. However, this does
not mean that green light is insignificant. Studies suggest that green light (495-570 nm)
can support overall growth in lettuce [36]. For instance, baby leaf lettuce benefits from
green light exposure, leading to increased vitamin C and tocopherol homologues [37].
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1.3.2. Extension of PAR into ultraviolet and near infrared range
Since the early 2000s, some researchers have advocated for including far-red light (FR)
(700-750 nm) and ultraviolet (UVA: 315-400 nm) radiation into the photosynthetically
active radiation (PAR) spectrum (traditionally defined as 400-700 nm). Some key rea-
sons for incorporating FR light include: it enhances total biomass accumulation in let-
tuce [38], improves the canopy gross photosynthesis rate of lettuce and tomato [39], and
increases fruits production in paprika [40]. Young plants with a reduced amount of FR
light lower whole-plant CO2 assimilation rates at low light intensity through reduced leaf
area [41]. Recent findings indicate that FR light can be as efficient for driving photosyn-
thesis as light within the traditional PAR range [39]. However, FR light also has draw-
backs. For example, prolonged FR exposure reduces carotenoid level in thale cress [42],
and long-term FR exposure decreases tomato leaf resistance to Botrytis cinerea infec-
tions [43]. Other effects of adding FR light includes excessive stem elongation of petu-
nia [44], increasing biomass, and lowering phytochemical concentrations of baby leaf
lettuce [45].

The potential benefits of UVA light include increased fresh and dry weight of tomato
under moderate UVA exposure [46] and improved biomass and bioactive compound ac-
cumulation in kale [47]. Additionally, UVA exposure stimulates the production of UV-
protective pigments in Arabidopsis thaliana [48] and enhances the growth and nutri-
tional quality of lettuce [49]. UVA has beneficial effects on the below-ground biomass
production of the lavender under low water availability [50]. However, UVA radiation is
not universally beneficial. Excessive UVA exposure can cause DNA damage and disrupt
physiological processes [51]. For instance, UVA inhibits cucumber growth by reducing
leaf and stem biomass [52]. Similarly, in wheat, UVA exposure reduces plant height, leaf
area, and total biomass in wheat, cotton, sorghum, and amaranth [53].

Responses to UVA can vary significantly depending on plant species and genotype.
The impact of adding UVA is different for Chandausi wheat and Purna wheat [54, 55].
Moreover, the effects of UVA exposure depend on its intensity and the background irra-
diance of the environment [55]. The effect of UVA and FR light vary across plant species
and genotypes, and environmental conditions can further modify their influence. Due
to their mixed effect, both positive and negative, the inclusion of UVA and FR in the PAR
spectrum remains a topic of ongoing debate.

1.4. Luminescent materials
Luminescent materials are abundant in our daily lives, such as LED lighting, television
displays, lasers, data communications, and even brighteners in detergents. The fun-
damental working principle of luminescent materials involves the absorption of high-
energy radiation followed by the emission of low-energy light. Luminescent materials
can be applied to a greenhouse as a potential booster to enhance PAR photon flux by so-
lar spectrum conversion. Fan et al. have reported a comprehensive review of the spec-
tral conversion type, like UV-to-green, blue-to-red, and the respective potential phos-
phors for each type [56]. In this section, we provide a general introduction to lumines-
cent materials. The specific luminescence mechanism varies depending on the exci-
tation source, leading to classifications such as photoluminescence, cathodolumines-
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cence, and chemiluminescence. Chemiluminescence results from chemical reactions
that release energy in the form of light. Cathodoluminescence, often seen in old cathode-
ray tube (CRT) displays, is excited by an electron beam. Photoluminescent materials, the
focus of this dissertation, is then triggered by high-energy electromagnetic (EM) waves,
such as ultraviolet (UV) light [57]. Photoluminescent materials, commonly called phos-
phors, absorb incident photons either via host-lattice transitions or activator-ion tran-
sitions (e.g., transition metals or lanthanides), thereby promoting electrons from the
ground state to higher-energy excited states. After excitation, electrons undergo a se-
ries of non-radiative relaxation processes, such as lattice vibrations (phonon interac-
tions) and thermal dissipation, before settling into the lowest energy level of the excited
state. From this state, electrons return to the ground state via either radiative relaxation
(photon emission) or additional non-radiative pathways (heat). The primary objective
in phosphor applications is to maximize radiative relaxation, as this directly contributes
to light emission intensity. However, non-radiative relaxation is inevitable and can sig-
nificantly impact luminescence efficiency [58].

The non-radiative relaxation, often referred to as quenching, happens due to two pri-
mary mechanisms: temperature quenching or concentration quenching. Temperature
quenching arises when thermal energy enables electrons to escape the excited state
through non-radiative crossover points in the potential energy surface of the material.
This occurs when the excited and ground state potential energy curves overlap at higher
vibrational levels, leading to energy loss as heat rather than photon emission. Concen-
tration quenching occurs when excessive activator ions (e.g., Eu2+, Ce3+) in the host lat-
tice promote energy migration between adjacent activator sites. This energy transfer
leads to non-radiative losses before photon emission can occur. The competition be-
tween the radiative and non-radiative relaxation determines the emission performance
of the phosphor and is defined as quantum efficiency (or quantum yield), which is cal-
culated by the ratio of emitted photons to absorbed photons.

The excitation mechanisms of inorganic phosphors range from 3d→3d transition in
the transition metal elements, 4f→4f transition and 4f→5d transition in the lanthanide
elements, charge transfer transition, and VB→CB transition, depending on the activator
ions and host materials. Two transitions particularly relevant to this dissertation, the
4f→5d activator transition and the host CB→VB transition, are briefly introduced below.

4f→5d transition
The 4f→5d transition is an allowed transition and significantly more intense than the

4f→4f transition. The 5d orbitals is not shielded by 5s2 and 5p6 orbitals, making them
highly sensitive to the crystal field environment. As a result, the emission spectrum of
4f→5d transitions typically appears as a broad band, in contrast to the sharp-line emis-
sions of 4f→4f transitions. A characteristic example of a lanthanide ion featuring 4f→5d
transitions is divalent europium (Eu2+) and trivalent cerium (Ce3+), which is widely used
in luminescent materials [59, 60]. The properties and applications of Eu2+-doped phos-
phors will be further discussed in this dissertation.

CB→VB transition
CB→VB transition involves electronic transitions between the valence band (VB) and

the conduction band (CB) of the host material, rather than localized transitions within
activator ions, such as 4f→4f or 4f→5d transitions in the lanthanide elements. Similar to
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insulators and semiconductors, electrons in the host material are confined to the valence
band and require sufficient energy to be excited to the conduction band. The minimum
excitation energy for host absorption is therefore determined by the bandgap energy
of the material. Typical host absorption phosphors include ZnS:Ag and ZnO:Zn [61].
Upon excitation, electrons are generated in the conduction band and holes in the va-
lence band. These mobile carriers are then sequentially trapped by defect sites, whose
charge transition levels (CTLs) lie within the bandgap. Taking ZnS:Ag phosphor as an
example, a free hole from the valence band is captured by the Ag dopant, which acts as
an acceptor. The recombination of the electron from the conduction band with the hole
trapped at the acceptor CTL releases energy as a photon. This process, known as donor-
acceptor pair recombination, precisely corresponds to the 451 nm emission of ZnS:Ag
phosphor.

Because of the spectral-conversion capability, luminescent materials can be applied
as sprayable coatings on greenhouse glazing to modify the light spectrum entering the
greenhouse. A key advantage of sprayable coatings is that they can be applied or re-
moved on existing greenhouse glazing as needed, depending on the grower’s require-
ments.
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1.5. Research objective and dissertation outline
This dissertation investigates the use of photoluminescent materials as luminescent ad-
ditives for greenhouse coating applications and addresses three main challenges. Firstly,
although photoluminescent materials are well-studied and widely applied in lighting
technology, their use in greenhouses to convert incoming UV into photosynthetically ac-
tive radiation (PAR) remains largely unexplored, with limited practical demonstrations of
phosphor-based coatings for this purpose. Secondly, there is no clear and standardized
measurable quantities for quantifying how effectively these coatings perform spectral
conversion. Thirdly, the current characterization method for hemispherical light trans-
mittance requires a sample area of at least 200 cm2, posing a significant obstacle for
research groups working with functionalized roof samples and thereby hindering the
development of advanced greenhouse roofing technologies.

A successful greenhouse luminescent coating should be cheap and scalable; therefore,
in Chapter Two, an inexpensive, mass-producible silicate phosphor co-doped with Eu2+

and Al3+ is investigated. Its key photoluminescent properties, including emission, exci-
tation, and decay spectra are characterized. A new metric, termed PAR enhancement, is
introduced to quantify the ability of luminescent coatings to convert UV light to PAR. In
this chapter, the first greenhouse-oriented luminescent coating based on this phosphor
is fabricated, and its UV-to-PAR performance is assessed, tackling the first and second
challenges.

To assess luminescent coating samples developed for greenhouse applications, a table-
top system is constructed to characterize the hemispherical light transmittance of labo-
ratory sized samples in Chapter Three. The instrument is created by scaling down the
reference system at Wageningen University & Research, and a systematic study of design
parameters, including edge thickness, port diameter, and beam size, identifies optimal
configurations for researchers who wish to evaluate small, functionalized roofing sam-
ples.

A further demonstration of the feasibility of phosphors for greenhouse applications
is presented in Chapter Four and Five. In Chapter Four, luminescent coatings formu-
lated with two commercial phosphors are examined: an activator-absorption phosphor
(BaMgAl10O17:Eu2+) and a host-absorption phosphor (ZnS:Ag). Their optical proper-
ties, including hemispherical light transmittance, absorption strength, PAR enhance-
ment, and diffuse reflectance, are reported. The effects of coating thickness, particle
mass loading, and phosphor refractive index are analyzed, and the differences between
activator-absorption and host-absorption phosphors are discussed.

In Chapter Five, an activator-absorption phosphor, Sr2Si5N8:Eu2+, which absorbs not
only UV radiation but also the blue band within the PAR spectrum, is applied in the lumi-
nescent coating. This work qualitatively studies the influence of using a phosphor that
absorbs part of the PAR spectrum, focusing on total transmitted PAR and the spectral
quality achieved by applying such a phosphor as a luminescent coating.
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2
The potential of SiO2:Al3+,Eu2+ blue

phosphor coatings in greenhouse
application

Solar spectral conversion by a low-cost luminescent coating for greenhouse applications
increases crop yield and can contribute to addressing the food crisis. A luminescent
coating based on cheap SiO2 particles doped with Eu2+ and Al3+ demonstrated extra
photosynthetically active radiation (PAR) in this work. To optimize the efficiency of this
phosphor for greenhouse applications, three phosphor series with varying Al/Eu con-
tent in SiO2 were synthesized via a sol-gel approach and characterized by luminescence
decay time, absorption, luminescent excitation, emission, and quantum yield measure-
ments. With increasing the Eu%, at a fixed Al%, the decay time and quantum yield de-
creased while the emission shifted to the red. The effect can be explained by a more and
more efficient resonance energy transfer to lower energy Eu2+ 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 Eu2+ solu-
bility (reduced Eu clustering) through the Al3+ co-doping, causing the average Eu2+-Eu2+

distance to be higher and the onset of concentration quenching to shift to a higher Eu%.
Specifically, we found that for 1 mol% Eu2+, a minimum of 4 mol% Al3+ was required
to avoid concentration quenching. Two indicators were developed to quantify the UV-
to-PAR conversion 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 that an additional PAR was provided by our luminescent coating. A
general discussion about all factors that can bring the conversion efficiency of a phos-
phor coating closer to the theoretical maximum will be presented.

The content of this chapter is based on the following publication:
Chun-Ting Cho, Giacomo Bosco, Erik van der Kolk, Opt. Mater. 157 (2024) 116047.
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2.1. Introduction
According to the 2023 report from the Global Network Against Food Crises, food inse-
curity 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 eco-
nomic 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 from
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 dutch
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 [4–8]. As these techniques consume
energy, it is worthwhile to consider a photoluminescent material that converts ultravio-
let (UV) solar radiation to photosynthetically active radiation (PAR) as an alternative so-
lution for spectral conversion or extra light since UV is unused in photosynthesis [9–11].

An economically viable spectral conversion coating must be based on a cheap phos-
phor. Silicon dioxide (SiO2) is a popular host matrix in the industry due to its excellent
chemical stability and low production cost. Doping with Eu2+ turns SiO2 into a blue
emitting phosphor that absorbs UV light but no PAR, seemingly ideal for UV to PAR con-
version and a subsequent enhanced PAR transmission [12–14]. Unfortunately, a signif-
icant limitation observed in this material is that Eu2+ is limited to low doping concen-
tration when incorporated into the SiO2 host because lanthanide ions can only create
their own crystallographic interstitial sites due to the size and charge mismatch. The re-
sulting low solubility limit leads to a lower luminescent intensity due to concentration
quenching, even more so due to clustering of lanthanide (Ln) ions [15–17]. For example,
research from Lochhead et al. has shown that clustering of Eu3+ in SiO2 already happens
at 0.3 mol% [18]. Co-doping SiO2 with ions like Al, P, Ba, or Mg has successfully been used
to increase the solubility of Ln ions [19–22]. Co-doping with Al has appeared especially
beneficial for increasing Eu2+ luminescent intensity [23–25].

The mechanism of how co-doping with Al3+ helps increase the solubility limit of triva-
lent lanthanides in the SiO2 host was described by Lægsgaard using density function
theory (DFT) to predict the local structure around Er3+ ions in silica-alumina oxide [26].
On the other hand, Funabiki et al. explained the co-doping theory from a thermody-
namic point of view by the formation of a solvation shell [27]. The formation of the
Al-Ln complex increases system entropy and suppresses Ln clustering. Nogami et al.
proved that co-doping Al3+ in SiO2 enhances the luminescent intensity of Eu2+ by 250
fold [24]. Kishimoto et al. studied the Eu2+ quantum efficiency while tuning the Al and
Eu content between 0-10% and 0-5%, respectively. They concluded that 1 wt% Eu2O3 in
1Al2O3-99SiO2 glass gave the highest quantum efficiency of 48% [25].

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 absorp-
tion by raising Eu2+ doping content without lowering the quantum efficiency and sub-
sequently 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
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synthesized via a base-catalyzed sol-gel method [28, 29]. Due to the lack of published
work quantifying the efficiency of a greenhouse coating, two efficiency indicators are
presented [30, 31]. 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.

2.2. Material and method
2.2.1. Phosphor preparation
All samples were synthesized via the sonochemical sol-gel method. A stoichiometric
amount of aluminum isopropoxide Al(O-i-Pr)3 (Sigma-aldrich, ≥ 98%) was added into
pure ethanol, and europium nitrate Eu(NO3)3 (ABCR, 99.9%) was added into deionized
(DI) water respectively, according to the molar ratio of the sample composition. After the
precursors were completely dissolved, the two solutions were added into tetraethyl or-
thosilicate 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 hy-
droxide NH4OH (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% H2-N2 gas to reduce the trivalent Eu to the divalent state.

2.2.2. Sample series
The elemental composition of all samples synthesized in this study was characterized by
energy-dispersive X-ray spectroscopy incorporated in an SEM (JSM-IT100, JEOL). They
are presented in the form of SiO2:AlxEuy, where x and y represent the molar percentage
(mol%) of Al3+ and Eu2+, respectively, to all cations (Si + Al + Eu). For instance, sample
SiO2:Al0.04Eu0.01 consists of 4 mol% Al3+, 1 mol% Eu2+, and 95 mol% Si. The synthesized
samples are categorized into 3 groups: I) fixed 4 mol% Al3+ concentration (Eu = 0.5, 1,
2, 3 mol%), II) fixed 1 mol% Eu2+ concentration (Al = 1, 2, 3, 4, 10 mol%), and III) fixed
Al/Eu content ratio of 4 (Eu = 1, 3, 5 mol%).

2.2.3. Luminescent coating production
The coating consists of a dispersing agent, defoamer, acrylic resin, thickeners, and our
optimized phosphor. The loading of phosphors was 8 mass% with a wet thickness of
100 µm 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 the phosphor.

2.2.4. Characterization methods
The crystal structure of the samples was checked with x-ray powder diffraction (X’Pert
Pro, PANalytical) by using Cu K α1 radiation. The particle morphology was charac-
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terized by a transmission electron microscope (JEM1400, JEOL) and a scanning elec-
tron 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 photo-
luminescence spectrum (PL), while the photoluminescence excitation spectrum (PLE)
was recorded by monitoring emission at 475 nm. The decay spectra were obtained un-
der 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 η (%) was de-
termined by integrating over the sample and LED emission wavelength range in an in-
tegrating sphere (Labsphere) using a 340 nm LED (M340L4, Thorlabs) excitation light
source and a spectrometer (QE65Pro, Ocean Insight) according to the formula:

η=
∫

Es (λ)dλ∫
[Rr (λ)−Rs (λ)]dλ

(2.1)

Rr(λ) and Rs(λ) are the calibrated reflection spectra of the non-absorbing reference re-
flector (PTFE, MicroFlon S-203, Shamrock) and the Eu-doped sample under 340 nm ex-
citation, while Es(λ) is the calibrated emission spectrum of the Eu-doped sample. A com-
mercial phosphor BaMgAl10O17:Eu2+ (BAM:Eu, Phosphor Technology) with a reported
90% PLQY was measured in this set-up, and the PLQY of 86.9% was obtained.

2.2.5. UV to PAR performance indicators
The absorption spectrum As(λ) (%) and internal UV-to-PAR conversion efficiency ηcoating

(%) of the luminescent coating were characterized by projecting a deuterium light source
(AvaLight-DH-S, Avantes) perpendicularly onto the sample. An integrating sphere (Lab-
sphere) was placed behind the sample substrate to collect the transmitted light, as
shown in Fig. 2.1. The absorption spectrum As(λ) and UV-to-PAR conversion efficiency
ηcoating can both be approximated by the formulas:

As (λ) = 1− Icoating(λ)

CRef ∗ Isubstrate(λ)
(2.2)

ηcoating =
∫ 700

400 [Icoating(λ)−CRef ∗ Isubstrate(λ)]dλ∫ 400
250 [CRef ∗ Isubstrate(λ)− Icoating(λ)]dλ

(2.3)

Isubstrate(λ) and Icoating(λ) are the calibrated intensity spectra of the sapphire substrate
and the luminescent coating sample on the sapphire substrate collected by the spec-
trometer connected to the integrating sphere, respectively.

CRef is a constant that corrects for the difference in reflection with and without coating
(caused by surface reflection and diffuse reflection by the particles). The value can be
calculated from the transmittance of the coating sample relative to the non-coated sap-
phire substrate at a wavelength where there is no emission and absorption. A high CRef
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value means a small reflection from the coating surface. We make an approximation that
CRef is constant from 250 nm to 800 nm.

In our measurement configuration, the following equation holds: 1=A+T+R+W, in
which W equals the wave-guided fraction escaping through the sample edges. Although
we measured the backward reflection R (through diffuse reflectance measurement) and
transmission T, we cannot reliably measure W. Therefore, we have introduced a more
practical and reliable metric CRef that takes into account the influence of both the back-
ward scattering and waveguiding effects on the loss of incident PAR photon flux. CRef

was determined within a near-infrared (NIR) spectral range, 700-750 nm, unaffected by
both emission and absorption. By applying CRef, the influence of backward scattering
and waveguiding effects (R+W) can be removed from the calculations of Acoating(λ) and
ηcoating. The value can be calculated from the transmittance of the coating sample rel-
ative to the non-coated sapphire substrate at a wavelength where there is no emission
and absorption. A high CRef value means a small scattering effect from the coating sur-
face. An assumption of constant backward scattering and waveguiding effects between
250 to 900 nm was made.

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

PAR enhancement = ηcoating ∗
∫ 400

250 [As (λ)∗ Isolar(λ)]dλ∫ 700
400 Isolar(λ)dλ

(2.4)

The values of As(λ) and ηcoating are obtained from the equations 2 and 3. Isolar(λ) is the
AM1.5 solar spectrum in unit of photons derived from ASTM G173-03 Reference Spec-
tra [32]. The calculation of PAR enhancement excludes the influence of the lamp spec-
trum and utilizes the AM1.5 solar spectrum as a reference, which provides a closer ap-
proximation to real-world conditions.

Figure 2.1: Illustration of UV to PAR indicators measurement.
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2.3. Results and discussions
2.3.1. Crystal structure and morphology

Figure 2.2: Recorded XRD pattern of sample SiO2:Al0.04Eu0.01, SiO2:Al0.12Eu0.03,
SiO2:Al0.20Eu0.05, and the crystalline silica-alumina oxide reference (ICSD #230760).

Fig. 2.2 contains the recorded XRD patterns of SiO2:Al0.04Eu0.01, SiO2:Al0.12Eu0.03, and
SiO2:Al0.20Eu0.05. Crystalline features were present only in the highest-doped sample
SiO2:Al0.20Eu0.05, matching the crystalline features of a silica-alumina oxide reference
(ICSD #230760) indicated by the blue vertical lines, due to high Al3+ content in the sam-
ple. The rest of the synthesized samples showed only a broad peak at 23 degrees, repre-
senting the typical amorphous structure of SiO2 [33].

The morphology of low-doped and high-doped samples recorded by SEM and TEM is
shown in Fig. 2.3. The size and shape of the low-doped sample were in line with expecta-
tions of the base-catalyzed sol-gel approach and confirmed in Fig. 2.3d [29]. Such mor-
phology disappeared and was replaced by large, sharp-edged particles when dopant/co-
dopant content increased (Fig. 2.3b and c). The particle size increased from a hundred
nanometers (SiO2:Al0.04Eu0.01) to 200 µm (SiO2:Al0.20Eu0.05). The SEM images indicate a
strong particle agglomeration and irregular shape in the highest-doped sample.

2.3.2. Luminescence emission, excitation, and absorption spectra
All samples demonstrated a typical photoluminescence excitation spectrum of Eu2+ and
a broad emission peak, which are attributed to the 4f-5d transition of Eu2+ [13, 14, 24].
No characteristic 4f-4f line emission of Eu3+ was found in any of the emission spectra,
indicating that Eu3+ was not presented in our samples.

A clear red-shift of the emission peak was observed with increasing Eu2+ content in the
group I samples (Fig. 2.4b). This phenomenon is caused by a resonance energy transfer
between Eu2+ ions [34–36]. The SiO2 host provides a series of possible sites instead of
one specific site for Eu2+ due to its amorphous nature and also due to the fact that there
is no ion with a similar size and charge that Eu2+ can replace. The energy released by a
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Figure 2.3: Morphology of (a) SiO2:Al0.04Eu0.01, (b) SiO2:Al0.12Eu0.03, (c) SiO2:Al0.20Eu0.05.
(d) TEM image of the sample SiO2:Al0.04Eu0.01.

donor Eu2+ ion with higher energy 5d states, preferably transfers to an acceptor Eu2+ 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 [37]. As a result, the energy is
transferred to Eu2+ ions with a lower energy 5d state after multiple transfer steps, leading
to the observed red-shift of the emission spectra toward a higher Eu2+ content.

The same type of red-shift was observed in the emission of the fixed-Eu content group
(Fig. 2.4c) following the trend of decreasing Al3+ content. The shift is related to the sol-
ubility of Eu2+ ion in the amorphous SiO2 host [25–27]. With increasing Al3+ content,
the distribution of Eu2+ ion becomes more homogeneous (clustering is reduced), lead-
ing to a longer average distance between Eu2+ 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 pro-
nounced red-shift.

In contrast to most of the samples with a similar PLE spectrum as SiO2:Al0.04Eu0.01, the
excitation edge of SiO2:Al0.20Eu0.05 showed a more pronounced shift to a longer wave-
length (Fig. 2.4a) due to a high Al3+ content and the solvation shell effect [27]. The
red-shift of emission peak in the fixed Al/Eu group (Fig. 2.4d) was a collective result
of mechanisms described previously.
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Figure 2.4: 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.

2.3.3. Time-resolved decay characterization

In the fixed-Al group (Fig. 2.5a), the decay time decreased from 1.72 µs to 1.29 µs with
increasing Eu2+ content due to triggering off concentration quenching effect. The decay
spectra of the fixed-Eu group (Fig. 2.5b) helped find the minimum Al3+ content required
to avoid shortening luminescent decay time and concentration quenching. Adding more
Al3+ than 4 mol% had only a slight impact on the decay curve, indicating that the solubil-
ity of Eu2+ ions had been improved to a maximum. These decay curves clearly showed
that 4 mol% Al3+ is the minimum required amount to dissolve 1 mol% of Eu2+ and avoid
the Eu2+ clustering as well as the unwanted concentration quenching.

Note that when monitoring 475 nm, both the emission of the activator (low-energy
Eu2+ sites) and the sensitizer (high-energy Eu2+ sites) were observed. The relative in-
tensities changed with Eu2+ and Al3+ content. It is beyond the scope of this work to
quantitatively model the complex transfer processes, especially because the nature and
number of the Eu2+ 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. 2.6.

We expect the high-energy Eu2+ ions to act as the sensitizers of the low-energy Eu2+

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. 2.6a-c. For the low-Al content samples SiO2:Al0.01Eu0.01, the rise
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Figure 2.5: 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.
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time could not be seen as the decay times were short due to the earlier described efficient
energy transfer and concentration quenching in the Eu2+ clusters. In high-Al samples,
the rapid quenching of short-wavelength emissions diminished due to increased atomic
distance between Eu2+ ions, resulting in an inefficient energy transfer from the high-
energy sites to the low-energy sites and a longer decay time.

Figure 2.6: Wavelength-dependent decay signal under 275 nm pulse laser excitation of
(a) SiO2:Al0.01Eu0.01, (b) SiO2:Al0.02Eu0.01, and (c) SiO2:Al0.04Eu0.01. (d) The decay time
of the fixed-Eu series and the reference sample BAM:Eu monitored at various emission
wavelengths.

The 1/e decay time values of samples in the fixed-Eu group, monitored at wavelengths
ranging from 425 nm to 575 nm are summarized in Fig. 2.6d and compared with BAM:Eu
sample. The decay time generally increased with increasing monitored emission wave-
length, confirming the earlier explained mechanism of energy transfer among Eu2+ 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 wavelength-dependent phenomenon was also pre-
sented in BAM:Eu, but less pronounced than in our samples. The possible reason is that
BaMgAl10O17 provides fewer sites to Eu2+ than amorphous SiO2 [38].

2.3.4. Photoluminescent quantum yield
Fig. 2.7 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 Eu2+ content in the samples, independent from the
Al3+ content. The shift in emission peaks of each group exhibited the same pattern as Fig.
2.4. Note that Fig. 2.7 presents the as-measured spectra instead of calibrated spectra for
better visualization. The PLQY calculated based on the calibrated spectra revealed the
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same trend as observed in the decay spectra. The PLQY value dropped toward a higher
Eu2+ 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%.

Figure 2.7: As-measured UV absorption and emission spectra and photoluminescent
quantum 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 dashed lines: red (group I), blue (group II), green (group III).

2.3.5. Luminescent coating performance
Eq. 2.2, 2.3, 2.4 were developed to quantify the UV to PAR converting efficiency and
the PAR enhancement of the luminescent coating and to determine its performance for
greenhouse applications. According to Eq. 2.3, the maximum of ηcoating 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 pho-
tons below 400 nm in the AM1.5 solar spectrum are converted into PAR and taking into
account the 50% ηcoating.

Based on the PLQY, absorption strength, and emission range, the phosphor
SiO2:Al0.12Eu0.03 was selected to produce a luminescent coating that is presented in Fig.
2.8. The absorption of UV and emission of PAR from the luminescent coating are demon-
strated by the transmittance spectra shown in Fig. 2.9b, which were derived from the
calibrated spectra of the sapphire substrate and the coated samples relative to the deu-
terium light source in Fig. 2.9a. The luminescent coating absorbed up to 420 nm, match-
ing the excitation spectrum of the selected phosphor SiO2:Al0.12Eu0.03 in Fig. 2.4d while
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Figure 2.8: No-phosphor coating (left) and luminescent coating (right) under 340 nm
LED torch.

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) re-
sulted from the reflection at the coating surface, and hence, the CRef factor (0.96) was
applied in Eq. 2.2 and 2.3. Note that the CRef 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. 2.3, we obtained a ηcoating 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 absorbed 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 ηcoating.

Fig. 2.9a shows a pronounced but unrealistic PAR enhancement from the luminescent
coating due to the fact that the deuterium lamp contains 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 of the lamp spectrum. Based on Eq. 2.4, 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. 2.9, the less than unity quantum efficiency, UV absorption by the polymer, and
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Figure 2.9: (a) The calibrated intensity spectra of deuterium light source, non-coated
sapphire substrate, no-phosphor coating, and luminescent coating from a direct trans-
mittance measurement. (b) The sample transmittance spectrum relative to the deu-
terium light source was derived from (a).

the previously described waveguiding effect.

This limited absorption was attributed to the content and excitation properties of Eu2+

in the phosphor. The absorption characteristics of the coating depend on intrinsic fac-
tors, such as the absorption mechanism 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. According to Lambert-Beer law, both a higher particle
loading and a larger coating thickness can enhance the UV absorption of the coating
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(As(λ)) and, consequently, the PAR enhancement. However, the surface reflection will
increase simultaneously, leading to an undesired low light transmittance in the green-
house. Future research should focus on optimizing the balance between absorption,
PAR emission, and surface reflection (including back-scattering) to further enhance sys-
tem efficiency. Overall, our SiO2:Al0.12Eu0.03 luminescent coating obtained one-tenth of
the maximum attainable PAR enhancement.

2.4. Conclusion
SiO2 phosphors with varying Eu2+, varying Al3+, and fixed Al/Eu ratio were successfully
synthesized to study their potential use as a low-cost UV to PAR spectral conversion coat-
ing 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 Eu2+ sites to low-energy Eu2+ sites in the amorphous SiO2 lattice. For 1 mol%
Eu2+, a minimum of 4 mol% Al3+ is required to avoid Eu2+ clustering and minimize en-
ergy 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 Eu2+

emission and a short decay time of high-energy Eu2+ emissions.
A luminescent greenhouse coating based on the phosphor with a high absorption and

quantum efficiency (SiO2:Al0.12Eu0.03) was produced. Despite the optimized absorption
and PLQY, the enhanced PAR transmission of the coating was small due to too low ab-
sorption of UV light. We conclude that more efficient spectra conversion coating should,
therefore, be based on phosphors that inherently have a much stronger absorption com-
pared to allowed f-d transitions of doping ions such as Eu2+. 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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3
Design of tabletop hemispherical light

transmittance characterization system for
small scale samples

Greenhouse owners highly value the hemispherical light transmittance (THEM) of roof-
ing materials because sunlight rarely projects at a perpendicular angle, especially in
high-latitude regions. With growing interest in research of advanced multi-functional
greenhouse roofing, a compact and efficient THEM characterization system for lab-scale
samples is needed to promote research in the horticulture field. In this study, we de-
veloped a tabletop system capable of characterizing THEM of lab-scale samples with a
size one-third of that required by the current characterization system. Key designing pa-
rameters, such as the beam cross-section area, port area, and port edge thickness were
systematically varied to evaluate their impact on THEM characterization. The results in-
dicated that the total port area should be limited to under 1% of the sphere surface area
with minimized edge thickness since reflection from the edge area cannot be corrected
by a double-beam measurement. Furthermore, the collimated beam cross-section area
should exceed the port area by a factor of 1.5 to ensure that THEM remains unaffected
by the sphere rotation center. The system provides a consistent and reliable method for
THEM measurement and offers essential guidelines for future users to construct a similar
setup.

The content of this chapter is based on the following publication:
Chun-Ting Cho, Johan de Haas, Erik van der Kolk, SMART AGR TECHNOL. 11 (2025) 100936.
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3.1. Introduction
To tackle food shortage issues, controlled environment agriculture, such as greenhouses,
has proved to be an efficient and secure way to produce food in a limited area while
enhancing resource utilization and showing a strong toughness in extreme environ-
ments [1–4]. The amount of light transmitted into a greenhouse system has a large im-
pact on every stage of plant growth and the final crop yield. Growers often assume that
1% extra light leads to 1% additional yield [5]. Although the greenhouse industry is more
and more exploiting different artificial lighting methods to control the growing stage and
maximize the yield, sunlight is by far the largest and free source of photosynthetically ac-
tive radiation (PAR) [6–10].

Due to the natural solar trajectory during the day, the fraction of sunshine entering
greenhouse coverings under a perpendicular angle is relatively small in high-latitude
areas such as the United Kingdom and the Netherlands [11]. In addition, diffuse ra-
diation dominates the total amount of daylight, especially in winter [12]. Therefore,
the hemispherical light transmittance (THEM) of a greenhouse roofing is a more im-
portant optical property compared to the perpendicular light transmittance (or direct
transmittance) for greenhouse owners and glass manufacturers. In 2008, Hemming et
al. proposed a method to characterize THEM of greenhouse covering materials [12]. Af-
ter the publication, a protocol for experimentally determining the hemispherical light
transmittance was developed by Wageningen University and Research (WUR) [13, 14].
The protocol established the characterization principles, procedures, and standards for
hemispherical light transmittance measurement. An experimental facility, Transvision,
was constructed to measure THEM following these protocols. It features a high-power
Xenon lamp to mimic the solar spectrum and a 1-meter integrating sphere to integrate
all transmitted light, regardless of angle, allowing for the testing of large coated or non-
coated sample plates with a minimum size of 200 cm² [15]. The AM1.5g solar spectrum
is presented in the Appendix. Later, in 2018, this protocol was replaced by the Dutch
Norm NEN-2675+C1:2018 (NEN-2675), which regulates the characterization method by
the Netherlands government, providing more detailed characterization guidelines [16].
Hemming et al. characterized several conventional greenhouse roofing materials and
reported the perpendicular transmittance and hemispherical light transmittance infor-
mation of these materials using the Transvision system [17].

The interest in advanced greenhouse roofing with a wide range of functionalities such
as solar spectral conversion [18–22], light scattering [23–26], and shading [27–30] has
grown rapidly over the past decade. Nonetheless, it is challenging for research groups
to build a 200 cm² homogeneous sample to test its THEM in the WUR Transvision sys-
tem. This large-scale apparatus is accessible only to specialized laboratories, limiting
public access to the resulting data and hindering broader acceptance. Therefore, there
is a clear need for a tabletop THEM characterization setup suitable for lab-scale homo-
geneous samples smaller than 200 cm². However, experimental data indicates that sim-
ply scaling down optical setups introduces systematic uncertainties that were previously
thought to be insignificant. Additionally, there is a lack of clear guidance on design pa-
rameters in the NEN-2675 document. For instance, the edge thickness of the integrating
sphere sample port can influence the THEM value, but this issue is not addressed in NEN-
2675.
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In this paper, we present a tabletop hemispherical light transmittance characterization
setup for a small-scale sample. We thoroughly detail its design parameters, including
light beam cross-section area, integrating sphere port area and port-edge thickness, and
discuss their influence on systematic uncertainties.

3.2. Experimental method
3.2.1. Equipment and benchmark sample
An overview of the most important components of the proposed THEM tabletop setup
can be seen in Fig. 3.1, which schematically shows all components that are as follows:
(i) a light source (ii) an achromatic lens (iii) a beam stopper (iv) an integrating sphere
with a sample port, a reference port, and a baffle inside, (v) an optical fiber connected to
a spectrometer, (vi) a rotation and a linear translation stage by which the angle of inci-
dence and the position of the rotation axis can be controlled as indicated in the figure,
and finally (vii) a test sample. These components are discussed in more detail below.

(i) A powerful 150W halogen lamp (64640 HLX, Osram) installed on a G6.35 lamp
socket with an AC power supply was used as the light source in our setup. The lamp
has a filament of 5.8 mm (width) × 2.9 mm (height). We chose a tungsten lamp instead
of the xenon lamp because it has no sharp spectral features and has sufficient intensity
between 400 nm and 700 nm needed for the calculation of THEM. (ii) A doublet achro-
matic lens (14 cm in diameter, 1900 mm focal length, Edmund Optics) served to colli-
mate the light emitted from the lamp, ensuring a parallel beam necessary for accurate
measurement. Due to the lamp filament not being a point source, a perfect 0° diver-
gence cannot be achieved. For all the tests in this study, the default beam divergence
was set to the minimum (~0°). (iii) The beam stopper located behind the achromatic
lens served to control the beam diameter. (iv) A home-built 30 cm diameter integrat-
ing sphere allowed for easily interchanging ports with varying diameters. The interior
of the sphere was coated with diffusive barium sulfate (Gigahertz-Optik). The interiors
of all exchangeable ports were also coated with barium sulfate. Besides the exchange-
able port, the integrating sphere has an additional port referred to as “reference port” for
the double beam measurement, as explained later in more detail in section 3.2.2. (v) An
optical fiber (FC-UVIR600-1, Avantes) connected the spectrometer port to the spectrom-
eter (QE65Pro, Ocean Optics) to measure the light intensity captured by the integrating
sphere. (vi) The rotation stage (HDR50, Thorlabs) served to automatically rotate the in-
tegrating sphere so that the incident angle of the beam could be controlled from 0° to 75°.
A linear translation stage was installed to adjust the position of the rotation axis. (vii) A
4 mm thick Optiwhite (Pilkington) glass with a reported direct transmittance of 92% and
hemispherical light transmittance of 84% (measured by WUR Transvision system) was
used as the benchmark sample for all the measurements in this research. In our system,
a beam splitter to project the light beam on the reference port is not needed. Instead,
we manually rotated the whole integrating sphere by 90° to exchange the position of the
sample port and the reference port.
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Figure 3.1: Illustration of the whole tabletop hemispherical light transmittance charac-
terization setup.

3.2.2. Measurement procedure
According to NEN-2675, the transmittance measurement of samples is performed for at
least eight incident angles (θ = 0°, 15°, 30°, 40°, 45°, 50°, 60°, and 75°), with each mea-
surement referred to as an angular-spectral transmittance (Tλ,θ,φ) for a fixed azimuthal
angleφ (in standard spherical coordinates) and a wavelength range between 400 nm and
700 nm [16]. The transmittance of a material is defined as the ratio of the transmitted
light intensity (Fig. 3.2a) to the incident light intensity (Fig. 3.2b). The latter is recorded
without a sample and is referred to as the reference or lamp measurement. The trans-
mittance measurement performed with an integrating sphere usually overestimates the
transmittance. This is because a fraction of the light that enters the integrating sphere
(in the reference measurement without a sample) exits the sphere through the sample
port after many diffuse reflections within the sphere. This fraction is, however, not the
same when a sample is present due to the reflections at the sample surface that do not
occur without the sample located in front of the measuring port. This difference can be
quantified and thereby corrected through a so-called double-beam measurement (Fig.
3.2c and d) as described in the NEN-13468-2-2021 document [31]. The measurement
steps for a comprehensive THEM characterization are described below and shown in Fig.
3.2.

(a) Sample port is illuminated with sample in the sample port. The measured light
intensity is Iλ,θ,φ,1.

(b) Sample port is illuminated without sample in the sample port. The measured light
intensity is Iλ,θ,φ,2.

(c) Reference port is illuminated without sample in the sample port. The measured
light intensity signal is Iλ,θ,φ,3.

(d) Reference port is illuminated with sample in the sample port. The measured light
intensity is Iλ,θ,φ,4.
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All measured light intensities are corrected to exclude dark noise from the background.
Based on measurements (a) through (d), the corrected angular-spectral transmittance
Tλ,θ,φ is as below:

Tλ,θ,φ = Iλ,θ,φ,1

Iλ,θ,φ,2
× Iλ,θ,φ,3

Iλ,θ,φ,4
(3.1)

The term Iλ,θ,φ,3/Iλ,θ,φ,4 is referred to as the double-beam coefficient which corrects
for the over-estimated transmittance described above.

Note that the double-beam coefficient strongly depends on the probability that light
scattered around within the integrating sphere exits the sphere through the sample port.
A larger port represents a larger probability of light escaping. This probability is inde-
pendent of where light first hits the integrating sphere after entering through the sample
port. However, we hypothesize that this probability is much higher for light that strikes
the edge of the sample port after entering through the sample port, potentially reaching
an escape probability as high as 50%, which is much higher than that of light hitting the
sphere’s inner surface after entering through the sample port. We will show that, indeed,
these so-called edge thickness effects are not corrected for by a double-beam experiment
and, therefore, must be minimized.



3

42 CHAPTER 3

Figure 3.2: Illustration of measurement steps a to d. 1: the sample port. 2: the reference
port. 3: sample. 4: the angle of incidence θ.

3.2.3. Calculation of hemispherical light transmittance THEM

The hemispherical light transmittance THEM is calculated by the angle-dependent trans-
mittance Tθ,φ through numerical integration over the wavelength of the previously de-
scribed angular-spectral transmittance Tλ,θ,φ:

Tθ,φ =
∫ 700

400 Aλ×Tλ,θ,φdλ∫ 700
400 Aλdλ

= 0.00045×
∫ 700

400
Aλ×Tλ,θ,φdλ (3.2)

Where Aλ is the product of the relative spectral density of solar radiation and rela-
tive plant sensitivity function in the PAR range that is defined by the NEN-2675. The
hemispherical light transmittance THEM is calculated from the angle-dependent trans-
mittance Tθ,φ according to the equation:

THE M =
∫ 2π

0

∫ π/2
0 Tθ,φ×Sθ,φ× si n(θ)× cos(θ)dθdφ∫ 2π

0

∫ π/2
0 Sθ,φ× si n(θ)× cos(θ)dθdφ

(3.3)

In this formula, φ represents an azimuthal angle (in standard spherical coordinates)
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and Sθ,φ represents a solar luminance distribution function. We assume the “standard
uniform sky” (for which S = 1) is applied. It can be defined otherwise in case the lumi-
nance distribution changes with latitude and azimuth. Note that the azimuthal angle φ
is not relevant in our study due to the glass sample used being homogeneous without
anisotropic surface modification. In the case of an inhomogeneous sample, measure-
ments need to be taken at different azimuthal angles φ as defined in NEN-2675.

3.2.4. Beam profile
The beam profile of the light source was measured using an optical fiber (FC-UVIR600,
Avantes) with a 100 um pinhole in front connected to a spectrometer (QE65Pro, Ocean
Optics). The inlet of the optical fiber faced the light source, and its position was con-
trolled by an automated linear translation stage (DDS100, Thorlabs) moving horizontally
across the centerline of the beam to measure the profile.
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3.2.5. Design parameters
To determine the required dimensions of our tabletop THEM characterization system,
several design parameters were tested to establish that THEM remains independent
within a certain range of specific parameters, indicating the absence of systematic un-
certainties. These parameters are discussed below. Note that NEN-2675 implicitly sug-
gests the rotation center of the integrating sphere (as shown by the rotation axis in Fig.
3.1) should align with the sample port plane. We performed a simple test to determine
the position of the rotation center, which shows no difference when applying a highly
collimated light beam that is larger than the port area, as demonstrated in the Appendix.

Port-to-sphere surface area ratio

The port area introduces a systematic error, resulting in an overestimation of THEM, as
explained in section 3.2.2. This error can be corrected by using the double-beam coeffi-
cient. The goal of this section is to validate the correction function of the double-beam
coefficient. Three interchangeable ports with different diameters (25, 50, and 100 mm)
were produced. The ratios of the total port area to the total sphere surface area (referred
to as the “port-to-sphere surface area ratio”) are 0.35%, 0.87%, and 2.95%, respectively.

Port edge thickness

Prior to this study, we observed that the “edge thickness” of the sample port, as illustrated
in Fig. 3.3, influenced the THEM value. When a light beam with a high angle of incidence
(large value for θ strikes the integrating sphere with a thick edge, a large fraction of light
first undergoes a Lambertian reflection at the edge area before reaching the inner sphere
surface. Due to the location of the edge area being very close to the port opening, ap-
proximately half of the reflected light (assuming an ideal Lambertian scattering surface)
escapes through the port when no sample is present. In contrast, when light first hits
the sphere’s inner surface rather than the edge area, the probability of it leaving the port
is proportional to the ratio of the port area to the total sphere inner surface area, which
is in the order of a few % [32]. This phenomenon introduces uncertainties in THEM cal-
culation, which grow larger when the edge area increases, as further explained in Fig.
3.4.

To investigate the impact of port edge thickness on the THEM value, four interchange-
able ports (the sample port in Fig. 3.1) with varying edge thicknesses (0.4, 1, 2, and 6 mm)
and a fixed port diameter of 25 mm were produced. The design details are provided in
Fig. 3.3. The reference port has a diameter of 25 mm and an edge thickness of 0.4 mm.

Beam-to-port area ratio

The direction of light propagation changes upon entering a medium with a different re-
fractive index, such as from air (n = 1) to glass (n = 1.5), due to refraction. The refraction
within the glass results in a lateral shift in the light path [33]. In addition, the circular il-
lumination area (referred to as “beam cross-section area”) of a collimated incident beam
(at θ = 0°) expands into an elliptical shape at higher angles of incidence. The semi-major
axis length of the ellipse is inversely proportional to cos(θ), while the semi-minor axis
remains the same as the radius of the original beam. Based on the area equations for
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Figure 3.3: Illustration of the sample port edge with different thicknesses, 0.4, 1, 2, 6 mm
on a 25 mm diameter port.

Figure 3.4: Illustration of edge reflection on ports. 1: port edge. 2: sample. a) Small edge
thickness. b) Large edge thickness. At large angles of incidence θ, a large fraction of light
hits the port edge instead of entering the sphere. Red arrows represent light reflected
from the edge area, while green arrows represent light reflected back from the sample
into the sphere.
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an ellipse and a circle, the area of the expanded ellipse follows an inverse relationship
with cos(θ) as A’ = A/cos(θ), where A is the original circular illuminating area of the beam
when the incident angle is 0°, and A’ is the expanded illuminating area at a given inci-
dent angle. This area-expansion effect, combined with the aforementioned lateral shift
in light, impacts the THEM to an extent depending on the area ratio between the beam
and the port, which is referred to as “beam-to-port area ratio”.

When applying a beam with a beam cross-section area that is approximately the same
size as the port area, a systematic error can occur. This is because the fractions of light
entering the sphere with and without the sample differ due to the lateral shift effect dis-
cussed previously, which means some portions of the light can be blocked by the sphere
wall, as shown in Fig. 3.5a. Utilizing a collimated light beam with a cross-section area
that is sufficiently larger than the port area can minimize this problem since the frac-
tion of light after the lateral shift is the same with and without a sample as shown in Fig.
3.5b. This is also discussed in the NEN-2675 document, stating that: the illuminating
area should be at least 15% larger than the size of the sample port.

Figure 3.5: Illustration of conditions of different beam cross-section area to port area
at 0° and 75° angle of incidence. 1: sample. a) The beam cross-section area is smaller
than the port. b) The beam cross-section area is much larger than the port. c) The beam
cross-section area is much smaller than the port.

Swinkels discussed the possibility of using a beam that is much smaller than the port
area [15]. The issue of the sphere receiving different fractions of light could be poten-
tially minimized if all the light exiting the glass sample were collected by the integrating
sphere; in other words, no light is blocked by the sphere wall, as shown in Fig. 3.5c. In
the results, we show that this might be true but only when the divergence of the beam is
sufficiently small (~0°).

To determine the required beam-to-port area ratio for our tabletop characterization
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system, we applied different-sized beam stoppers to adjust the beam cross-section area
and tested these beams with ports of varying diameters. This allowed us to evaluate the
combined influence of beam cross-section area and port area on the THEM value. The
ratio of the beam cross-section area to the port area, referred to as “beam-to-port area
ratio”, serves to be a practical parameter for future users designing setups to accurately
measure THEM.
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3.3. Results and discussions
3.3.1. The influence of port-to-sphere surface area ratio

To ensure a fair comparison of the influence of varying port areas, the measurements
were conducted at a beam-to-port area ratio of 144% for the three ports with a small
port edge thickness of 0.4 mm. The significance of the double-beam coefficient in THEM

characterization is illustrated in Fig. 3.6, which compares THEM values with and without
applying the double-beam coefficient.

When applying the double-beam coefficient, the THEM values decreased only slightly
from 85.5% to 85.1% as the port area increased, remaining within the ±1% acceptance
range defined by NEN-2675. In contrast, the THEM without applying a double-beam co-
efficient (Iλ,θ,φ,3/Iλ,θ,φ,4 = 1 in equation) increased from 86.2% to 91.4%. The result indi-
cated that the double-beam coefficient effectively corrects the overestimation of THEM.

Figure 3.6: The THEM of the 25 mm, 50 mm, and 100 mm ports with and without the
correction of double-beam coefficient, and the double-beam factor (DBF). The ratio of
total port area to sphere surface area for 25 mm, 50 mm, and 100 mm ports is 0.35%,
0.87%, and 2.95%, respectively. All the ports have an edge thickness of 0.4 mm. The
applied beam-to-port area ratio is 144%.

The influence of applying the double-beam coefficient was quantified by the term
“double-beam factor (DBF)”, which is a wavelength- and angular-integrated double-
beam coefficient derived from Eq. 3.1 by setting Iλ,θ,φ,1/Iλ,θ,φ,2 = 1. The DBF indicates
the extent of correction conducted by the double-beam measurement: a DBF of 1 means
no correction, while smaller DBF values indicate a greater extent of correction. Due to
equipment limitations, a further increase in the port area was not feasible in this study.
However, the result demonstrated a trend of THEM following NEN-2675 regulation, which
states that the total port area should not exceed 3% of the total sphere surface area. To
preserve the functionality of the integrating sphere with a minimal correction factor, we
recommend keeping the total port area below 1% of the total sphere surface area. Note
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that the double-beam coefficient for the three ports with different diameters is indepen-
dent of the angle of incidence (θ) as demonstrated in the Appendix.

3.3.2. The influence of port edge thickness
In section 3.2.5, we explained that light directly hitting the edge of the sample port in-
troduces a systematic error in THEM that cannot be corrected by a double-beam factor.
Therefore, we expected the systematic error to increase with the edge thickness. To eval-
uate this, a 40 mm beam was applied to 25 mm ports, each with different edge thick-
nesses (0.4, 1, 2, 6 mm).

As shown in Fig. 3.7, THEM increases from 85.5% to 88.5% (blue curve, with double-
beam correction) and from 86.1% to 89.0% (red curve, without double-beam correction)
when the edge thickness increases from 0.4 mm to 6 mm. The result demonstrated that
the double-beam coefficient could not correct the THEM for different edge thicknesses
as in Fig. 3.6. This is confirmed by the green curve in Fig. 3.7, which shows just a minor
change in the DBF value when varying the edge thickness from 0.4 mm to 6 mm showing
that the DBF is independent of the edge thickness.

Figure 3.7: The THEM of 25 mm ports with edge thickness 0.4, 1, 2, and 6 mm ports
with and without the correction of double-beam coefficient, and the double-beam fac-
tor (DBF). A 40 mm beam was applied to the ports.

A deeper understanding of the influence of the edge thickness on THEM is presented in
Fig. 3.8. The angular transmittance of the ports with the thinnest edge (0.4 and 1 mm)
shows a decrease with increasing incident angles as predicted by Fresnel’s equations, as
illustrated by the red curve in Fig. 3.8b. A similar result was obtained by Hemming et al.
[34]. However, the angular transmittance for the 2 mm and 6 mm port edge thicknesses
shows an increase (up to 3%) in transmittance as a function of the angle between θ = 30°
and 50° compared to θ = 0°, which contradicts Fresnel’s equations. The observed higher
transmission for larger angles can only be explained by the effect of the increased edge
surface, as discussed previously. Based on this observation, we recommend designing
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Figure 3.8: a) The angular transmittance of 25 mm ports with edge thicknesses 0.4, 1, 2,
and 6 mm. b) The transmittance and reflectance of light entering the air (n = 1) from
Optiwhite (n = 1.5) based on Fresnel equations.

the port edges as thin as possible, in this study, less than 1 mm for a 25 mm port. This
edge effect is negligible for the WUR Transvision system since the port diameter of the
Transvision system is large (170 mm) compared to the thickness of the integrating sphere
edge (which can be up to 10 mm). While we acknowledge that additional experiments,
particularly those systematically varying port-edge thickness across a broader range of
port diameters, could further reinforce our findings, the current results provide sufficient
guidance for designing a down-scaled system.

3.3.3. The influence of beam-to-port area ratio
In this section, we present the results of the beam-to-port area ratio test conducted on
three different sizes of ports (25 mm, 50 mm, and 100 mm) with an edge thickness of
0.4 mm. Fig. 3.9 illustrates the THEM as a function of the beam-to-port area ratio for
the three ports. The THEM values for 25 mm and 50 mm ports remained stable when the
beam cross-section area exceeded the port area by a factor of 1.5 (150% beam-to-port
area ratio). However, when the THEM was measured with a smaller beam-to-port area
ratio (<150%), the results showed a decreasing trend due to some fractions of the light
being blocked by the sphere wall, as discussed in section 3.2.5. Specifically for the 25
mm port, the result of the 4% beam-to-port area ratio beam gave a 5.5% difference in
THEM compared to the THEM above 150% beam-to-port area ratio, while the other two
ports gave only a difference of about 1-1,5% as can be seen in Fig. 3.9b.

The fact that there is a difference, and more generally, that the THEM value at small ra-
tios is not the same as the value measured at large ratios, is attributed to the light beam
not being perfectly collimated and lacking a block-shaped beam profile. This shortcom-
ing is more pronounced for beams with smaller diameters. The beam profile deviating
from a perfect block-shape is illustrated by the yellow area in Fig. 3.10. Especially for
smaller diameter beams, the low-intensity illuminating ring (blue area) surrounding the
uniform block-shaped beam (yellow area) is relatively large. As shown in Fig. 3.10, light
passing through a 5 mm beam stopper contains a larger fraction of the imperfect illumi-
nating region compared to the central collimated area than light passing through a 10
mm beam stopper. According to Snell’s law, a 75° incident angle refracts to 40° inside the
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Figure 3.9: a) The THEM of various beam-to-port area ratios on the exchangeable ports
of 25 mm, 50 mm, 100 mm. b) The zoom-in of a). All the ports have an edge thickness of
0.4 mm.

Figure 3.10: The beam profile of a) light passing through a 5 mm beam stopper and b)
light passing through a 10 mm beam stopper. The central part of the beam with homo-
geneous light intensity is marked with yellow color. The imperfect illuminating region of
the beam is marked with blue color.

glass, while the critical angle for total internal reflection (TIR) from air (n = 1) to Opti-
white glass (n = 1.5) is 41.9°. We believe that the imperfect illuminating region contains
non-collimated beams that exceed the TIR angle after refraction in the glass, leading to
reduced transmittance at θ = 75° for the 25 mm port compared to the larger ports with
the same beam-to-port area ratio (Fig. 3.11), resulting in the great difference in the THEM

values. Additionally, we note that multiple reflections at such large angles of incidence
might lead to the reduced transmittance if part of the beam undergoes higher-order re-
flections in the 25 mm port. However, this alone cannot fully explain why no difference
was observed in the larger ports (Fig. 3.11b).

Based on the observation, the concept of using a beam much smaller than the port
area, with a sufficiently low beam divergence, may be feasible for achieving the same
THEM as applying a beam that is 50% larger than the port area. However, achieving such
low divergence is particularly challenging when working with small beam diameters and
basic optical components, such as the extended light source used in our study. The result
indicated that the beam cross-section area should exceed the port area (over 150%) to
obtain a steady result in this study. Based on this observation, we recommend applying
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a beam with the cross-section area being at least 50% larger than the port area for a stable
result.

Figure 3.11: The angular transmittance of different beam-to-port area ratio of a) 25 mm
port. b) 50 mm port.

3.3.4. Repeatability test
Based on the results of the tests above, we determined the optimal parameters for our
desktop system and conducted a repeatability test. The applied parameters were the 25
mm diameter port with 0.4 mm thickness, a 40 mm diameter beam with ~0° beam diver-
gence, and the rotation center aligned with the same plane as the sample port. Table 3.1
shows the angular transmittance of 4 mm Optiwhite characterized by WUR Transvision
system and by our system based on a 20x repeatability test of removing and reposition-
ing the sample. Figure 3.11 shows the standard deviation result of our test. The standard
deviation of our setup is comparable to that of WUR Transvision system. Our results
demonstrated that the spread in THEM is within ±1%, which falls within the acceptable
range regulated by NEN-2675.

Table 3.1: Comparison of angular transmittance, standard deviation, and THEM of Opti-
white glass characterized by WUR Transvision system and by our setup.

Angle of incidence (θ) 0° 15° 30° 40° 45° 50° 60° 75° THEM

WUR Transvision
Transmittance (%) 91.61 91.57 91.29 90.52 89.92 88.97 84.04 61.03 84.32

Std. (%) 0.045 0.058 0.087 0.029 0.078 0.013 0.041 0.043 0.008

This work
Transmittance (%) 92.11 91.72 91.69 91.37 90.89 90.02 85.96 63.61 85.49

Std. (%) 0.068 0.049 0.073 0.086 0.088 0.081 0.134 0.120 0.05

3.3.5. Required sample dimension
Based on the area-expansion equation mentioned in section 3.2.5, the semi-major axis
of the expanded ellipse becomes 3.86 times the original radius of the incident beam at
a 75° angle of incidence, and the semi-minor axis of the ellipse remains unchanged at
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Figure 3.12: The angular transmittance and standard deviation analysis of 20 tests on
the Optiwhite sample using the optimal parameters.

the original beam radius. For a 40 mm incident beam, the minimum required length of
the sample is four times the diameter (160 mm), while the minimum width can be 45
mm, which is slightly larger than the beam diameter to be illuminated by the full inci-
dent beam. Thus, the minimum required sample is one-third (72 cm2) of the required
dimension of the WUR Transvision system. A smaller sample dimension can be achieved
if a smaller beam is used. It is important to note that the target samples characterized by
this setup should be homogeneous and free of distinct repeating patterns.

3.4. Conclusion
A compact, tabletop system has been successfully developed to characterize the hemi-
spherical light transmittance (THEM) of lab-scale samples. A commercial product with
known THEM was used to benchmark the influence of these design parameters. Key
findings indicated that the port edge thickness should be minimized to reduce edge re-
flection effects, and the port area should be kept below 1% of the total sphere surface
area to ensure accurate measurements. Furthermore, the applied beam cross-section
area should exceed the port area by at least 150% to maintain measurement stability. Re-
sults further highlight the importance of maintaining a low beam divergence (close to 0°)
and aligning the rotation center with the plane of the sample port to minimize potential
discrepancies, particularly for small beam diameters. The minimum required sample
length should be four times the applied beam cross-section area, while the width should
be sufficient to ensure a full beam illumination. These findings provide essential de-
sign guidelines for building customized tabletop characterization systems, enabling re-
search groups to characterize small-scale samples efficiently and reproducibly. By mak-
ing THEM characterization more accessible to research groups, this system can accelerate
the development of advanced optical coatings. In the long run, such innovations can be
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transferred to commercial greenhouse roofing products, benefiting greenhouse farmers
through improved light management and potentially higher crop yields.
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Appendix

Figure 3.13: The double-beam coefficient of 25 mm, 50 mm and 100 mm ports across
the wavelength from 400 nm to 700 nm.

Figure 3.14: The double-beam coefficient of 25 mm ports with different edge thicknesses
0.4, 1, 2, and 6 mm across the wavelength of 400 nm to 700 nm.
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Figure 3.15: The double-beam coefficient 25, 50, 100 mm ports with different incident
angles.

Figure 3.16: The THEM measured at the different positions of the sphere rotation center.
The sphere rotation center was changed from the same plane as the sample port (0 mm)
to the front side of the sample (4 mm).
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Figure 3.17: A comparison of spectral irradiance of AM1.5g and Xenon lamp. Both the
raw data are acquired from the website “PV Lighthouse”, which are Aescusoft colsim sin-
gle Xe lamp and AM1.5g [35], respectively.



4
Study of ZnS:Ag and BaMgAl10O17:Eu2+

phosphor for UV-to-PAR spectral
conversion greenhouse coatings

Spectral conversion films and coatings based on photoluminescent materials have at-
tracted increasing attention for greenhouse applications and are reported to provide
a net benefit through spectral control. However, there is little experimental data on
spectral conversion coating that quantifies their optical properties, including absorp-
tion, transmittance, scattering, and the influence of the phosphor intrinsic parame-
ters. In this work, UV-to-PAR spectral conversion coatings based on two commercial
phosphors ZnS:Ag and BaMgAl10O17:Eu2+ (BAM:Eu), with different particle loading and
thickness, were fabricated and assessed by direct transmittance, hemispherical light
transmittance (THEM), and diffuse reflectance. Transmittance decreased with increasing
coating thickness and particle loading, whereas backward scattering showed the oppo-
site trend. Performance indicators derived from direct transmittance revealed that host-
absorption ZnS:Ag coatings exhibited greater UV absorption and higher PAR Enhance-
ment than activator-absorption BAM:Eu coatings, resulting from their higher absorption
coefficient. Quantum yield had a minimal impact because both phosphors displayed
close PLQY values. However, the backward scattering of ZnS:Ag coatings was more pro-
nounced than that of BAM:Eu coating due to the high refractive index of ZnS:Ag (n ≈ 2.3),
as confirmed by diffuse reflectance measurements. The 18 mass%, 200 µm ZnS:Ag coat-
ing showed the highest 1.3% PAR Enhancement, but its THEM was reduced by about 45%,
demonstrating that backward scattering can counteract the benefits of spectral conver-
sion. A general discussion for phosphor selection in greenhouse applications is also pro-
vided in this work.
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4.1. Introduction

Food insecurity currently affects hundreds of millions of people worldwide [1,2]. Green-
houses are emerging as a critical solution offering reduced reliance on weather condi-
tions and significantly higher crop yields per unit area compared to traditional open-
field agriculture [3–5]. With the advancement of greenhouse technology, interest in in-
novative greenhouse roofs featuring functionalities such as scattering, anti-reflection,
and spectrum shifting has grown rapidly over the past decade [6–16].

A growing number of research articles on spectral conversion greenhouse covers are
published each year. Fan et al. provided a comprehensive overview of spectral conver-
sion strategies (i.e., down-converting high-energy radiation to lower-energy radiation)
and the phosphor materials suitable for each approach, and discussed the potential eco-
nomic benefits of deploying luminescent conversion films for crop yield enhancement
[17]. UV radiation constitutes 7 - 10% of the solar spectrum relative to photosyntheti-
cally active radiation (PAR, 400 - 700 nm), depending on air mass and weather condi-
tions [18]. UV is often considered detrimental to crops because it can damage plant cells
and is therefore typically absorbed or reflected by greenhouse roofs [19–21]. Following
the generally accepted rule that "1% extra light can lead to 1% extra crop yield", green-
house production can be increased if UV radiation is efficiently converted to PAR [22,23].
Shabalina et al. reviewed photoconversion cover (PCC) developments from 2020 to 2024
and summarized greenhouse test outcomes across 58 PCC studies [24]. Although green-
house studies increasingly report yield gains from spectral conversion covers, quantita-
tive characterization of the cover’s optical properties and accompanying optical trade-
offs, particularly PAR losses arising from reduced transmittance and enhanced backward
scattering, remains limited [24, 25].

In this work, we present the next stage in the development of “UV-to-PAR” solar spec-
tral conversion phosphor coatings for greenhouse applications by fabricating commer-
cially viable spray-on coatings with varying thicknesses and particle mass loadings, and
systematically characterizing the coating’s optical properties. Using three different in-
tegrating sphere setups, we measured photoluminescence, diffuse reflectance, perpen-
dicular transmittance, and hemispherical light transmittance (THEM). From these mea-
surements, we determined key optical properties relevant for greenhouse applications,
including the photoluminescence quantum yield (PLQY), UV absorption, UV-to-PAR
conversion efficiency, and PAR Enhancement. This study quantifies both the gains and
losses associated with such coatings by examining a set of commercially available UV-
absorbing, PAR-emitting phosphors, namely ZnS:Ag and BaMgAl10O17:Eu2+. We inves-
tigate how coating performance correlates with intrinsic material properties such as
quantum yield, refractive index, and absorption strength (by the doping ions or the host
matrix). This work is intended as a practical reference for greenhouse stakeholders and
materials developers. By presenting fundamental optical metrics, this study provides
guidance for selecting appropriate phosphors for specific performance objectives.
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4.2. Material and method
4.2.1. Coating preparation
Selected phosphor

One host-absorption phosphor ZnS:Ag and one activator-absorption phosphor
BaMgAl10O17:Eu2+ (BAM:Eu) were purchased from Phosphor Technology. The dopant
content of Eu2+ is 0.35 mol%. The dopant content of Ag is too little to be detected by
a scanning electron microscope, but the emission property and supplier confirms the
existing of Ag dopant in the ZnS phosphor. The mean particle size, provided by the sup-
plier, is 4.1 µm for BAM:Eu and 8 µm for ZnS:Ag. The density of the phosphor is 4.0 g/cm3

for ZnS:Ag, and 3.7 g/cm3 for BAM:Eu. The refractive index (n) is 1.7 for BAM:Eu, and 2.3
for ZnS:Ag. The theoretical absorption coefficient at 340 nm is approximately 104 ∼ 105

cm-1 for ZnS and 103 ∼ 104 cm-1 for 1 mol% Eu2+ in oxide host [26, 27]. The photolumi-
nescence quantum yield (PLQY) of the two phosphors was characterized using a 340 nm
LED and an integrating sphere. BAM:Eu and ZnS:Ag exhibited high PLQY values of 92%
and 86%, respectively.

ZnS:Ag is used here primarily as a host-absorption benchmark because it combines
strong UV absorption with a PLQY comparable to BAM:Eu, allowing a controlled com-
parison between host-absorption and activator-absorption phosphors. We note that ZnS
host can darken under prolonged UV exposure due to photo-oxidation/defect forma-
tion. Stabilization strategies (e.g., surface passivation/coatings and dopant/defect engi-
neering) are therefore essential for long-term deployment.

Luminescent coating’s formulation

The luminescent coating consists of a dispersing agent, defoamer, acrylic resin, thicken-
ers, and the selected phosphor. The loading of phosphors are 9 mass% and 18 mass%.
The applied wet thickness of coating was 50, 100, 150, 200 µm on a 1 mm thick fused
silica substrate by a bar-coater (TQC film applicator, Industrial Physics). A batch of coat-
ings with the same wet thicknesses but without the addition of phosphor was produced
following the same recipe, which are referred to as “no-phosphor coatings”. All the re-
sults will be presented using the wet thickness values. The dry thickness measured by a
profilometer (Dektak 8, Bruker), which are typically 4 times smaller than the wet thick-
ness, is presented in the Appendix.

Because ZnS:Ag has a larger mean particle size than BAM:Eu, dispersion uniformity
and mechanical-property impacts (e.g., flexibility and tensile strength) may differ in
practical film processing. These particle–host compatibility aspects, including disper-
sion stability and mechanical testing, are outside the scope of the present optical bench-
marking study and therefore not addressed in the work.

4.2.2. Characterization Methods
Photoluminescence and photoluminescence excitation measurement

The photoluminescence emission (PL) and excitation (PLE) spectra of the phosphors
were recorded by a photomultiplier tube (R7600U-20, Hamamatsu) connected to a
monochromator (SP2300, Princeton Instruments). A xenon lamp connected to another
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monochromator (Gemini 180, HORIBA) was used as an excitation light source. The pho-
toluminescence spectrum of both phosphors were recorded under excitation of 340 nm
light. The photoluminescence excitation spectrum was recorded by monitoring emis-
sion at 450 nm and corrected for the lamp spectrum intensity by a calibrated silicon
diode

UV-to-PAR performance indicators

The UV-to-PAR performance indicators quantify the luminescent coating’s capability of
converting UV to additional PAR. These indicators include coating’s absorption spec-
trum Acoating(λ) (%), UV-to-PAR conversion efficiency ηcoating (%), and PAR Enhance-
ment (%). ηcoating in short is the number of emitted PAR photons entering the green-
house per absorbed UV photon. PAR Enhancement equals the ratio of luminescence-
generated PAR photons entering the greenhouse to the total PAR photons in the AM1.5
solar spectrum. The detailed characterization methodology is described in our previ-
ous work [23]. Acoating(λ) and ηcoating of the luminescent coating in the UV region were
determined using a direct transmittance system with a deuterium lamp (AvaLight-DH-
S, Avantes) as the light source. The transmitted light spectra of a fused-silica substrate
(Isubstrate(λ)) and the luminescent coating on the substrate (Icoating(λ)) were collected by
a spectrometer (QE65Pro, Ocean Optics) connected with an optical fiber (FC-UVIR600,
Avantes) to an integrating sphere located behind the sample. This detection system was
calibrated with a calibrated deuterium light source (UV40, Optronic Laboratories) and
tungsten light source (EV81, EPLAB). Acoating(λ) and ηcoating are defined as follows:

Acoati ng (λ) = 1− Icoating(λ)

CRef ∗ Isubstrate(λ)
(4.1)

ηcoating =
∫ 700

400 [Icoating(λ)−CRef ∗ Isubstrate(λ)]dλ∫ 400
250 [CRef ∗ Isubstrate(λ)− Icoating(λ)]dλ

(4.2)

Icoating(λ) and Isubstrate(λ) are the transmitted signals collected by an integrating
sphere. In our measurement configuration, the following equation holds: 1=A+T+R+W,
in which W equals the wave-guided fraction escaping through the sample edges. Al-
though we measured the backward reflection R (through diffuse reflectance measure-
ment) and transmission T, we cannot reliably measure W. Therefore, we have introduced
a more practical and reliable metric CRef that takes into account the influence of both
the backward scattering and waveguiding effects on the loss of incident PAR photon flux.
CRef was determined within a near-infrared (NIR) spectral range, 700-750 nm, unaffected
by both emission and absorption. By applying CRef, the influence of backward scatter-
ing and waveguiding effects (R+W) can be removed from the calculations of Acoating(λ)
and ηcoating. An assumption of constant backward scattering and waveguiding effects
between 250 to 900 nm was made.

The PAR Enhancement was subsequently calculated using Acoating(λ) and ηcoating ac-
cording to

PAR enhancement = ηcoating ∗
∫ 400

250 [Acoating(λ)∗ Isolar(λ)]dλ∫ 700
400 Isolar(λ)dλ

(4.3)
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in which the integration part on the right hand side of this equation eliminates the in-
fluence of the lamp spectrum as if the measurements was done with the solar spectrum.
The AM1.5 solar spectrum, Isolar(λ), expressed in number of photons, was derived from
the ASTM G173-03 Reference Spectra [28].

Hemispherical light transmittance

The hemispherical light transmittance THEM of all the coated samples was measured
by a tabletop characterization system developed in Chapter 3. The calculation of THEM

considers the wavelength range from 400 nm to 700 nm (PAR). A detailed description
of the measurement procedure and calculation can be found in the cited work. Note
that the THEM system employs a tungsten lamp as the light source, which emits mainly
within the PAR region. Consequently, the obtained THEM values reflect not only PAR
transmittance but also account for the absorption of blue photons and emission of red
photons. The THEM of 1 mm-thick fused silica substrate was measured to be 87.7%.

Diffuse reflectance

The diffuse reflectance of all samples was measured using an integrating sphere (IS2004,
Thorlabs) and in combination with a deuterium light source (AvaLight-DH-S, Avantes).
The integrating sphere was positioned directly above the coating sample to collect the
backward scattered (reflected) light (R) signals from the incident deuterium illumina-
tion. A reference measurement was obtained using the same reflective material as the
inner surface of the integrating sphere. The diffuse reflectance of all coatings was mea-
sured by taking the average value in the NIR wavelength range (700-750 nm), where no
absorption and emission occurred. The diffuse reflectance of 1 mm-thick fused silica
substrate was measured to be 8.0%.

4.3. Results and discussions
The final appearance of the coating samples is presented in Fig 4.1 and Fig. 4.2.

4.3.1. Photoluminescence excitation (PLE) and photoluminescence (PL)
spectra

The photoluminescence excitation (PLE) and photoluminescence (PL) spectra of the se-
lected phosphors are shown in Figure 4.3. The absorption and emission mechanism of
BAM:Eu originates from the activator ions, Eu2+, characterized by the electronic transi-
tion from the ground state 4f7 to the excited state 4f65d1. The two excitation peaks at
250 nm and 310 nm arise from the crystal field splitting of the 5d configuration. A broad
emission peak at 450 nm is a distinctive feature of Eu2+ luminescence [29, 30]. ZnS:Ag
phosphor exhibited a sharp peak at 340 nm in the PLE spectrum corresponding to the
band gap of ZnS (3.6 eV). The blue emission peak at 450 nm arises from electron-hole
recombination after bandgap excitation from the valence band (VB) to the conduction
band (CB), involving radiative relaxation via an intermediate energy level created by Ag+

dopants located just above the VB of ZnS [31, 32].
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Figure 4.1: Final appearance of ZnS:Ag coatings.

Figure 4.2: Final appearance of BAM:Eu coatings.

4.3.2. UV-to-PAR performance indicators

PAR Enhancement quantifies how much extra PAR light in the form of luminescence
is entering the greenhouse due to UV absorption. Its efficiency is therefore a crucial
quantity for UV-to-PAR type spectral conversion greenhouse coating. As explained in the
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Figure 4.3: Normalized photoluminescence excitation (solid lines) and photolumines-
cence (dashed lines) spectra with AM1.5 solar spectrum.

methodology section, PAR Enhancement is derived from the coating’s correction factor
CRef, absorption spectrum Acoating(λ), and UV-to-PAR conversion efficiency ηcoating of
the coating. The influence of these quantities on PAR Enhancement is discussed in the
following section.

Figure 4.4 shows the transmittance spectra of all luminescent coatings (Icoating(λ)) rel-
ative to that of the fused silica substrate (Isubstrate(λ)) derived from the original transmit-
ted light signals (provided in the Appendix). Three wavelength intervals are discussed
below: the UV range (250-400 nm), where absorption occurred; the PAR range (400-700
nm), where photoluminescence was observed; and the NIR range (700-750 nm), where
neither absorption nor photoluminescence took place.

The transmittance values in the 250-400 nm range were generally below unity due to
waveguiding, backward scattering, and UV absorption. This range of data was converted
into the coating’s absorption spectrum Acoating(λ) in Fig. 4.6 and discussed later. In the
400-700 nm range of the transmittance spectra, a pronounced emission from the lumi-
nescent coatings was clearly observed. A transmittance value exceeding unity indicates
that additional photosynthetically active radiation (PAR) enters the greenhouse as a re-
sult of luminescence generated through UV-to-PAR conversion. This effect was particu-
larly prominent because the deuterium lamp emitted a disproportionately high amount
of UV radiation relative to the AM1.5 solar spectrum. To correct for this, the AM1.5 solar
spectrum was applied in the PAR Enhancement calculation, effectively removing the in-
fluence of the lamp features as explained by Isolar(λ) in Eq. 4.3. The use of a deuterium
lamp improves the accuracy of UV absorption measurements and PAR Enhancement,
while our calculation method conveniently allows the use of any lamp type. The dips at
650 and 660 nm resulted from intense lamp spectral peaks that are difficult to correct for.
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Figure 4.4: The transmittance spectrum of all samples, relative to the substrate, mea-
sured using an integrating sphere. a) BAM:Eu 9 mass% with various coating
thickness. b) BAM:Eu 18 mass% with various coating thickness. c) ZnS:Ag
9 mass% with various coating thickness. d) ZnS:Ag 18 mass% with various
coating thickness.

In the NIR range, transmittance was governed by backward scattering and waveguiding
effects, with no contribution from either emission or absorption, as discussed before.
The CRef value was determined by averaging the transmittance of the sample relative to
the substrate over this spectral region.

Figure 4.5 presents the CRef values of all samples. A small CRef value indicates substan-
tial backward scattering and waveguiding effects in the coating. Both backward scat-
tering and waveguiding effects lead to a general reduction in the incident photon flux
of PAR entering a greenhouse. Moreover, a small CRef value may indirectly reduce PAR
Enhancement because fewer incident UV photons remain available for absorption and
conversion due to the backward scattering and waveguiding effects.

Both increased coating thickness and higher particle loading result in a smaller CRef,
demonstrating enhanced scattering and waveguiding effects. ZnS:Ag coatings showed
a smaller CRef compared to the oxide-based phosphor BAM:Eu, indicating that back-
ward scattering and waveguiding effect were more pronounced in ZnS:Ag coatings. This
difference is primarily attributed to the refractive index contrast between the phosphor
particles and the surrounding medium: ZnS has a higher refractive index (n ≈ 2.3) than
BAM:Eu (n ≈ 1.7), which increases reflection at particle–polymer interfaces and thereby
strengthens scattering. In a simplified picture, the Fresnel relations predict higher inter-
facial reflectance for larger refractive-index mismatch, leading to more frequent changes
in photon propagation direction and a higher probability of photons being redirected
backward or guided laterally within the coating. The influence of refractive index is



4

69

Figure 4.5: CRef of all coating samples

further discussed together with THEM in Section 4.3.3. All no-phosphor reference coat-
ings showed CRef values between 0.99 and 1.00, consistent with their high optical trans-
parency in the absence of scattering particles.

Figure 4.6: The absorption spectrum of all samples, derived from the transmitted light
signals in Figure 4.4. The green curve is the normalized AM1.5 solar spec-
trum. a) BAM:Eu 9 mass% coatings with various thickness. b) BAM:Eu 18
mass% coatings with various thickness. c) ZnS:Ag 9 mass% coatings with var-
ious thicknesses. d) ZnS:Ag 18 mass% coatings with various thicknesses.



4

70 CHAPTER 4

Figure 4.6 shows the absorption spectra of all coatings derived from Eq. 4.1. ZnS:Ag
coatings exhibited a step like absorption edge near 340 nm, whereas BAM:Eu displayed
an absorption band around 310 nm. These features are consistent with the correspond-
ing PLE spectra of the phosphors in Fig. 4.3. The coating’s absorption strength increased
as both the particle loading and coating thickness increased.

Across all coating formulations, ZnS:Ag exhibited only a slightly higher absorption
strength than BAM:Eu. Despite ZnS:Ag having a substantially higher absorption coef-
ficient (104 ∼ 105 cm-1) due to the CB→VB transitions, up to two orders of magnitude
higher than Eu2+ 4f→5d transitions in BAM (103 ∼ 104 cm-1), the measured absorption
of ZnS:Ag coatings was only slightly higher than that of BAM:Eu coatings. The most plau-
sible explanation lies in the diameter of the used phosphor particles. Although BAM:Eu
has a lower intrinsic absorption coefficient, its particle size of 4 µm provides a sufficiently
long optical path allowing UV photons to be absorbed, leading to a high absorption %.

Figure 4.7: a) The absorption of total UV photon, Asolar(%), within 280-400 nm range
in AM1.5 solar spectrum of all coating samples. b) UV-to-PAR conversion
efficiency ηcoating of all coating samples.

In Eq. 4.3, the absorption spectrum Acoating(λ) of each luminescent coating is applied
to the AM1.5 solar spectrum Isolar(λ) to calculate the total number of solar UV photons
absorbed within the 280-400 nm range which is the more relevant absorption quantity
when considering greenhouse applications. To demonstrate how much UV light was
absorbed by each coating, the ratio of absorbed UV photons to the total incident UV
photons in the AM1.5 spectrum, Acoating(λ), was calculated according to Eq. 4.4 below
and shown in Fig. 4.7a.

Asolar (%) =

∫ 400

250
[Acoating(λ) ∗ Isolar(λ)]dλ∫ 400

250
Isolar(λ)dλ

(4.4)

In general, ZnS:Ag coatings absorbed more solar UV photons than BAM:Eu coatings at
the same particle mass loading. The absorption strength clearly influenced the amount
of absorbed UV photons. In addition, the shape of the absorption spectrum also played
a role in the amount of total absorbed UV photons. The absorption spectrum of BAM:Eu
coatings showed a peak at 310 nm and then decreased toward longer wavelengths, while
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ZnS:Ag coatings showed a step-like feature until 340 nm and gradually decreased to-
ward longer wavelengths. Since the UV photon flux in the AM1.5 solar spectrum is not
uniform, as illustrated in Fig. 4.6, this spectral feature also contributed to the higher
solar UV absorption in ZnS:Ag coatings compared to BAM:Eu coatings. Therefore, coat-
ings that maintain a high absorption across the entire solar UV range or exhibit stronger
absorption at longer UV wavelengths (close to 400 nm) are more effective at capturing
available UV photons, ultimately resulting in greater total UV absorption and enhancing
PAR generation.

The number of luminescence-generated PAR photons entering the greenhouse per ab-
sorbed UV photon, denoted as ηcoating, depends primarily on the photoluminescence
quantum yield (PLQY), which is an intrinsic property of each phosphor and does not
vary with particle loading or coating thickness. Under the assumption of isotropic emis-
sion, only 50% of the emitted photons are directed toward the interior of the greenhouse,
while the remaining 50% escape outward, leaving the greenhouse. Under these idealized
conditions, ηcoating should not exceed half the PLQY, which results in 46% for BAM:Eu
coatings and 43% for ZnS:Ag coatings.

As shown in Fig. 4.7b, ηcoating exhibits only a weak dependence on coating thickness,
particularly for ZnS:Ag coatings, but increases markedly with particle loading. In the
9 mass% series, both phosphors showed similar ηcoating values in the range of 20-25%.
However, in the 18 mass% series, both BAM:Eu and ZnS:Ag coatings approached the
theoretical limit of ηcoating at 200 µm, reaching 40% for BAM:Eu and 37% for ZnS:Ag. The
increase in ηcoating observed at a higher particle mass loading may be partly attributed to
the configuration of the measurement setup. When the coating sample covers the port of
the integrating sphere, photons that have entered the sphere after transmitting through
the coating are retained within the sphere due to back-reflection at the coating, thereby
enhancing the detected signal. Coatings that exhibit stronger backward scattering can
further increase this internal retention, which is consistent with the trend in CRef values
observed in Fig. 4.5.

It should be noted that this “photon retention” contribution is specific to the
integrating-sphere configuration and may lead to a modest overestimation of ηcoating

for highly scattering coatings, because a fraction of photons that would otherwise es-
cape the detection geometry can be redirected into the sphere and collected. In practi-
cal greenhouse operation, the space beneath the coating is not an ideal reflective cavity;
consequently, backward scattering at the coating is expected to primarily reduce the net
transmitted PAR flux rather than enhance photon collection. Therefore, ηcoating is in-
terpreted here mainly as an intrinsic conversion metric, whereas application-relevant
performance must be assessed by jointly considering ηcoating with other performance
indicators.

Although ηcoating was primarily determined by the PLQY of the phosphors used, the
result indicated it can be influenced by formulation parameters such as particle loading
and thickness. Since a higher ηcoating directly contributes to greater PAR Enhancement,
optimizing ηcoating is essential for maximizing the overall performance of the coating.

Finally the PAR Enhancement values are presented in Fig. 4.9. PAR Enhancement in-
creased with both coating thickness and particle loading. At 9 mass% loading, ZnS:Ag
coatings exhibited only slightly higher PAR Enhancement than BAM:Eu. Both ZnS:Ag
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Figure 4.8: PAR Enhancement of all coating samples.

and BAM:Eu coatings reached 0.5% PAR Enhancement at 200 µm thickness. At 18 mass%
loading, ZnS:Ag coatings again showed a larger PAR Enhancement than the BAM:Eu
coatings. Both phosphors achieved the highest PAR Enhancement values at 200 µm,
which was 1.0% for BAM:Eu and 1.3% for ZnS:Ag.

Despite the strong backward scattering effect for ZnS:Ag coatings, as indicated by CRef,
and its slightly lower PLQY, the PAR Enhancement was higher due to its higher UV ab-
sorption as shown in Fig. 4.7a. These results demonstrate that both ηcoating and the total
UV absorption are primary factors controlling PAR Enhancement. The UV absorption
can be tuned by adjusting coating thickness and particle loading, while ηcoating is influ-
enced primarily by the particle mass loading.

4.3.3. Hemispherical light transmittance THEM and diffuse reflection

Figure 4.9: a) Hemispherical light transmittance (THEM) of all coating samples. b) Dif-
fuse reflectance of all coating samples.

The THEM of luminescent coatings with 9 mass% and 18 mass% particle loading is pre-
sented in Fig. 4.9a. For all luminescent coating series, including the no-phosphor series,



4

73

THEM decreased with increasing thickness and particle loading. The attenuation of the
light signal is a combined effect of the backward scattering and waveguiding in the poly-
mer matrix and substrate. Needless to say, PAR enhancement values by luminescence
presented in Fig. 4.8 are far smaller than the losses by backward scattering evidenced by
the THEM values presented in Fig. 4.9a.

BAM:Eu coatings showed higher THEM values than ZnS:Ag coatings at the same thick-
ness and loading, meaning more PAR light penetrating through the coating into the
greenhouse. This difference can be explained by the refractive index of the phosphors.
BAM:Eu, an oxide material, has a lower refractive index (n ≈ 1.7), while ZnS:Ag, a sul-
phide material, has a higher value (n ≈ 2.3). As discussed when presenting CRef values, a
larger refractive index results in a greater reflectance.

To verify that the optical losses were primarily caused by backward scattering, diffuse
reflectance measurements were performed on the coatings and presented in Fig. 4.9b.
Unlike CRef, which accounts for light loss from both backward scattering and waveg-
uiding effects, diffuse reflectance captures only the backward scattered light from the
sample. As shown, diffuse reflectance increased with both coating thickness and parti-
cle loading. The generally higher reflectance observed in ZnS:Ag coatings compared to
BAM:Eu coatings supports the conclusion that the refractive index of the phosphor plays
a significant role in hemispherical light transmittance. Overall, the results demonstrated
that particle loading, coating thickness, and refractive index all influence losses by scat-
tering and consequently affect the hemispherical light transmittance of the coating.

4.3.4. General discussion
Incorporating 8 µm ZnS:Ag phosphor into a 200 µm-thick coating at a particle loading
of 18 mass% increases the PAR level by 1.3%. The theoretical limit of 3.5% could be ap-
proached by engineering the coating formulation, for example, by increasing the coating
thickness and/or phosphor loading. It should be noted that such modifications would
likely increase cost, complicate practical implementation, and further reduce PAR trans-
mittance.

The concept of spectral conversion in the greenhouse environment is intuitively ben-
eficial for enhancing plant growth and increasing crop yield, but the potential gain from
PAR-emitting coating is counteracted by light losses due to backward scattering at the
coating. In our coating, such losses lowered the hemispherical light transmittance by as
much as 45%. It is important to note that phosphors with a higher refractive index, such
as ZnS (n ≈ 2.3), exhibited a larger scattering efficiency, lowering THEM to a larger extent
than BAM:Eu (n ≈ 1.7). Consequently, phosphors with similar or even higher refractive
index that have been suggested for spectral conversion purposes such as (oxy)sulphides
and (oxy)nitrides, including Ca(Sr)ZnOS:Eu2+, (Ca,Sr)S:Eu2+, and Ba2ZnS3:Eu2+, are less
suitable.

Reducing particles’ backward scattering efficiency is therefore indispensable and
could be achieved by employing larger particles that favour forward scattering as pre-
dicted by Mie theory, or particles with a radius much smaller than the wavelength of
light [33]. Although this approach is conceptually sound, reducing scattering by chang-
ing radius also reduces absorption, which necessitates a higher particle density or coat-
ing thickness, both of which can reintroduce scattering losses. The true scientific chal-
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lenge is to significantly reduce scattering strength without affecting or preferably even
increasing absorption strength. Despite the fact that scattering significantly decreases
PAR transmittance, scattering by itself, formally quantified as "hortiscatter," can also
promote plant growth because it generates a more even light distribution on leaves [6,7].
Future research should explicitly evaluate the combined effects of hortiscatter and hemi-
spherical light transmittance, including PAR Enhancement, on crop yield improvement.

Phosphors selected for greenhouse applications should exhibit a high PLQY, a low
refractive index to minimize scattering losses, and sufficient chemical stability under
operating conditions. Accordingly, a practical spectral-conversion greenhouse coating
should combine low backward scattering with high PAR transmittance, strong UV ab-
sorption, and high UV-to-PAR conversion efficiency, thereby increasing the PAR photon
supply in the greenhouse without reducing the baseline transmitted PAR from sunlight.

4.4. Conclusion
A series of luminescent coatings based on two commercial UV-absorbing, PAR-emitting
phosphors (ZnS:Ag and BaMgAl10O17:Eu2+) was fabricated to assess their suitability for
greenhouse spectral conversion. Key optical performance metrics, including UV absorp-
tion and UV-to-PAR conversion efficiency, hemispherical light transmittance (THEM),
and diffuse reflectance, were systematically quantified as a function of coating thickness
and phosphor loading.

The results show that particle based spectral conversion coatings can provide mea-
surable PAR enhancement inside the greenhouse, reaching up to 1.3% for a 200 µm
coating containing 18 mass% ZnS:Ag. However, pronounced backward scattering, con-
sistent with the high refractive index of ZnS, substantially reduced THEM and thus the
total transmitted PAR photon flux, demonstrating that scattering losses can counteract
the benefits of spectral conversion. By comparison, the activator-absorption phosphor
BaMgAl10O17:Eu2+ achieved a slightly lower PAR enhancement (1.0%) while exhibiting
a smaller reduction in hemispherical transmittance, attributable to its lower refractive
index and correspondingly weaker backward scattering.

Overall, this work provides an experimental quantification of both the optical gains
(PAR enhancement) and losses (transmittance reduction and backward scattering) asso-
ciated with UV-to-PAR luminescent greenhouse coatings. The presented measurement
workflow and performance indicators offer a practical framework for future studies to
assess spectral conversion coatings under application-relevant conditions and to guide
phosphor/coating design toward simultaneously high UV absorption and conversion ef-
ficiency with minimal scattering-induced PAR losses.
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Appendix

Figure 4.10: The dry thickness of the coating versus wet application thickness.

Figure 4.11: The transmittance light signals of all samples. a) BAM:Eu 9 mass% with var-
ious coating thickness. b) BAM:Eu 18 mass% with various coating thickness. c) ZnS:Ag 9
mass% with various coating thickness. d) ZnS:Ag 18 mass% with various coating thick-
ness.
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5
Investigating solar spectrum-shifting

greenhouse roofing for enhancing crop
performance

Previous studies have investigated phosphor-based luminescent coatings to convert UV
radiation into extra photosynthetically active radiation (PAR), such as UV-to-red and UV-
to-blue. However, the enhancement of PAR is limited by the small fraction of UV in
the AM1.5 solar spectrum. In this study, we address this challenge by employing a high
quantum efficiency phosphor, Sr2Si5N8:Eu2+, which converts both UV and blue light to
the red part of the solar spectrum, in a luminescent coating that can be applied on a
greenhouse roof. Four coatings (50-200 µm thick) with the same phosphor loading were
fabricated. The hemispherical light transmittance of the coatings was measured using a
customized tabletop system. Additionally, building upon the UV-to-PAR enhancement
method proposed in Chapter Two, a new approach was established to quantify UV/blue-
to-red conversion. The blue:red (B:R) light ratios under natural solar illumination were
also examined. Results showed that while hemispherical light transmittance decreased
with increasing coating thickness due to back scattering, the thicker coatings provided
stronger red light emission. This trade-off indicates an opportunity for optimization -
selecting a coating thickness that enhances red light without sacrificing overall trans-
mittance. Notably, the B:R ratio can be altered from 1:1 to 1:5 by coating’s thickness,
and the absolute red photon flux is kept at 87% of the incident sunlight, which illustrates
the potential of this luminescent coating to substantially enrich the red portion of the
light spectrum through altering coating thickness. Such improved spectral management
can be advantageous for certain crops, that respond favourably to higher red-light lev-
els. Overall, this research highlights the potential of phosphor-based luminescent coat-
ings to achieve a spectrum shift in greenhouse roofs, potentially optimizing plant growth
conditions and enhancing crop yields.

The content of this chapter is published on the International Conference GreenSys2025.
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5.1. Introduction

The principle of “1% extra light leads to 1% extra crop yield” has been widely accepted
in horticulture [1]. Greenhouse operators commonly apply artificial lighting, such as
high-pressure sodium lamps and LEDs, to increase the photon flux projected on plant
leaves and to actively manipulate the light spectrum, thus maximizing crop yield [4–6].
Although this active modification allows for precise light management, it requires extra
energy and raises overall production costs.

A passive approach modifying light involves applying photoluminescent materials,
which convert high-energy radiation into low-energy radiation, potentially reducing en-
ergy demand while still improving light quality for crops [2, 3, 7]. Luminescent light con-
version films are considered a direct and efficient approach to tailor the spectral quality
of light reaching crops, and are manufactured by dispersing luminophores in polymer
matrices [8]. Mao et al. produced polyethylene (PE) and polyvinyl alcohol (PVA) films
containing Ca0.5Sr0.5S:Cu,Eu phosphor, which exhibits a strong red emission under ul-
traviolet (UV, 250-400 nm) excitation [24]. Zhu et al. synthesized Bi3+ and B3+ co-doped
CaAl12O19:Mn phosphor and fabricated a photoluminescent film that is capable of con-
verting UV light to red light [10]. Yang et al. reported a Eu2+-based conversion film de-
signed to shift UV light to blue light [11].

Luminescent materials can also be applied as a coating on greenhouse glazing to pro-
vide a semi-permanent spectral conversion function. In chapter 2, we have developed a
UV-to-blue luminescent coating based on SiAlO:Eu2+ phosphor. A method that quan-
tifies the performance in converting UV radiation to photosynthetically active radia-
tion (PAR, 400-700 nm) was also introduced. The results demonstrated the feasibility
of SiAlO:Eu2+ luminescent coating to enhance PAR by converting UV radiation. How-
ever, assuming a luminescent coating could convert all UV photons in the AM1.5g solar
spectrum to PAR photons with a 50% emission entering the greenhouse, a theoretical
maximum of only 3.5% PAR enhancement could be achieved [12]. This rough calculation
indicates that the limited fraction of UV in the solar spectrum fundamentally constrains
how much additional PAR can be generated.

While all PAR wavelengths help growth, photosynthetic pigments absorb them differ-
ently. Crops can benefit from a higher red-to-blue photon ratio, and such an optimal
value varies by species and growth phase. The commercial phosphor, Sr2Si5N8:Eu2+, is
particularly suitable for this requirement, as it offers a high quantum yield with strong
absorption from 250 nm up to 550 nm and emission in the 550–750 nm range, matching
perfectly with crops requiring a high red light environment [13–18].

In this study, we fabricate luminescent coatings incorporating Sr2Si5N8:Eu2+ phosphor
at 50, 100, 150, and 200 µm wet thicknesses and characterize their optical properties,
including emission, absorption, reflectance, and hemispherical light transmittance. A
method is presented for quantifying “UV/blue-to-red” spectral conversion efficiency of
a luminescent coating. In addition, the B:R ratio of the luminescent coating is character-
ized using natural sunlight.
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5.2. Material and method
5.2.1. Coating preparation
Selected phosphor

The activator-absorption phosphor Sr2Si5N8:Eu2+ (SSN:Eu) was acquired from Leucht-
stoffwerk Breitungen GmbH. The Eu2+ ion is incorporated into the Sr2Si5N8 host by sub-
stituting Sr site. The actual stoichiometric composition of the SSN:Eu used in this work
was Sr1.86Si5N8:Eu0.14

2+, determined by energy-dispersive X-ray spectroscopy (JSM-
IT100, JEOL). The photoluminescent quantum yield (PLQY) of this phosphor was re-
ported to be 90% by the supplier. The phosphor particle has a size range of 6 to 10 µm.
The refractive index (n) of Sr2Si5N8 is 2.5 [19].

Luminescent coating’s formulation

The luminescent coating consisted of a dispersing agent, defoamer, acrylic resin, thick-
eners, and the selected phosphor. The loading of phosphors was 9 mass%. The applied
wet thickness of coating were 50, 100, 150, 200 µm on a 1 mm thick fused silica substrate
by a bar-coater (TQC film applicator, Industrial Physics). The detailed coating formula-
tion is listed in the appendix of Chapter 2.

5.2.2. Characterization Methods
Hemispherical light transmittance

The hemispherical light transmittance of all the coated samples was measured by a
tabletop characterization system developed in Chapter 3. The calculation of THEM con-
siders the wavelength range from 400 nm to 700 nm (PAR). A detailed description of the
measurement procedure and calculation can be found in the cited work. Note that the
THEM system employs a tungsten lamp as the light source, which emits mainly within the
PAR region. Consequently, the obtained THEM values reflect not only PAR transmittance
but also account for the absorption of blue photons and emission of red photons. The
THEM of 1 mm-thick fused silica substrate was measured to be 87.7%.

Diffuse reflectance

The diffuse reflectance of all coating samples was measured using an integrating sphere
(IS2004, Thorlabs) and in combination with a deuterium light source (AvaLight-DH-S,
Avantes). The integrating sphere was positioned directly above the coating sample to
collect the backward-scattered/reflected light signals from the incident deuterium illu-
mination. A reference measurement was obtained using the same reflective material as
the inner surface of the integrating sphere. The value of diffuse reflectance was obtained
by taking the average value in the NIR wavelength range (800-850 nm), where neither
absorption nor emission occurred. The diffuse reflectance of 1 mm-thick fused silica
substrate was measured to be 8.0%.

Direct transmittance

The direct transmittance measurement provided the transmitted light signals of the lu-
minescent coating samples using a deuterium lamp as a light source (AvaLight-DH-S,
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Avantes). The transmitted signal of a fused-silica substrate Isubstrate(λ) and the lumi-
nescent coating on the substrate Icoating(λ) were collected by a spectrometer (QE65Pro,
Ocean Optics) connected with an optical fiber (FC-UVIR600, Avantes) connected to an
integrating sphere (15”, Labsphere) located behind the sample. The setup configuration
is presented in Fig. 5.1. This detection system was calibrated with a calibrated deuterium
light source (UV40, Optronic Laboratories) and a tungsten light source (EV81, EPLAB).

From the direct transmittance measurements, the coating’s absorption and emission
ranges (and their relative strengths) can be extracted, thereby demonstrating the photo-
luminescent response of the coating samples under illumination. The “UV/Blue-to-red”
spectral conversion efficiency, ηcoating, quantifies the coating’s ability to convert incident
UV and blue photons into red photons transmitted into the greenhouse. In other words,
ηcoating is defined as the number of emitted red photons entering the greenhouse per
absorbed UV/blue photon, and is given by:

ηcoating =
∫ 750

550 [Icoating(λ)−CRef ∗ Isubstrate(λ)]dλ∫ 550
250 [CRef ∗ Isubstrate(λ)− Icoating(λ)]dλ

(5.1)

Based on the optical properties of the applied phosphors, the emission range for the
coating samples was defined as 550–750 nm, while the absorption range was defined as
250–550 nm. Since Icoating(λ) and Isubstrate(λ) are the transmitted signals collected by an
integrating sphere, any incident light that is backward scattered or guided to the sam-
ple edges may escape detection. This results in an overestimation of UV/blue absorp-
tion and an underestimation of red emission. In our measurement configuration, the
following equation holds, A=1-T-R-W, in which W equals the guided fraction escaping
through the sample edges. Although we measured the backward reflection R (through
diffuse reflectance measurement) and direct transmission T, we cannot reliably measure
W. Therefore, we have introduced a more practical and reliable metric CRef that takes into
account the influence of the backward scattering and waveguiding effects on the loss of
incident PAR photon flux. CRef was determined within a near-infrared spectral range
(800–850 nm), unaffected by both emission and absorption, which was calculated from
the transmittance of the coating sample relative to the uncoated fused silica substrate.
A small CRef value represents a substantial light loss from scattering and waveguiding
effects. By applying CRef, the influence of backward scattering and waveguiding effects
can be removed from the calculations of ηcoating. An assumption of constant backward
scattering and waveguiding effects between 250 to 900 nm was made.

Direct transmittance with sunlight illumination

Because a deuterium lamp emits a disproportionately large UV component compared
with the AM1.5 solar spectrum, its UV-rich excitation can exaggerate a coating’s emis-
sion. Results obtained under deuterium illumination are therefore not directly trans-
ferable to greenhouse conditions under sunlight. Using the same configuration of di-
rect transmittance with natural sunlight as a light source can provide a clear and visible
output. The characterization was performed on a clear, sunny day (April 23rd, 2025) at
14:00 in Delft, The Netherlands. Direct (non-diffuse) sunlight was incident perpendicu-
larly on the luminescent coating sample. Through this measurement, the total PAR flux



5

83

Figure 5.1: Illustration of direct transmittance measurement configuration.

and Blue:Red (B:R) light ratio of the coating samples were determined. The total PAR
flux was calculated by integrating the photon flux from 400 to 700 nm. Blue photon flux
was integrated over 400–500 nm region, while the red photon flux was integrated over
600–700 nm region. A reference measurement was conducted using an uncoated fused
silica substrate.

5.3. Results and discussions

5.3.1. Hemispherical light transmittance and diffuse reflectance

Final appearance of the produced luminescent coating samples are presented in Fig. 5.2.
The thickness after drying, THEM, and diffuse reflectance values of the four luminescent
coatings are presented in Table 5.1. After drying, the coating thickness reduced to one-
fourth of the wet-applying thickness. Despite the additional red photons generated by
the luminescent coatings through conversion of UV/blue photons, the THEM decreased
from 63.9% (50 µm) to 38.2% (200 µm) while the uncoated substrates had 87.7% THEM.
The reduction of the light signal was a combined effect of absorption of blue light, back-
ward scattering (including angular reflectance), and waveguiding effects in the polymer
matrix and substrate. To verify that the observed reduction in THEM arose from the back-
ward scattering effect, diffuse reflectance measurements were performed on the coat-
ings and presented in Table 5.1. Diffuse reflectance rose from 13.5% at 50 µm to 26.3%
at 200 µm. This upward trend supports the conclusion that the decline in THEM is partly
due to enhanced backward scattering and confirms that thicker coatings suffer a greater
light loss from this effect. The extent of backward scattering is linked to the refractive
index of the phosphor, which will be explained in the next section.
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Figure 5.2: Final appearance of the SSN:Eu coatings, which are 50 µm, 100 µm, 150 µm,
200 µm from left to right.

Table 5.1: Dried thickness, THEM, diffuse reflectance, CRef, and ηcoating of the SSN:Eu lu-
minescent coatings.

Sample Dried thickness (µm) THEM (%) Diffuse reflectance (%) CRef ηcoating (%)

50µm 14.0 63.9 13.5 0.85 32.2
100µm 29.7 52.9 18.3 0.77 34.7
150µm 40.3 47.9 20.6 0.73 36.0
200µm 51.7 38.2 26.3 0.65 38.0

5.3.2. Direct transmittance
Figure 5.3 shows the transmitted light signals of all luminescent coatings (Icoating) and
fused silica substrate (Isubstrate). The spectrum can be divided into three wavelength
intervals. First, the UV/blue range (250–550 nm), where absorption occurred, and the
transmitted light signals of the coatings were lower than those of the fused silica. Sec-
ond, the emission range (550–750 nm), where photoluminescence was observed, and
the transmitted signals of the coatings were higher than those of the fused silica. Third,
the NIR range (800–850 nm), where neither absorption nor emission occurred.

Figure 5.4 shows the relative absorption and emission intensities of the four lumines-
cent coatings with respect to the fused-silica substrate, as derived from the transmitted-
light spectra in Fig. 5.3. Due to a spike in the deuterium lamp output near 660 nm,
the derived relative emission spectrum exhibits an artificial sharp dip at 660 nm. Con-
sequently, it should be noted that the calculated “UV/Blue-to-red” spectral-conversion
efficiency, ηcoating, is underestimated for these coating samples.

The absorption and emission spectra were consistent with the photoluminescent
characteristics of Eu2+ activator ions, which originated from the transition between the
ground state 4f7 and the excited state 4f65d1 [17–20]. Both absorption and emission in-
tensities increased with coating thickness because a thicker coating provides a longer
optical path for UV and blue photons to travel through, increasing the probability of ab-
sorption and emission.

The CRef values and the coating’s “UV/Blue-to-red” spectral conversion efficiency
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Figure 5.3: The transmitted light signals of the SSN:Eu coatings under illumination of
deuterium light source.

Figure 5.4: The relative intensity of transmitted light signals between SSN:Eu coatings
and fused silica substrate. The dip at 660 nm was due to the deuterium lamp
spectrum.

ηcoating are presented in Table 5.1. CRef decreased from 0.85 (50 µm) to 0.65 (200 µm),
demonstrating an enhanced light loss from scattering effects as shown in the reduction
of THEM falling from 63.9% (50 µm) to 38.2% (200 µm).

The strong scattering effect was attributed to the high refractive index (n = 2.5) of
SSN:Eu. In our previous research (Chapter 4), BAM:Eu, an oxide material, has a lower
refractive index (n = 1.7), while ZnS:Ag, a sulphide material, has a higher value (n =
2.3). Under the same 9 mass% particle loading, BAM:Eu coatings displayed CRef of 0.96
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(50 µm) to 0.88 (200 µm), while ZnS:Ag coatings exhibited CRef of 0.88 (50 µm) to 0.78
(200 µm). The small CRef values of SSN:Eu coatings, from 0.85 (50 µm) to 0.65 (200
µm), aligned with the conclusion in our previous research that a higher refractive in-
dex leads to a higher scattering effect and thus a small CRef value as well as a large diffuse
reflectance. The spectral conversion efficiency, ηcoating, exhibited only a weak depen-
dence on film thickness and remained within 32–38%. This behavior is expected for two
reasons. First, the spike in the deuterium-lamp output in the direct transmittance mea-
surement introduces an artificial dip near 660 nm in the derived emission spectrum,
leading to an underestimation of ηcoating. Second, because photoluminescence is emit-
ted isotropically, at most half of the emitted photons propagate toward the integrating
sphere and can be collected. As a result, the measurable ηcoating is inherently capped at
approximately one-half of the phosphor’s PLQY (90%).

5.3.3. Direct transmittance with sunlight illumination

Figure 5.5: The transmitted light signals of the SSN:Eu coatings under illumination of
natural sunlight on a clear day.

Figure 5.5 displays the transmitted light signals of the four SSN:Eu luminescent coat-
ings under direct sunlight illumination on a clear day. Applying the SSN:Eu luminescent
coatings caused a pronounced net loss of photon flux in the PAR region, most noticeably
in the blue range, because of phosphor absorption and backward scattering effects. As
coating thickness increased, the blue absorption, backward scattering, and waveguid-
ing effect within the film all intensified, further reducing the total transmitted PAR flux.
The fractions of transmitted PAR photons relative to the uncoated fused-silica reference
are listed in Table 5.2. Applying the SSN:Eu luminescent coating reduced the total PAR
photons from 83.4% for the thinnest film to 57.1% for the thickest. Despite the overall
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drop in total PAR photons, the absolute red-band photon count was kept at a high level
(over 87% absolute red flux of the incident sunlight) across the four coating thicknesses
because the absorbed UV/blue photons were re-emitted as red photons. In addition, the
SSN:Eu luminescent coatings could shift the B:R ratio from 1:1 to 1:5 by adjusting the
coating thickness.

Table 5.2: The transmitted PAR photon flux, and Blue:Red light ratio of the luminescent
coatings under direct sunlight illumination.

Sample PAR (%) Blue (%) Red (%)

Fused silica substrate 100.0 45.9 54.1
SSN:Eu 50µm 83.4 38.1 61.9
SSN:Eu 100µm 71.6 30.4 69.6
SSN:Eu 150µm 67.5 26.4 73.6
SSN:Eu 200µm 57.1 17.3 82.7

5.3.4. Use cases
The optimal balance between blue and red light (B:R ratio) varies depending on plant
species and growth stages. For instance, reducing blue-light exposure negatively affects
the dry weight of lettuce (Lactuca sativa) [15], but it can enhance both growth and quality
in cabbage (Brassica oleracea) [16]. The pronounced red enrichment afforded by apply-
ing SSN:Eu phosphor luminescent coatings provides a valuable spectral-management
strategy for crops that require high-red-light conditions for optimal growth. To demon-
strate their practical value, we present three representative cases in which SSN:Eu coat-
ings can be advantageous.

Dong et al. reported that under the blue:red light ratio of 25:75, the soluble sugar, to-
tal soluble solids, glucose, and sucrose contents in the developing tomato (Micro-Tom)
were highest [21]. A recent study by Paponov et al. on tomato (Solanum lycopersicum L.)
concluded that a Blue:Red ratio of 20:80 was beneficial for overall plant growth. More-
over, it increased the size of fruits in the middle and distal positions of the truss, re-
sulting in a more even size and weight for each fruit. The B:R ratio also increased the
root pressure, improving the water supply to the fruits, promoting fruit growth [22]. In
a more extreme case, 10% blue and 90% red was the optimal ratio for lettuce (Lactuca
sativa var. Youmaicai). Although there were some beneficial effects of a small amount (5-
20%) of blue light on the growing stage, such as enhanced photosynthesis rate, the shoot
biomass dropped significantly in the case of 25-50% blue light [23]. All the examples
demonstrate the potential of applying Sr2Si5N8:Eu2+ luminescent coating in greenhouse
systems.

5.4. Conclusion
Sr2Si5N8:Eu2+ luminescent coatings with various thicknesses were produced and their
optical properties, including transmittance, reflectance, and spectral conversion for
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greenhouse applications, were successfully characterized. Applying Sr2Si5N8:Eu2+

UV/blue-to-red phosphor coatings reduced the total PAR photon flux, primarily due
to absorption of blue light (as expected) and strong backward scattering caused by the
high refractive index (n=2.5) of the phosphor. Despite the overall loss in PAR region,
the Sr2Si5N8:Eu2+ luminescent coatings show the capability of modifying the Blue:Red
light ratio from 1:1 to 1:5 while keeping more than 87% absolute red-band photon flux
of the incident sunlight. This research provides a practical demonstration of light man-
agement through spectral shifting for greenhouse systems, indicating the potential to
optimize light quality for specific species.

Acknowledgement
The author thanks Dr. Bert Hintzen for his assistance in selecting the phosphor. The
author also thanks the students: A. Elerte, Y. ter Denge, I. Oskam, O. van de Rijt for their
help in conducting the experiments.



References
[1] L. Marcelis, A. Broekhuijsen, E. Meinen, E. Nijs, M. Raaphorst, Quantification of the

growth response to light quantity of greenhouse grown crops, Acta Horticulturae 711
(2006) 97–103.

[2] S. Jakka, M. Silva, M. Soares, K. Pavani, Exploring the potential of Eu2+ and Mn4+

activated LaAlO3 phosphors as red and far-red emitters for horticulture lighting, RSC
Advances 13 (2023) 31314–31320.

[3] C. Cho, G. Bosco, E. van der Kolk, The potential of SiO2:Al3+,Eu2+ blue phosphor coat-
ings in greenhouse application, Optical Materials 157 (2024) 2–8.

[4] D. Singh, C. Basu, M. Meinhardt-Wollweber, B. Roth, LEDs for energy efficient green-
house lighting, Renewable and Sustainable Energy Reviews 49 (2015) 139–147.

[5] J. Nelson, B. Bugbee, Economic analysis of greenhouse lighting: Light emitting
diodes vs. high intensity discharge fixtures, PLoS ONE 9 (2014).

[6] J. Blain, A. Gosselin, M. Trudel, Influence of HPS supplementary lighting on growth
and yield of greenhouse cucumbers, HortScience 22 (2022) 36–38.

[7] K. Mishra, C. Stanghellini, S. Hemming, Technology and materials for passive manip-
ulation of the solar spectrum in greenhouses, Advanced Sustainable Systems 7 (2023).

[8] Y. Fan, Y. Zhou, Z. Qiu, S. Lian, Photoluminescent materials for solar spectral conver-
sion greenhouse films, Journal of Materials Chemistry C (2025) 5462–5482.

[9] J. Mao, H. Fan, S. Lian, G. Waterhouse, S. Ai, Red luminescent metal–organic frame-
work phosphor enhanced by CaSrS:Cu,Eu for agricultural film, Applied Physics A: Ma-
terials Science and Processing 125 (2019) 2–9.

[10] Y. Zhu, Z. Qiu, B. Ai, Y. Lin, W. Zhou, J. Zhang, L. Yu, Q. Mi, S. Lian, Significant
improved quantum yields of CaAl12O19:Mn4+ red phosphor by co-doping Bi3+ and B3+

ions and dual applications for plant cultivations, Journal of Luminescence 201 (2018).

[11] S. Yang, M. Wu, C. He, Y. Wu, Y. Zhang, J. Yu, High quantum efficiency blue phosphor
K2SrCa(PO4)2:Eu2+ for plant growth, Journal of Alloys and Compounds 989 (2024).

[12] S. Hemming, D. Waaijenberg, G. Bot, P. Sonneveld, F. de Zwart, T. Dueck, C. van Dijk,
A. Dieleman, N. Marissen, E. van Rijssel, B. Houter, Optimaal gebruik van natuurlijk
licht in de glastuinbouw, Agrotechnology & Food Innovations B.V. (2004) 154.

[13] Y. Liang, C. Kang, E. Kaiser, Y. Kuang, Q. Yang, T. Li, Red/blue light ratios induce
morphology and physiology alterations differently in cucumber and tomato, Scientia
Horticulturae 281 (2021).

[14] C. Piovene, F. Orsini, S. Bosi, R. Sanoubar, V. Bregola, G. Dinelli, G. Gianquinto, Op-
timal red: Blue ratio in LED lighting for nutraceutical indoor horticulture, Scientia
Horticulturae 193 (2015) 202–208.

89



5

90 CHAPTER 5

[15] H. Saito, H. Shimizu, K. Ohdoi, The effect of light quality on growth of lettuce Yuta,
IFAC Proceedings Volumes 43 (2010) 294–298.

[16] K. Demir, G. Sarikamis, G. Seyrek, Effect of LED lights on the growth, nutritional
quality and glucosinolate content of broccoli, cabbage and radish microgreens, Food
Chemistry 401 (2023).

[17] S. Brinkley, N. Pfaff, K. Denault, Z. Zhang, H. Hintzen, R. Seshadri, S. Nakamura,
S. Denbaars, Robust thermal performance of Sr2Si5N8:Eu2+: An efficient red emit-
ting phosphor for light emitting diode based white lighting, Applied Physics Letters
99 (2011).

[18] C. Yeh, W. Chen, R. Liu, S. Hu, H. Sheu, J. Chen, H. Hintzen. Origin of Thermal
Degradation of Sr2xSi5N8:Eux Phosphors in Air for Light-Emitting Diodes. Journal of
the American Chemical Society 134 (2012) 14108 - 14117.

[19] O. Ten Kate, M. De Jong, H. Hintzen, E. van der Kolk, Efficiency enhancement
calculations of state-of-the-art solar cells by luminescent layers with spectral shift-
ing, quantum cutting, and quantum tripling function, Journal of Applied Physics 114
(2013).

[20] Y. Li, J. van Steen, J. van Krevel, G. Botty, A C. Delsing, F. DiSalvo, G. de With, H.
Hintzen, Luminescence properties of red-emitting M2Si5N8:Eu2+ (M = Ca, Sr, Ba) LED
conversion phosphors, Journal of Alloys and Compounds 417 (2006) 273–279.

[21] F. Dong, C. Wang, X. Sun, Z. Bao, C. Dong, C. Sun, Y. Ren, S. Liu, Sugar metabolic
changes in protein expression associated with different light quality combinations in
tomato fruit, Plant Growth Regulation 88 (2019) 267–282.

[22] M. Paponov, D. Kechasov, J. Lacek, M. Verheul, I. Paponov, Supplemental light-
emitting diode inter-lighting increases tomato fruit growth through enhanced pho-
tosynthetic light use efficiency and modulated root activity, Frontiers in Plant Science
10 (2020) 1–14.

[23] Y. Tang, S. Guo, W. Ai, L. Qin, Effects of red and blue light emitting diodes (LEDs) on
the growth and development of lettuce (var. Youmaicai), SAE Technical Papers 4970
(2009).

[24] J. Mao, H. Fan, S. Lian, G. Waterhouse, S. Ai, Red luminescent metal–organic frame-
work phosphor enhanced by CaSrS:Cu,Eu for agricultural film, Applied Physics A: Ma-
terials Science and Processing 125 (2019) 2–9



6
Conclusion

6.1. Concluding Remarks
The goal of this dissertation is to bridge the gap between phosphor research and hor-
ticulture and to explore the potential of photoluminescent materials in greenhouse ap-
plications. With a growing global population and weather conditions becoming more
extreme, securing the food supply is getting more attention. Greenhouse systems have
been widely utilized to produce food around the world. Their importance in tackling
food insecurity is widely recognized. Crops convert the absorbed photon energy into
the chemicals required for growth through photosynthesis. The absorbed photon energy
is referred to as photosynthetically active radiation (PAR), which has a defined spectral
range from 400 to 700 nm. The concept of “1% extra light can lead to 1% extra yield” is
commonly accepted in horticulture. This general rule makes transmittance an impor-
tant optical property for greenhouse roofing. Apart from transmittance, the scattering
property of roofing materials is of vital importance as well. A high-scattering roof can
evenly distribute sunlight over the leaves, which avoids light saturation during photo-
synthesis, keeps leaf temperature lower, and increases light-use efficiency. A phosphor-
based luminescent coating can be tailored to meet the optical properties required to
enhance crop yield. This research aims to investigate the potential of luminescent mate-
rials in greenhouses, which raises three research challenges including a) a lack of phys-
ical luminescent coating sample demonstrating the feasibility of this concept, b) a lack
of clear and standardized measurable quantities for quantifying how effectively these
coatings perform spectral conversion, and c) a lack of equipment to characterize the
hemispherical light transmittance properties of coating samples.

The review published by Fan et al. categorizes spectral-conversion greenhouse films
for different purposes, such as UV-to-blue or blue-to-NIR, and includes the potential
luminescent materials for each function [1]. However, these works did not present
definitions and quantification methods for determining the capability of spectral-
conversion coatings for greenhouse applications. In Chapter Two, a cheap UV-to-blue
SiO2:Al3+,Eu2+ phosphor was synthesized through a sol-gel process. For 1 mol% Eu2+, a
minimum of 4 mol% Al3+ is required to avoid Eu2+ clustering and minimize energy trans-
fer that causes a red shift due to concentration quenching. The energy-transfer phe-
nomena were confirmed by a rise time in the decay curves of the low-energy Eu2+ emis-
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sion and a short decay time of high-energy Eu2+ emissions. The sample SiO2:Al0.12Eu0.03

showed the highest quantum yield of 70%. Apart from the material study, we took the
next step in phosphor research for greenhouse applications: a spectral-conversion lumi-
nescent greenhouse coating was fabricated. It showed a bright blue emission under UV
excitation. In order to quantify the coating’s capability to convert UV to extra PAR, several
coating performance indicators, including a correction factor CRef, conversion efficiency
ηcoating, absorption spectrum Acoating(λ), and PAR Enhancement were proposed. These
performance indicators can be determined using any type of lamp with UV emission, an
integrating sphere, and a spectrometer, and it serves as a tool for other researchers to
assess a coating’s UV-to-PAR performance quantitatively and go beyond presenting the
concept.

Since sunlight rarely enters greenhouse roofing with a perfect 0-degree angle of inci-
dence (AOI), hemispherical light transmittance (THEM) is the generally accepted quan-
tity replacing direct transmittance measurements in the Netherlands. THEM integrates
not only the transmittance from 0 to 90 degrees AOI but also the relative solar spec-
tral radiation density and relative plant sensitivity functions. The currently available
THEM characterization system, Transvision, developed by Wageningen University and
Research (WUR), features a 1-meter integrating sphere; therefore, it requires a sample
size of at least 200 cm2. This size requirement, together with extra work and waiting
time to characterize samples, hinder research progress in functional roofing materials.
In Chapter Three, a tabletop setup that can characterize THEM for small-scale samples
was designed, built, and systematically studied. To obtain a stable output, the integrat-
ing sphere sample port edge thickness should be minimized to avoid light scattering at
high incident angles, which cannot be corrected by a double-beam measurement. The
port’s opening area should be smaller than 1% of the sphere’s surface area so that less
light can escape from the sphere which leads to measurement errors. Although this error
can be eliminated by a double-beam measurement, a larger port requires a larger correc-
tion, which is not favored. Furthermore, the cross-section of the incident beam should
be at least 50% larger than the port‘s opening area to obtain a stable output. A commer-
cial sample was used to benchmark this tabletop setup, and the results were compared
with those characterized by WUR. A 20-time repeat measurement demonstrated a sta-
ble output with a standard deviation of 0.05% and good agreement between our setup
and the WUR Transvision system, showing only a 1% difference in THEM. The tabletop
system showed its feasibility for characterizing small-scale uniform samples with high
accuracy. The development of this tabletop system accelerates the research progress of
advanced greenhouse roofing.

In Chapter One, the first greenhouse luminescent coating was fabricated using a phos-
phor synthesized in our group. As phosphors have been studied for many decades,
there are currently hundreds of commercially available phosphors. Investigating lumi-
nescent greenhouse coatings produced by existing commercial phosphors can speed
up research progress because commercial phosphors are usually fully optimized for
the best photoluminescent properties. Commercial phosphors fall into two main cat-
egories: “activator-absorption” and “host-absorption.” Photon energy is absorbed by
electrons through transitions from the ground state to the excited state in activator ions,
or through transitions from the valence band to the conduction band in the host lattice.
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In Chapter Four, we fabricated luminescent coatings using these two types of commer-
cially available phosphors, BaMgAl10O17:Eu2+ (activator-absorption) and ZnS:Ag (host-
absorption), and investigated their differences in optical properties, such as excitation,
emission, quantum yield, absorption, and greenhouse performance indicators listed in
Chapter Two. The absorption strength of the coatings increased with higher mass load-
ing and larger coating thickness, following approximately the Beer-Lambert law despite
strong scattering besides absorption. Interestingly, although the absorption coefficient
of host-absorption phosphors is two orders of magnitude larger than that of activator-
absorption phosphors, the final coating’s absorption strength did not show such a large
difference. This is mainly because the phosphor particle size provides a long absorption
path for photons. The highest PAR Enhancement, 1.3%, was achieved with a 200 µm
thick 18 mass% ZnS:Ag coating. However, such high PAR Enhancement was accompa-
nied by considerable backward scattering, which reduced the hemispherical light trans-
mittance and the total transmitted PAR flux. Backward scattering can be potentially low-
ered by employing larger particles that favour forward scattering as predicted by Mie the-
ory, or particles with a radius much smaller than the wavelength of light. Engineering the
coating’s polymer matrix, such as refractive index matching or applying anti-reflection
layer can also lower the backward scattering effect. The optimization of luminescent
coating is not a single approach; for example, reducing particle size may necessitate par-
ticle loading to achieve enough absorption. Significantly reducing scattering strength
without affecting or preferably even increasing absorption strength should be the focus
of future research.

Throughout the research, it was found that the concept of UV-to-PAR is restricted by
the small fraction of UV in the AM1.5 solar spectrum. The accompanying scattering loss
is greater than the enhanced PAR flux in greenhouses. To further expand the potential of
phosphor-based luminescent coatings, a demonstration of greenhouse spectral quality
control using a UV/blue-absorbing and red-emitting phosphor is presented in Chapter
Five. Luminescent coatings based on a commercial phosphor, Sr2Si5N8:Eu2+, which ab-
sorbs both UV and blue radiation (250–550 nm) and emits red light (550–750 nm), was
fabricated to assess their capability for spectral control. The coating’s optical proper-
ties were studied using the method and definitions explained in Chapters Two and Four.
Specifically, we characterized the coating with a direct-transmittance setup using natu-
ral sunlight as a light source, which provides a direct and intuitive output of the spectral
quality when applying such a coating in a greenhouse. Such UV/blue-absorbing lumi-
nescent coating reduces total PAR flux by 40% and THEM by 60% due to absorption and
strong backward scattering. However, the absolute photon flux of the red band (600–700
nm) remained at 87% of the incident sunlight, but, more importantly, the Blue:Red ratio
of the obtained spectrum can be manipulated from 1:1 to 1:5. The Sr2Si5N8:Eu2+ lumi-
nescent coating is beneficial for crops requiring a rich red-light environment in an area
that is full of sunshine, such as Spain or Africa.

The overarching conclusion of this work is that UV-to-PAR conversion in an opti-
mized phosphor layer can closely approach the theoretical maximum of approximately
3.5%, but it cannot offset the order-of-magnitude higher loss of PAR caused by backward
scattering unless specific strategies are developed to reduce scattering losses. Instead,
phosphor-based particle coatings can be most fruitfully applied when the goal is to mod-
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ify the greenhouse light color ratio rather than to maximize the absolute PAR level.

6.2. Future research directions
6.2.1. Commercial Phosphors for greenhouse applications
Phosphors have been investigated for several decades; consequently, many have already
been optimized and commercially produced in large quantities. This dissertation exam-
ines only three commercial phosphors for greenhouse applications: BaMgAl10O17:Eu2+,
ZnS:Ag, and Sr2Si5N8:Eu2+. Nevertheless, numerous other phosphors are available that
enable different spectral conversion functions, such as UV-to-green, blue-to-red, and
UV-to-NIR. Another important advantage of using commercial phosphors in greenhouse
applications is that they are typically mass-produced and therefore less expensive than
developing and commercializing new phosphors from scratch. Shabalina et al. reviewed
spectral conversion coatings and films based on commercial luminescent agents, in-
cluding quantum dots and carbon dots [2]. With the methods presented in this disser-
tation, the spectral conversion (not limited to UV-to-PAR) performance of such coatings
and films can be quantified readily for greenhouse use. Investigating readily available
phosphors thus accelerates research and prevents redundant resource expenditure.

6.2.2. Luminescent films/foils
The luminescent coatings examined in this dissertation are designed for glass green-
houses, which predominate in the Netherlands, other Northern European countries,
and North America. Applying such a coating to glass glazing allows active manipulation
of the spectrum entering the structure without the need of installing new glass. Glass
greenhouses, however, are far more expensive than plastic-covered greenhouses, the
most common greenhouse type worldwide. Future research could therefore investigate
incorporating phosphor particles into “luminescent films/foils” that directly replace the
white covers of plastic greenhouses or are placed between the roof and the crop canopy
as an extra layer. This concept is considered by start-ups such as UbiGro and LLEAF,
which use quantum dots as luminescent agents. Inorganic-based phosphors have much
better stability and a lower production cost than quantum dots [3, 4].

6.2.3. Hortiscatter
Plants prefer a scattered-light environment over direct light because diffuse illumination
is distributed more evenly across the foliage, reducing photosynthetic saturation and in-
creasing light-use efficiency. The degree of light scattering, formally termed Hortiscatter,
has been shown to promote plant growth: every additional 10% of Hortiscatter can raise
crop yield by 1.8–2.2% [5]. A particle-based luminescent coating with high Hortiscatter
could therefore boost yields through both spectral conversion and enhanced scattering.
This avenue merits further study, as scattering can be tuned by adjusting particle size,
shape, and loading [6]. In addition, the characterization of Hortiscatter is difficult and
not easily accessible. Future research can focus on the development of an accessible and
reliable Hortiscatter characterization system to advance greenhouse roofing.
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Summary

This research aims to investigate the potential of utilizing particle-based luminescent
coatings for light management in greenhouses. Light management includes solar spec-
tral conversion, transmittance, and scattering. Phosphor materials perform energy con-
version from high-energy radiation to low-energy radiation through photoluminescent
mechanisms. These phosphor materials are applied in the form of a sprayable coating
intended to be employed on greenhouse roofing. Through energy conversion, a lumi-
nescent phosphor coating can achieve spectral conversion, adding light for crop growth,
and will at the same time affect both light transmittance and scattering in greenhouse
roofing. The application of phosphors as luminescent coatings on greenhouse roofing
is a young research topic with very few published results; therefore, it presents several
research challenges. The first is the lack of practical work on luminescent greenhouse
coatings, demonstrating what type of spectral conversion is beneficial to plants and even
the general feasibility of phosphors for greenhouse applications. The second challenge
is to define clear and standardized measurable quantities that determine the success of
a greenhouse coating, for example, the coating’s UV-to-PAR conversion efficiency. The
third challenge is to design and build a measuring system that can characterize these
quantities, especially the hemispherical light transmittance of small-scale luminescent
coating samples.

The first research challenge of demonstrating a phosphor-based greenhouse coating
is addressed in Chapter Two: the first luminescent greenhouse coating based on a cheap
and scalable Eu2+/Al3+-doped SiO2 phosphor was manufactured and optimized. A sig-
nificant increase in the solubility of Eu2+ in the SiO2 host was achieved. For every 1 mol%
of Eu2+, at least 4 mol% of Al3+ is required to avoid concentration quenching of Eu2+.
Such an optimization ratio holds up to 3 mol% of Eu2+ being applied in the SiO2 host.
A luminescent greenhouse coating using this phosphor and polymer matrix materials
was fabricated. Several indicators were developed to assess the optical properties of this
coating for greenhouse applications, including the coating’s absorption spectrum, the
UV-to-PAR conversion efficiency and the PAR Enhancement, tackling the second chal-
lenge. These indicators can be determined through a direct transmittance setup using
a deuterium lamp, an integrating sphere, and a spectrometer. The SiO2:Al3+,Eu2+ phos-
phor coating provides 0.3% PAR Enhancement and demonstrates the application of a
phosphor as a greenhouse luminescent coating.

The hemispherical light transmittance (THEM) of roofing material is important to
greenhouse light management because it directly impacts the PAR flux arriving at leaves.
A tabletop THEM characterization system for small-scale samples was developed and
presented in Chapter Three to tackle the third research challenge. Several design pa-
rameters of the setup, including port-to-sphere surface area ratio, port edge thickness,
and beam-to-port area ratio, were systematically adjusted to study their influence on the
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measurement accuracy of a benchmark sample. It was found that the port surface area
of the tabletop system should stay below 1% of the total sphere area with a wall thick-
ness as thin as possible (smaller than 1 mm). Furthermore, the light beam should be at
least 50% larger than the port opening area. This tabletop system allows researchers to
characterize THEM of small research samples and offers the possibility of reducing the
required sample size compared to the over 200 cm2 needed by the current characteriza-
tion system, while providing a cheap, quick, and easy means to characterize their own
samples. This work provides clarifications that improve the interpretability and practical
implementation of NEN2675 C1:2018.

To further address the first challenge of demonstrating phosphor-based greenhouse
coatings, a comparison of utilizing host-absorption phosphors and activator-absorption
phosphors in greenhouse luminescent coatings with varying coating thicknesses and
particle loadings for UV-to-PAR applications is conducted in Chapter Four. The results
demonstrate that although the intrinsic absorption coefficient of BaMgAl10O17:Eu2+

(BAM:Eu) is two orders of magnitude smaller than that of ZnS:Ag, the observed UV ab-
sorption difference between BAM:Eu coatings and ZnS:Ag coatings is smaller than an
order of magnitude due to the large particle size providing a long absorption path for UV
radiation in the BAM:Eu phosphor. Despite the 1.3% PAR Enhancement observed for the
200 µm thick 18 mass% ZnS:Ag coating, this increase should be compared with a decline
of THEM from 87% to 40% due to backward scattering. Besides absorption strength and
photoluminescent quantum yield, the refractive index of the applied phosphor should
be considered when selecting candidates for greenhouse applications. For the same 18
mass%, the diffuse reflectance of BAM:Eu (n≈ 1.7) increased from 11% to 15%, while that
of ZnS:Ag (n ≈ 2.3) increased from 14% to 26% when the coating thickness was increased
from 50 to 200 µm. This result demonstrates that a higher refractive index contributes to
larger backward scattering and reduced total transmitted PAR flux.

The research from horticultural science indicates that a high flux of red light (600–700
nm) is more beneficial for plant growth than blue light (400–500 nm). In addition, the
UV-to-PAR concept was limited to the small fraction of UV in the AM1.5 spectrum. This
inspires the utilization of a Sr2Si5N8:Eu2+ (SSN:Eu) phosphor in a coating that can con-
vert UV/blue to red light and further demonstrates different types of spectral conver-
sion greenhouse coatings. As presented in Chapter Five, the THEM of the SSN:Eu coating
dropped from 64% to 38% due to its high backward scattering problem, in accordance
with previous results. Despite the large reduction in THEM, the results show the capabil-
ity of the SSN:Eu coating in spectral conversion and manipulation. The Blue:Red (B:R)
light ratio can be adjusted from 1:1 to 1:5 while maintaining a high red light absolute
flux (≈ 87%) compared to the incident sunlight. The results demonstrate the feasibility
of phosphor-based luminescent coatings to adjust the spectral quality of greenhouses in
areas full of sunshine, such as the Mediterranean region.

In this research, we pioneered the production of phosphor-based greenhouse lumi-
nescent coatings and established indicators to evaluate the coating’s performance in UV-
to-PAR spectral conversion functions. Besides the introduction of performance indica-
tors, a tabletop experimental system was developed to assess THEM of small-scale sam-
ples. Finally, we demonstrated the spectral influence of using different types of phos-
phors in greenhouse luminescent coatings and provided guidance for selecting phos-
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phors. This research bridges the gap between phosphor technology/materials and its
emerging application in horticulture by providing materials research, establishing defi-
nitions of easily measurable quantities, and developing a characterization system.





Samenvatting

De focus van dit onderzoek ligt op het bestuderen van de applicatie van deeltjes bevat-
tende luminescerende coatings voor lichtbeheer in kassen. Onder het begrip lichtbeheer
valt zowel omzetting van het zonnespectrum, als de transmissie en verstrooiing van fo-
tonen. De omzetting van hoog naar laag energetische straling vindt plaats in fosforen
door middel van fotoluminescentie. Deze fosforen kunnen worden aangebracht op het
dak van een kas in de vorm van spuitbare coatings. Eenmaal aangebracht kan de desbe-
treffende coating, dankzij spectrale omzetting van zonlicht, extra licht voor gewasgroei
genereren. De coating kan tegelijkertijd worden gebruikt voor het beïnvloeden van zowel
de transmissie als verstrooiing van het invallende zonlicht. Onderzoek naar luminesce-
rende kasdakcoatings staat nog in zijn kinderschoenen; het aantal gepubliceerde resul-
taten is miniem. Dit brengt dan ook een aantal uitdagingen met zich mee. Ten eerste,
het gebrek aan experimenteel werk wat aantoont welke vorm van spectrale conversie het
gunstigst is voor planten. Tevens ontbreekt ook een algemene haalbaarheidsstudie voor
de applicatie van luminescerende coatings in glastuinbouw. De tweede uitdaging is het
ontbreken van een meetstandaard voor het beschrijven van de prestaties van een der-
gelijke coating, denk hierbij aan de UV-naar-PAR omzettingsefficiëntie. De laatste uit-
daging betreft het ontwerpen en realiseren van een opstelling die deze meetstandaard
vervolgens ook daadwerkelijk kan meten, met name de hemisferische lichttransmissie
van kleine coatingmonsters.

De eerste uitdaging, het demonstreren van een luminescerende coating voor kas da-
ken, wordt behandeld in Hoofdstuk 2. In dit hoofdstuk wordt een goedkope doch schaal-
bare fosforcoating van Eu2+/Al3+ gedoteerd SiO2 zowel gefabriceerd als geoptimaliseerd.
Dit laatste heeft dan ook geleid tot een significante toename van de oplosbaarheid van
Eu2+ in het SiO2 gastrooster. Voor elk mol% Eu2+ dat wordt toegevoegd aan het SiO2

gastrooster dient op zijn minst 4 mol% Al3+ te worden toegevoegd ter voorkoming van
concentratiedoving van de Eu2+ emissie. Deze ratio blijft geldig tot een doteringsper-
centagevan 3 mol% Eu2+. Het geoptimaliseerde fosformateriaal is, in combinatie met
een polymeer, gebruikt voor de fabricage van een kasdakcoating. Tevens zijn verschei-
denen indicatoren ontwikkeld ter evaluatie van de optische eigenschappen van de coa-
ting. Hieronder vallen het absorptiespectrum van de coating, de UV-naar-PAR omzet-
tingsefficiëntie, en de PAR-versterkingsgraad. Dit ten behoeve van het aanpakken van de
tweede uitdaging. De voorgenoemde indicatoren kunnen worden bepaald met behulp
van een directe transmissie opstelling bestaande uit een deuteriumlamp, integrerende
bol en een fotospectrometer. Voor de op SiO2:Al3+,Eu2+ gebaseerde fosforcoating werd
een PAR-versterkingsgraad van 0.3% gevonden. Dit demonstreert dan ook de potentiële
toepassing van luminiscerende coatings in glastuinbouw.

De hemisferische lichttransmissie (THEM) van het kasdak is een belangrijke parameter
in het lichtbeheer van een kas. Het heeft een directe invloed op de PAR-flux die het blad
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van de gewassen bereikt. In Hoofdstuk 3 wordt een compacte opstelling gepresenteerd
voor de bepaling van de hemisferische lichttransmissie van kleine onderzoeksmonsters.
Dit biedt dan ook een oplossing voor de derde uitdaging. Voor de realisatie van de op-
stelling zijn een aantal ontwerpparameters systematisch onderzocht om hun invloed op
de meetnauwkeurigheid van een referentie coatingmonster in kaart te brengen. De on-
derzochte parameters zijn: de verhouding tussen de grootte van de opening in de in-
tegrerende bol en de grootte van de bol zelf, de dikte van de wand van de bol rond de
opening en de verhouding tussen de grootte van de lichtbundel en de opening. Uit dit
onderzoek is gebleken dat de grootte van de opening in de integrerende bol minder dan
1% van het totale oppervlak dient te omvatten. De wanddikte rond de opening dient zo
klein mogelijk zijn, idealiter kleiner dan 1 mm. Tot slot dient de lichtbundel op zijn minst
50% groter te zijn dan de opening in de integrerende bol. De ontworpen opstelling stelt
onderzoekers in staat om THEM te bepalen voor kleine onderzoeksmonsters. Het biedt
de mogelijkheid om met onderzoeksmonsters kleiner dan 200 cm2 te werken, wat een
vereiste is voor het huidige system van de WUR. De nieuwe opstelling zorgt voor een
goedkope, snelle, en makkelijke manier voor het karakteriseren van onderzoeksmon-
sters.

In Hoofdstuk 4 komen we terug bij de eerste onderzoeksvraag. In dit hoofdstuk wordt
een vergelijking gemaakt tussen coatings bestaande uit fosforen die zonlicht absorbe-
ren door transities in het gastrooster en fosforen waar absorptie plaatsvindt door transi-
ties in een activator ion. Voor dit doel zijn coatings geproduceerd met variërende dikte
en toegevoegde hoeveelheden fosfordeeltjes. Het is gebleken dat hoewel de intrinsieke
absorptie coëfficiënt van BaMgAl10O17:Eu2+ (BAM:Eu) honderd keer kleiner is dan die
van ZnS:Ag, het geobserveerde verschil in UV-absorptie tussen de twee coatings min-
der dan een factor tien is. Dit verschil wordt toegeschreven aan de grotere deeltjes in
de op BAM:Eu gebaseerde coating, wat resulteert in een langer absorptie padlengte voor
UV-straling. De 1.3% PAR-versterkingsgraad van de 200 micron dikke 18 mass% ZnS:Ag
coating moet vergeleken worden met de THEM van deze coating. Dit laat namelijk een af-
name van 87 naar 40% zien, toegeschreven aan terugverstrooiing. Naast absorptiesterkte
en fotoluminescente kwantumrendement moet ook de brekingsindex van de gebruikte
fosfor in acht worden genomen in het selectieproces. Voor de 18 mass% BAM:Eu (n ≈
1,7) coating neemt de diffuse reflectie toe van 11 naar 15%, terwijl die van de ZnS:Ag (n
≈ 2,3) coating toeneemt van 14 naar 26% als de coating dikte wordt veranderd van 50
naar 200 micron. Dit demonstreert dat een hogere brekingsindex bijdraagt aan grotere
terugverstrooiing en een lagere totale doorgelaten PAR flux van de coating.

Onderzoek uit de tuinbouwwetenschap geeft aan dat een hoge flux van rood licht
(600–700 nm) gunstiger is voor plantengroei dan blauw licht (400–500 nm). Dit vormt
dan ook de inspiratie voor het gebruik van een op Sr2Si5N8:Eu2+ (SSN:Eu) gebaseerde
coating voor het omzetten van UV/blauw licht naar rood licht. Deze coating kan ge-
bruikt worden voor het aantonen van een ander type spectrale conversie. Zoals gepre-
senteerd in Hoofdstuk 5, daalde THEM van de SSN:Eu coating van 64 naar 38% door een
hoge mate van terugverstrooiing. Dit is in overeenstemming met eerder gepresenteerde
resultaten. Ondanks de grote daling in THEM toont dit aan dat het mogelijk is om een
SSN:Eu coating te gebruiken voor spectrale conversie en manipulatie. De blauw:rood
(B:R)-lichtverhouding kan worden aangepast van 1:1 naar 1:5, terwijl een hoge absolute
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flux (≈ 87%) rood licht behouden blijft ten opzichte van de invallende zonneflux. Deze
resultaten laten de haalbaarheid zien van een op fosforen gebaseerde luminiscente coa-
ting om de spectrale kwaliteit van kassen te regelen in gebieden met een hoge zonlicht-
intensiteit, denkt u hierbij aan bijvoorbeeld het Middellandse Zeegebied.

In dit onderzoek hebben wij als eersten de productie van op fosfor gebaseerde lumi-
nescente kasdakcoatings gerealiseerd en indicatoren vastgesteld om de prestaties van
deze coatings in UV-naar-PAR spectrale omzetting te kunnen evalueren. Naast de intro-
ductie van prestatie-indicatoren is een opstelling ontwikkeld om de UV-naar-PAR om-
zettingsefficiëntie, PAR-versterkingsgraad en THEM van kleinschalige monsters te beoor-
delen. Tot slot hebben we het spectrale effect van verschillende typen fosforen in lumi-
nescente kasdakcoatings aangetoond en richtlijnen gepresenteerd voor de selectie van
fosforen. Dit onderzoek overbrugt de kloof tussen fosfortechnologie/-materialen en de
opkomende toepassing in de glastuinbouw, door materiaalkundig onderzoek te leveren,
duidelijke definities van eenvoudige meetstandaarden op te stellen en een karakterise-
ringssysteem te ontwikkelen.
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