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EFFICIENT TRANSPARENT WHITE LIGHT EMITTING LAYERED PHOSPHOR
STRUCTURE OF TUNABLE SHADE, PROCESS FOR OBTAINING SAID
STRUCTURE AND USES

The present invention discloses a novel transparent, efficient and tuneable white light
emitting phosphor structure based on thin sintered nanophosphor layers. Furthermore,
the present invention refers to the process of obtaining said transparent layered
phosphor structure by means of wet deposition techniques, herein dip coating process
was used, and thermal annealing. Moreover, the present invention refers to the uses of
said phosphor structure for the emission of white color of tunable chromaticity, as part

of a device.

BACKGROUND ART

Fluorescent coatings based on lanthanide cation doped phosphors are key ingredients
in nowadays light-emitting devices [Z. Xia, Q. Liu, Progress in Materials Science, 2016,
84, 59]. Their robustness lies in the high chemical and thermal stability of their optical
performance, which make them almost insensitive to temperature or environmental
changes. The canonical configuration found in most luminaries of this kind consist of an
electroluminescent blue light-emitting diode (LED) used to photo-excite a thick coating
of cerium doped yttrium aluminium garnet (Ce-YAG) crystals, which emits broadband in
the green-to-red region of the visible spectrum [Ye S, Xiao F, Pan Y X, Ma Y Y, Zhang
Q Y, Mater. Sci. Eng. Rep., 2010, 71, 1]. The combination of such photoluminescence
with the part of the incoming blue light that passes through the colour converter without

being absorbed results in the white light we are accustomed to.

This highly successful approach has, however, certain drawbacks. One of them is that
it is hard to tune the chromaticity of the white emission; the other is that it cannot be
employed to obtain transparent photoluminescent displays. The reason is the strong
diffuse scattering that occurs inside the colour converting layer, which is a disordered
packing of large irregular phosphor crystals (several micrometres of average size). The
limitations imposed by this lack of transparency have motivated the search for ways to
obtain optical quality Ce-YAG [S. Murai, M.A. Verschuuren, G. Lozano, G. Pirruccio,
A.F. Koenderink, J. Gomez Rivas, Opt. Mater. Ex., 2012, 2, 1111 and S. Murai, T.
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Sato, S. Yao, R. Kamakura, K. Fujita, K. Tanaka, J. Luminescence, 2016, 170, 808],
Murai et al. have actually shown that it is possible to synthesize this material in the
form of thin films with optical quality. However, the low extinction coefficient at short
visible wavelengths hinders the consecution of a balanced white with thin films. Also, a
wide variety of matrices have been doped with one or several kinds of rare earth
cations, including glass-ceramics, metal organic frameworks, layered hydroxides, etc.,
with the aim of achieving transparency and white emission simultaneously, but low
efficiency is achieved in most cases [A. Santana-Alonso, J. Méndez-Ramos, A.C.
Yanes, J. del-Castillo, V.D. Rodriguez, Mater. Chem. Phys., 2010, 124, 699; D. Chen,
W. Xiangb, X. Liang, J. Zhong, H. Yu, M. Ding, H. Lu, Z. Ji, J. Eur. Ceram. Soc., 2015,
35, 859; L. Liu, M. Yu, J. Zhang, B. Wang, W. Liua, Y. Tang, J. Mater. Chem. C, 2015,
3, 2326; S. Zhou, N. Jiang, B. Zhu, H. Yang, S. Ye, G. Lakshminarayana, J. Hao, J.
Qiu, Adv. Funct. Mater., 2008, 18, 1407; T. Shen, Y Zhang, W. Liu, Y. Tang, J. Mafter.
Chem. C, 2015 3, 1807, K-H. Lee, B.-l. Lee, J.-H. You, S.-H. Byeon, Chem.
Commun., 2010, 46, 1461; L. V. Meyer, F. Schénfeld, K Miller-Buschbaum, Chem.
Commun., 2014, 50, 8093].

For the reasons stated above, it is needed to develop new efficient transparent white

emitting materials of tunable shade.

SUMMARY OF THE INVENTION

The present invention discloses a novel transparent, efficient and tuneable white light
emitting phosphor structure based on thin sintered nanophosphor layers. Absence of
light scattering in the structure provides both transparency and efficient photoexcitation

of inner nanophosphor layers.

Furthermore, the present invention refers to the process of obtaining said transparent
layered phosphor structure by means of dip coating technique and thermal annealing.
Moreover, the present invention refers to the uses of said phosphor structure for the
emission of white color of tunable chromaticity, as part of a device.

The thickness of the constituent nanophosphor layers is key for achieving total
extinction of the incoming photoexcitation as well as bright white light emission of

tuneable shade.
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A variety of white colour shades can be devised simply by modifying the relative
thickness of each nanophosphor layer, without altering the chemical composition of the

emitters.

Furthermore, the shade of the white emission from a given coating can be continuously
tuned by means of the gradual shift of the photoexcitation wavelength, a consequence

of the spectral dependence of the light penetration depth.

Total extinction of incoming radiation along with Quantum Yields above 35% make
these layered phosphors one of the most efficient transparent white converter coatings

developed up to date.

Hence, a first aspect of the present invention relates to a transparent layered phosphor
structure. Said term refers herein to a multilayered structure comprising a bilayer of
doped nanophosphors which provide both transparency and efficient white colour
emission. The transparent layered phosphor structure of the present invention is
characterized in that it comprises the following elements:

e atransparent substrate;

o afirst layer of ZrO, located onto the top of the substrate and having a thickness
of between 50 nm and 100 nm;

e a second layer of GdVO4Eu®- doped phosphor nanocrystals emitting lines in
the red 615 nm, located onto the top of the first layer, having a thickness of
between 100 nm and 300 nm; and

e a third layer of GdVO,:Dy*'-doped nanophosphor emitting lines in the blue 483
nm and in the yellow 572 nm, located onto the second layer, having a thickness
of between 100 nm and 300 nm;

wherein the second and the third layers sum a thickness of between 200 nm and 600

nm.

GdVO,4:Dy* and GdVO.:Eu* doped phosphor nanocrystals are used as building
blocks of a white light-emitting phosphor bilayer. Dy** and Eu®" are selected as
activators because they feature narrow emission lines in the blue (483 nm) and yellow

(572 nm) part of the visible, and in the red (615 nm), respectively. Furthermore, the
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vanadate-based matrix (VO4>) allows the effective photoexcitation of the rare-earth

(RE) cations, i.e. VO,* transfer energy efficiently to both Dy*" and Eu®*.

An aim of the ZrO, layers is to improve adhesion of the phosphor bilayer to the
substrate. The substrate of the structure of the present invention is made of a UV
transparent material such as quartz. The term UV transparent substrate/material refers
herein to a substrate/material which is transparent to UV light ranging from 280 nm and
400 nm. In a preferred embodiment, the transparent layered phosphor structure further
comprises a fourth layer of ZrO,, located onto the top of the third layer, having a

thickness of between 50 nm and 100 nm.

The order of the layers and the thickness of the phosphor bilayer are important features
for achieving the desired transparency and efficient bright white light emission of

tunable shade.

A further aspect of the present invention relates to a process of obtaining the
transparent layered phosphor structure mentioned before (herein “the process of the
invention”) which comprises the following steps:
a) sequential deposition by means of dip coating technique of the following layers:
o afirst layer of ZrO;, nanocrystals located onto the top of a transparent substrate
and having a thickness of between 50 nm and 100 nm;
e a second layer of GdVO4:Eu®* phosphor nanocrystals onto the top of the first
layer and having a thickness of between 100 nm and 300 nm;
e a third layer of GdVO4:Dy* onto the second layer having a thickness of
between 100 nm and 300 nm, and
e optionally, a fourth layer of ZrO, onto the top of the third layer having a
thickness of between 50 nm and 100 nm;
and b) thermal annealing of the transparent layered phosphor structure obtained in
step (a) at a temperature between 500 °C and 800 °C.
In a preferred embodiment of the process of the invention, it comprises the following
steps:
a) sequential deposition by means of dip coating technique of the following layers:
o afirst layer of ZrO;, nanocrystals located onto the top of a transparent substrate

and having a thickness of between 50 nm and 100 nm;
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e a second layer of GdVO4:Eu®* phosphor nanocrystals onto the top of the first
layer and having a thickness of between 100 nm and 300 nm;
e a third layer of GdVO4:Dy* onto the second layer having a thickness of
between 100 nm and 300 nm, and
e a fourth layer of ZrO, onto the top of the third layer having a thickness of
between 50 nm and 100 nm;
and b) thermal annealing of the transparent layered phosphor structure obtained in
step (a) at a temperature between 500 °C and 800 °C.

Transparency is preserved all through the process of the invention.

Step (a) of the process of the invention refers to the sequential deposition of the layers
forming the transparent layered phosphor structure of the invention by means of dip
coating technique. As mentioned before, the order of the layers is important therefore
deposition has to be performed sequentially. In order to achieve white light emission,
the second and the third layers sum a thickness of between 200 nm and 600 nm. Full

extinction of the photoexcitation is guaranteed in this way.

Step (b) of the process of the invention refers to the thermal annealing of the
transparent layered phosphor structure obtained in step (a) at a temperature between
500 °C and 800 °C.

Thermal annealing gives rise to porous but continuous films in which structural defects
and surface traps present in the prepared GdVO,Dy* and GdVO.,:Eu* doped
phosphor nanocrystals are reduced. Furthermore, each layer of the phosphor bilayer
responds equally to the thermal annealing being the interface between the two types of

RE doped layers indistinguishable.

The last aspect of the present invention refers to the use of the transparent layered
phosphor structure mentioned above for the emission of white color of tunable
chromaticity with photoexcitation wavelength ranging between 280 nm and 320 nm. It
is to mention that the transparent layered phosphor structure can be a coating made of
bilayer stack of GdVO4:Dy*" and GdVO,:Eu** nanoparticles.
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A preferred embodiment of the use of the transparent layered phosphor structure refers
to the use of the phosphor structure as part of a device for the emission of white light of
tunable chromaticity, which comprises a LED emitting light providing a photo-excitation

wavelength ranging between 280 nm and 320 nm.

Unless otherwise defined, all technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skilled in the art to which this
invention belongs. Methods and materials similar or equivalent to those described
herein can be used in the practice of the present invention. Throughout the description
and claims the word "comprise" and its variations are not intended to exclude other
technical features, additives, components, or steps. Additional objects, advantages and
features of the invention will become apparent to those skilled in the art upon
examination of the description or may be learned by practice of the invention. The
following examples and drawings are provided by way of illustration and are not

intended to be limiting of the present invention.
BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 Normalized photoluminescence spectra of GdVO,4:Dy*" (solid black line) and
GdVO,:Eu* films (solid grey line) when illuminated at 295 nm; photoexcitation spectra
attained while detecting at 572 nm (dashed black line) or 615 nm (dashed grey line).
Pictures of the emission color of films illuminated at 295 nm are shown as insets. (b)
FESEM image of a cross section of the layered phosphor coating made by the
sequential deposition of GdVO4:Dy** and GdVO,:Eu®" nanophosphor layers followed by
sintering. (c¢) Ballistic transmittance spectrum of the layered phosphor coating. (d-e)

Photographs of the same film under natural and UV light, respectively.

FIG. 2 (a) Photoluminescence spectra attained from a layered phosphor stack when
photoexcitation wavelength is gradually varied between 250 nm and 320 nm. All curves
are normalized to the maximum intensity attained at 572 nm when the stack is
illuminated at 265 nm. (b) Photoluminescence spectrum of the stack illuminated at 275
nm (black) and 300 nm (grey). Grey curve has been vertically shifted for the sake of
clarity. (c) Time dependence photoluminescence of “Fo;; and °Dy levels of Dy** (circles)

and Eu® activators (squares) in the stack, respectively, together with their
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corresponding fit to a sum of two log-normal distributions of decay rates (black solid
lines). Time dependence of the same transitions when the activators are deposited as
isolated films is also shown as dark and light grey symbols, respectively. (d)
Photoluminescence quantum vyield versus the photoexcitation wavelength for a
GdVO4Dy* layer (circles), a GdVO4Eu** layer (squares), and a
GdVO,:Dy**/GdVO,:Eu* stack (triangles).

FIG. 3 (a) CIE 1931 chromaticity coordinates of the light emitted by a GdVO,:Dy**-
GdVO4:Eu® stack (stars) and a GdVO,:Eu*-GdVO,:Dy* stack bilayer (crosses) as a
function of the photoexcitation wavelength. Color coordinates of a mixture
GdVO,:Dy**/GdVO,:Eu*" with 85% (dark grey squares) and 60% of Dy*" (light grey
squares) along with the coordinates of GdVO,Dy* and GdVO,Eu* layers (open
circles) are also shown. (b-e) Digital pictures of the photoemission of a GdVQ,:Dy*'-
GdVO4:Eu®* bilayer phosphor for four different photoexcitation wavelengths: i.e. 280
nm (b), 290 nm (c), 300 nm (d) and 310 nm (e).

Examples
Example 1

Herein we present a synthetic route to prepare transparent, efficient and tunable white
light emitting phosphor coatings based on the stack of thin sintered nanophosphor
films. The thickness of the constituent layers has been optimized to achieve total
extinction of the incoming photoexcitation as well as bright white light emission of
tunable shade. Absence of light scattering in the stack provides both transparency and
efficient photoexcitation of inner layers. The shade of the emission light from a given
coating can be continuously tuned without altering the chemical composition of the
emitters by means of the gradual shift of the photoexcitation wavelength, a
consequence of the spectral dependence of the light penetration depth. Total extinction
of incoming radiation along with Quantum Yields (QYs) above 35% make these layered
phosphors one of the most efficient transparent white converter coatings ever

developed.
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Layered phosphor structures were fabricated by sequential dip coating of
nanophosphor films. In order to improve adhesion to the substrate (quartz), the

phosphor bilayer is deposited over a thin layer of ZrO,.

We employed GdVO,:Dy** and GdVO,:Eu®" phosphor nanocrystals as building blocks
to obtain a white light-emitting bilayer. We choose Dy*" and Eu®" activators because
they feature narrow emission lines in the blue (483 nm) and yellow (572 nm) part of the
visible, and in the red (615 nm), respectively, as shown in FIG. 1(a). Besides, the
choice of host allows an effective photoexcitation of the rare-earth (RE) cations through
the vanadate-based matrix, since VO, transfer energy efficiently to both Dy*" and
Eu®". In order to achieve white light emission, stacks with a total thickness of ~500 nm

were prepared so that full extinction of the photoexcitation was guaranteed.

Eventually, layered coatings were sintered at 800°C. Thermal annealing gives rise to
porous but continuous films in which structural defects and surface traps present in as-

prepared nanocrystals are reduced.

A field emission scanning electron microscopy (FESEM) image of the cross section of
one of these stacks is shown in FIG. 1(b). Since the crystalline matrix hosting the two
types of cations employed is the same, each layer in the stack responds equally to the
thermal treatment, being the interface between the two types of RE doped layers

indistinguishable.

A Cary 7000 series UV-Vis-NIR spectrophotometer is used to determine absolute
values of the ballistic transmittance. lllustrative results attained for a bilayer stack
composed of ~300 nm of GdVO4Dy*" and ~200 nm of GdVO4:Eu** are shown in FIG.
1(c). Transmittance remains above 70% for the complete visible range, with oscillations
that arise as a result of the optical interference occurring in the layered stack. The
fraction of light absorbed by the bilayer reaches 70% in the UV, range at which the
phosphors of choice are excited, being the remaining light at those short wavelengths
diffusely scattered by the disordered pore network present in the sintered films. So,
although the random porous network observable in the bulk of the film does not give
rise to diffuse visible light, it scatters shorter wavelength photons to some non-

negligible extent.
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The transparency (t) of the stacks, can be formally estimated with the expression (/SO
9050:2003):

fjf T(A)F(A)P(A)dA
 [RFP@)A
(1)

where P(A) is the photopic spectral luminous efficiency function, which represents the
sensitivity of an observer in photometry (/ISO/CIE 10527), and F is the AM1.5 solar

T

spectral irradiance. Values of 1 for all coatings were basically the same and around
75%.

Pictures displayed in FIG. 1(d) and FIG. 1(e), confirm that the resulting films are highly
transparent and emit white light when illuminated with the adequate UV light. Notice
that UV LEDs in combination with phosphor mixtures typically provide sources with

higher color rendering index, which could potentially minimize light pollution.

The photophysical properties of the coatings were studied by means of photoexcitation
and PL spectroscopy using a spectrofluorometer (Edinburgh FLS1000). Excitation
wavelength (Aex) was varied from 250 nm to 320 nm. Results for a particular
configuration, namely a bilayer stack composed of ~300 nm of GdVO4:Dy*" and ~200
nm of GdVO,:Eu®* are shown in FIG. 2(a).

Interestingly, the photoemission spectra are extremely dependent on the excitation
wavelength. This is a direct consequence of the layered structure of the coating. In the
selected example, light encounters first the GdVO,:Dy** layer and then the GdVO4:Eu®"
one. The shorter the excitation wavelength, the smaller the penetration depth in the

stack.

So, for 250 nm <A< 290 nm, all incoming intensity is practically absorbed by the
GdVO,4:Dy* layer and hardly reaches the second GdVO.:Eu®*" layer. Hence the

features of Dy** dominate over those of Eu®* in the photoemission spectrum.

As the photo-excitation wavelength increases, the penetration depth in the stack also

increases and the balance between the contributions from both species improves, as it
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can be seen for those spectra attained when photo-exciting with 295 nm <A< 320 nm.
This is further illustrated in FIG. 2(b), in which the photoemission spectra attained when
illuminating the same bilayer at either A,,=275 nm (black) or A,=300 nm (grey) are
plotted. Although both emissions lie in the achromatic region of the chromaticity space,
their spectral composition is very different. Remarkably, the tuning of the emission
shade is not achieved at the expense of a significant reduction of the amount of emitted
light. Indeed, although the extinction coefficient of the phosphor reduces a 60% from
Aex=265 nm to A=320 nm, the total emitted light only diminishes 15% when photo-

exciting at Ax=320 nm.

FIG. 2(c) shows the time-dependent PL of the “Fq level of Dy** and the °D, of Eu®
activators when they are forming an isolated film and when such films are stacked in a
bilayer. Our results indicate that the structuring of the phosphors does not alter their
dynamics, since the fitting of the decay curves vyields average lifetimes of 0.22 ms and

0.94 ms for Dy** and Eu®', respectively.

The quantum yield of the Dy*" layer is ~25%, whereas the Eu®* film features an
efficiency of ~75%, which gives rise to QYs above 35% for the stack as shown in FIG.
2 (d). Additionally, QYs of all nanophosphor fiims are photoexcitation wavelength
dependent, which may originate from a spectral dependence of the efficiency of the
charge (Dy**/Eu**—0%) and energy transfer (VO,>—Dy**/Eu®").

The particular photochromic effect herein displayed offers a unique and unprecedented
way to control the shade of the emission color attained from a phosphor coating. In this
regard, the potential of these transparent stacks is analyzed by studying the
photoemission of the GdVO,:Dy**/GdVO,:Eu®* stack in comparison with a 500 nm film
in which GdVO,:Dy*" and GdVO,:Eu®* phosphor nanoparticles where mixed together at
two different ratios. A gradual shift of the excitation energy allows attaining different
chromaticity values comprised between the one of GdVO,:Dy** and GdVO4Eu®. As it
can be seen in the CIE 1931 color space plotted in FIG. 3(a), a variety of shades
contained in the achromatic region are achieved. In particular, the photoexcitation at
300 nm yields warm white light, meeting the Planckian locus at 2600 K. In contrast,
when GdVO,:Dy*" and GdVO,:Eu®* phosphor nanoparticles are mixed together in a

film, the chromaticity of the emission is only determined by the ratio of each material in



10

15

WO 2020/025487 PCT/EP2019/070218

11

the mix, e.g. 85% of GdVO4Dy** or 60% of GdVO4:Dy** nanophosphors, being the
color coordinates of the homogeneous mixture independent of the photoexcitation
wavelength as shown in FIG. 3 (a). This highlights the importance of the structuring of
the phosphor in order to achieve a fine control of the emission color. The thickness of
each layer in the stack provides an extra parameter to control the photoexcitation

wavelength at which a particular chromaticity is attained.

When the order of the layers in the stack is reversed, although the color of the emission
can be also controlled with the photoexcitation wavelength, the resulting emission
colors are mostly lying in the red part of the chromaticity space as it can be observed in
FIG. 3(a), which reveals the central role played by the specific ordering of the layers in

the stack.

Finally, FIG. 3 (b-e) display digital pictures of the light emitted by the coatings, which
highlight the precision in determining the coating response that can be achieved by

combining the adequate bilayer configuration and excitation wavelength.
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CLAIMS

1.- A transparent layered phosphor structure characterized in that it comprises the

following elements:

a transparent substrate;

a first layer of ZrO, located onto the top of the substrate and having a thickness
of between 50 nm and 100 nm;

a second layer of GdVO,:Eu*- doped nanophosphor emitting lines in the red
615 nm, located onto the top of the first layer, having a thickness of between
100 nm and 300 nm; and

a third layer of GdVO4:Dy**-doped nanophosphor emitting lines in the blue 483
nm and in the yellow 572 nm, located onto the second layer, having a thickness

of between 100 nm and 300 nm;

wherein the second and the third layers sum a thickness of between 200 nm and 600

nm.

2.- The transparent layered phosphor structure according to claim 1, wherein the

transparent substrate is made of a UV transparent material.

3.- The transparent layered phosphor structure according to any of claims 1 or 2, which

further comprises a fourth layer of ZrO,, located onto the top of the third layer, having a

thickness of between 50 nm and 100 nm.

4.- A process of obtaining the transparent layered phosphor structure according to any

of claims 1 to 3, characterized in that it comprises the following steps:

a) sequential deposition by means of dip coating technique of the following layers:

a first layer of ZrO, nanocrystals located onto the top of a transparent substrate
and having a thickness of between 50 nm and 100 nm;

a second layer of GdVO,:Eu®* phosphor nanocrystals onto the top of the first
layer and having a thickness of between 100 nm and 300 nm;

a third layer of GdVO4:Dy*" onto the second layer having a thickness of
between 100 nm and 300 nm, and

optionally, a fourth layer of ZrO, onto the top of the third layer having a

thickness of between 50 nm and 100 nm;
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and b) thermal annealing of the transparent layered phosphor structure obtained in
step (a) at a temperature between 500 °C and 800 °C.

5.- Use of the transparent layered phosphor structure according to claims 1 to 3 for the
emission of white color of tunable chromaticity with photoexcitation wavelength

ranging between 280 nm and 320 nm.

6.- Use according to claim 4, as part of a device for the emission of white light of
tunable chromaticity which comprises a LED emitting light providing a photo-excitation

wavelength of between 280 nm and 320 nm.
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