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Abstract: A method for measuring light intensity at different depths of a strongly scattering medium
(composite films of photoluminophore YAG:Ce3*) has been developed. The depth at which a collimated
light source is converted into an isotropic radiation source was determined. The volumetric absorption
coefficient of luminophore powder microparticles, which are suspended in the suspension, was measured.
The concentration of trivalent cerium ions (Ce*) in the powder particles of composite films was determined.
It is shown for the first time that bulk light absorption increases the number of absorbed light quanta in a
particle by a factor of six, without increasing the concentration of cerium ions in the particle.

Keywords: turbid media; composite films; optoelectronic step-down convertors; light absorption
coefficient; yttrium—-aluminum garnet; phosphors; white LED

1. Introduction

The search for more efficient ways to create both light sensors and VIS-IR sources has
led to an ever-growing interest in coatings that convert UV radiation into white light. GaN
LEDs with an emission wavelength of about 460 nm are most often used as UV emitters.

Step-down UV-converters are often made from suspensions of rare-earth phosphor pow-
ders (e.g., cerium-activated yttrium-aluminum garnets—YAG:Ce>*) for the transformation of
narrowband blue radiation into broadband VIS luminescent emission (540-590 nm). Depending
on the technological process, the concentrations of trivalent Ce3* ions and tetravalent Ce** ions
in the yttrium—aluminum garnet matrix change significantly. It is obvious that improving
production technology is impossible without promptly measuring the concentration of Ce?*
ions in the transparent matrix, depending on the technological conditions of the synthesis.

The difficulty of experimentally determining the optical characteristics of films of op-
toelectronic converters is related to the fact that the phosphor composite is a classical turbid
medium. Until now, in turbid media, it is impossible to simply measure their most impor-
tant optical parameters; when a light wave propagates in a turbid medium, its intensity
gradually decreases due to scattering and absorption, and its contribution to the extinction
of light cannot be separated. Previously [1,2], we considered an original model approach
and optimized the composite production protocol to overcome ambiguity in experimental
measurements, which makes it possible to determine the absorption of microcrystals in a
phosphor-resin composition from the measured values of the transmittance of a set of films
in a certain range of thicknesses.
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In this report, we examine an optical approach and technological features that allows
engineers to directly optimize the emission performance of optoelectronic UV downcon-
verters for yttrium-aluminum garnet powder doped with trivalent cerium (Ce3*), taking
into account the turbidity of composite films.

2. Materials and Methods
2.1. Production of Photoluminophore Powder Suspension

Suspensions were prepared as follows. Photoluminescent powder with a mass con-
centration of C = 0.2 was added to the epoxy resin. The suspension was carefully degassed
and homogenized.

We have developed our own method for preparing a photoluminophore suspension
using a forvacuum unit and have tested the technique on different types of binders (epoxy
resin, silicone, and polymethyl methacrylate). Experimental studies have shown that we
obtain the best results when using epoxy resin as a binder.

A suspension of photoluminophores was prepared using a turbine micromixer in a
vacuum chamber, with the simultaneous homogenization and degassing of the suspension.
The degassing process was visually monitored through the window of the vacuum chamber
to record the time when the separation (“boiling”) of gas bubbles from the suspension
completely stopped. From such a degassed and homogenized suspension, plane-parallel
samples of composite films were prepared. Studies of the homogeneity of the samples
were carried out by determining the colorimetric characteristics in different parts of the
film sample using a high-precision HAAS-2000 array spectroradiometer and an Edison
EDSB 3LA1-1 blue LED with a maximum radiation of 456 nm. Colorimetric studies of
composite films showed that color coordinates and correlated color temperature had very
small error values of X = £0.002, Y = £0.003 and +50 K, respectively. We measured the
light absorption coefficient of photoluminophore microparticles at these error values of the
suspension’s colorimetric parameters.

2.2. Production of Samples in the Form of Plane-Parallel Films of Precision Thickness

For the manufacture of plane-parallel films, a suspension was used that was prepared
from the materials specified in Section 2.1.

The essence of the manufacturing method is that spacers were applied to the laboratory
glass, which set the precision thickness of the film from 50 to 500 microns. Between the
spacers, a small amount of prepared photoluminophore suspension was applied, pressed
on top by a second laboratory glass. Such a workpiece was placed in a specially designed
and manufactured mechanism, where it was clamped with a force equal to 5 N.

Plane-parallel samples of composite films, which were made from a homogenized and
degassed phosphor suspension, had precision thicknesses equal to 110, 140, 205, 255, 305,
310, 350, 410, 450, 485 and 495 pum.

Measurements of the light absorption coefficient of photoluminophore powder mi-
croparticles were carried out on an optical unit designed on the basis of the Standa holo-
graphic table with a full set of accessories and a high-precision HAAS-2000 matrix spectro-
radiometer [3,4].

3. Results and Discussion
3.1. Propagation of Light in Turbid Media with Multiple Photon Scattering

Turbid media are characterized [5] by such optical parameters as the absorption
coefficient ,, scattering coefficient y;, extinction coefficient k, and anisotropy parameter g,
while k) = ug + ps.

The transport free path length of a photon is defined as I} = ) (Figure 1).

1
Hatps*(1—g
The transport free path [y, is the distance at which a photon completely loses its original
direction. Figure 1 schematically shows the transport free path I, and the photon free path

length [, It can be seen that the transport length of the free path of a photon in a medium
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with anisotropic single scattering is significantly greater than the free path of a photon
Ly >> lph'
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Figure 1. Determination of the transport length of the free path of a photon under multiple scattering.
The average path of the photon’s trajectory after its interaction with scattering particles is shown
(only the first and last particles are shown in the form of light circles; small arrows (1-10) show the
path of photon migration; the large arrow shows the resulting direction of photon transport as a
result of multiple scattering).

In [6-9], it was shown that a collimated light source, when moving in a strongly
scattering medium, is always transformed into an isotropic point radiation source with
g =0, which is located at a distance of one average transport length of the photon’s free

path [, = Mqur/As ~ y% from the surface of a strongly scattering medium.

3.2. Method for Measuring Light Intensity at Different Depths of a Strongly Scattering Medium

Earlier, we showed [1,2] that in a turbid medium, it is possible to separately study
both the mechanism of light scattering and absorption, as well as only one absorption
mechanism. For this purpose, it is necessary to measure the distribution of light intensity
inside the film along its depth. The technique of such a measurement is described in detail
in [1,2]. Briefly, the essence of the technique is that the Bouguer-Lambert law must be
written in a form that uses the light intensities at the points that are inside the sample. The
Bouguer-Lambert law is simplified (there is no reflection coefficient from the interface
between the two media) and it has the following form: %{51) = exp(—ky, xdy). Here, Iy
is the intensity of light at the beginning of the absorbing medium (immediately after the
interface) and I3;(d; ) is the intensity of light at the end of the sample with a thickness d;
(before the interface).

Eleven plane-parallel samples of composite films of different thicknesses were made
from the same batch of homogenized and degassed suspension. Then, the light intensity
I, ..., I11 at the exit of the samples with thickness dy, ..., d1; was sequentially measured
when light with intensity Iy was applied to their inputs; taking into account the reflection
coefficients from the interface of the media (film-air), the intensities Iy;, I1;(d1), ..., [11i(d11)
were determined. It is obvious that the intensities of light at the beginning of the scat-
tering and absorbing medium in all samples have the same values, equal to Iy;, and the
intensities at the end of the scattering and absorbing media are, respectively, equal to
Li(dq), ..., 11i(d11). For example, Figure 2 shows how the intensity I;;(d;) was deter-
mined in a sample with a thickness d1;. Samples with thicknesses d; and d1; were located
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next to each other and light beams with the same intensities Iy were supplied to inputs. It is
clear that inside each of the samples, there will be beams of light with the same intensities,
equal to Iy; (blue lines in both samples). The intensity of light before leaving the sample
with thickness dq will be equal to I1;(d1) (shown in Figure 2 with a light blue arrow). The
same intensity I;;(d1) will be created in a sample with a thickness d1; at a distance d; from
the input end (the blue lines show the positions of the intensities I3;(d ) in both samples).

di

o [
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di

Figure 2. Determination of the location of light intensities I;(d1), ... 11;(d11) in a sample with
thickness dq;.

Placing the samples with thickness d1; and with thickness dy, . .. dj¢ in pairs in the
same way, we determine the location of intensities I;(dz), . .. [19;(d1p) in the sample with
thickness dq;.

Using the values Iy;, L1;(d2), [i(d2), . . . I11i(d11), we determine the extinctions (atten-

uations) of light intensity In (%(SN)) , as well as In(Iy;), for samples with thicknesses dy,

N=1,...,11 (Figure 3).

From Figure 3, it can be seen that the extinction graph (1) has two slopes with the
values of angles ©1 = —47.53° and ©, = —25.80°; with an increase in the thickness of the
sample, the angle of inclination changes abruptly (the point of “break” of the slope is at a
thickness of 0.0278 cm).

Since the angle of inclination of the extinction graph is proportional to the extinction
coefficient, this means that before the breaking point, the extinction coefficient is equal
to —ky = —(ps + pa), and after the breaking point, the extinction coefficient abruptly
decreases to the value of —k) = —p,.

Thus, the abrupt change in light intensity inside the sample (and, accordingly, the
logarithm of light intensity) is the root cause of the change in the slope of the extinction
graph (1). This means that inside the sample, there is a process of changing the mechanism
of the interaction of light with turbid medium. At sample thicknesses smaller than H;
(Figure 3), anisotropic scattering and the absorption of light (layer 1) occurs, and at sample
thicknesses larger than H;, the isotropic absorption of light occurs (layer 2).

As the beam moves in layer 1, the scattering anisotropy parameter g gradually decreases
from +1 to 0. At the same time, the flux of photons that move along the optical axis of the
measuring module in the solid angle () and enter the fiberoptic cable of the spectroradiometer
decreases [3,4]. That is, in layer 1, there is a change in light intensity due to both anisotropic
scattering and light absorption. A different picture is observed in layer 2. In layer 2, there is
an isotropic scattering of light (¢ = 0), in which the same number of photons moves in any
direction in the elementary solid angle, i.e., isotropic scattering does not change the number
of photons that move along the optical axis of the measuring circuit in solid angle (2 and enter
the fiberoptic cable. In layer 2, the number of photons changes only due to absorption and the
measurement of the volume absorption coefficient can be performed only in layer 2.
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Figure 3. Extinction plot In (%j”)) (1) and In(Iy;) plot (2) at points with thickness values dy, . .., d11.

3.3. Method for Measuring the Volume Absorption Coefficient of Microparticles of
Photoluminophore Powder YAG:Ce>* in Composite Films

We model the composite film made of suspension using phosphor cubes [1,2] with
edge sizes from 1 to 10 pm. Let us consider the process of light absorption via phosphor
cubes in suspension, taking into account the results of [10-14].

In the case of anisotropic light scattering in composite films, light enters the micropar-
ticle mainly through only one entrance surface (in layer 1). The absorption of the particle is
characterized by a linear absorption coefficient j,. In the case of isotropic light scattering in
composite films, light enters each microparticle of layer 2 through all six faces of the cube.
The absorption of the particle is characterized by the volumetric absorption coefficient .

Our numerous measurements of the absorption coefficients of YAG:Ce** photolu-
minophore microparticles have shown that the estimated ratio 8, = %" is always fulfilled
for the linear absorption coefficient 35 ,.

The estimated value of the linear light absorption coefficient £55, of one microparticle

at a wavelength of 456 nm is 129 cm™!.

3.4. Measurement of the Concentration of Trivalent Ce>* Ions in a Microparticle of YAG:Ce
Phosphor Powder

The authors of [15] determined the absorption cross-section o of one Ce®* ion using
the standard formula o = 5}, where «,, is the linear absorption coefficient of the single
crystal and N is the concentration of Ce in atoms/cm?®. Since the analytical relationship
between the linear absorption coefficient of an yttrium—-aluminum garnet single crystal
YAG:Ce** and the concentration of Ce®" ions in it does not depend on the size of the single

crystal; the ratio o = B% is also held in a single-crystal particle of photoluminophore
powder YAG:Ce3*, where 85 is the linear absorption coefficient of the microparticle of the
photoluminophore powder (particle size is 1 < 20 um) [15].
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The magnitude of bulk absorption depends on the concentration of microparticles in
composite films. The number of scattered photons in a turbid medium is significant and, as
a rule, several times higher than the number of absorbed photons. The transport free path
length of a photon in a highly scattering medium significantly exceeds the photon free path
length [{, >> I, which leads to the fact that photons accumulate in layer 2. The speed
of photon motion along the Z coordinate decreases. As a result, in a strongly scattering
medium, the light energy is absorbed at a smaller distance Z than when propagating in a
homogeneous medium.

At the linear absorption coefficient 55, of the phosphor powder particle, the concentration

N of trivalent Ce* ions in the particleis [15] N = %% = 3><11%)9*18 =043 x 10% [ions/cm?].

Since the volume absorption coefficient 3 of the phosphor powder particle is six times
larger than the linear absorption coefficient 35, the effective concentration N, of trivalent

Ce3* ions in the microparticle increases six times, i.e., Noy = 0.28 X 102! [ions/cm?3]. This
means that the same cerium ions in the particle take part in absorption repeatedly (6-fold).
Such multiple absorption of light quanta by the same cerium ions in the particle causes
the process of the bulk absorption of light in the microparticle. Thus, the bulk absorption,
without increasing the concentration of cerium in the particle, increases the number of
absorbed light quanta in it by a factor of 6-fold.

4. Conclusions

A method for measuring light intensity at different depths of a strongly scattering
medium (composite films of YAG:Ce>* photoluminophores) has been developed. The
depth H; = I}, at which a collimated light source is converted into an isotropic radiation
source has been determined. The volumetric absorption coefficient of the luminophore
powder microparticles, which are suspended in the suspension, has been measured. The
concentration of trivalent cerium ions (Ce®") in the powder particles of composite films was
determined. It is shown for the first time that the bulk absorption of light ) by powder
particles increases the effective concentration N, of trivalent Ce®* ions in the microparticle
by a factor of six. It is shown that bulk light absorption increases, by a factor of six, the
number of absorbed light quanta in the particle without increasing the concentration of
cerium ions in it.
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