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ZnO particles as scattering centers to optimize color
production and lumen efficiencies of warm white LEDs
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This research integrates ZnO particles as essential scattering components within a remote phosphor structure, specifically
designed to enhance the performance of warm white LEDs tailored for lighting applications. In this endeavor, an additional
layer of red phosphor is intricately incorporated alongside the yellow-phosphor film, wherein the ZnO concentration ranges
from 0 wt% to 50 wt%. The study evaluates a spectrum of parameters including scattering properties, lumen output, spatial
color distribution consistency (or color uniformity), and chromatic reproduction efficiency. The assessments are simulation-
based works carried out with LightTools and MATLAB programs, employing Mie theory in scattering. The findings distinctly
underscore the pivotal role of determining optimal ZnO concentrations, which not only contribute to achieving commendable
brightness in white light and robust color rendering capabilities but also significantly enhance color uniformity within the
illuminated spectrum. This exploration provides invaluable insights into the delicate balance and critical role of ZnO
concentration in shaping the overall performance of warm white LED structures for practical lighting applications.
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1. Introduction

The ascension of white light-emitting diodes (LEDs)
stands as a monumental milestone in the domain of
illumination and display technologies, ushering in an era
of energy-efficient, enduring lighting solutions applicable
across a wide spectrum of industries [1-3]. The versatile
functionality and efficiency of white LEDs have
positioned them as the preferred lighting solution across
residential, commercial, automotive, and specialized
sectors, marking a profound shift from traditional
incandescent and fluorescent light sources. Despite the
significant advantages of contemporary LED technology,
notably the phosphor-converted yellow YAG:Ce**
employed atop blue LED chips, these devices encounter
inherent isotropic challenges hampering their performance
in both color quality and lumen output [4-6]. Moreover,
the vexing issue of light loss due to backscattering limits
the efficiency of light extraction, signifying a ratio of
escaped photons into the surrounding air versus those
generated within the active layer [7, 8]. To overcome these
obstacles, the scientific community has extensively
explored an array of strategies detailed in academic
literature, focusing on the manipulation of photon angles
through structured surface scattering or the integration of
additional layers with suitable refractive indexes
strategically positioned in LED structures [9-11].

Among the multitude of proposed solutions, ZnO has
emerged as a focal point of interest due to its promising
attributes for LED lighting applications. Exhibiting a wide

and direct bandgap, ZnO serves as an n-type
semiconductor with a wide array of technological
applications in solid-state lighting, solar cells, and sensor
devices. Its customizable nanostructures and refractive
index, which conveniently aligns with the Rls of LEDs
and air, position ZnO as an appealing option for LED
technology [12, 13]. The material’s capacity to enhance
light scattering further bolsters its potential in LED
technology. Additionally, atomic layer deposition of ZnO
thin films has been investigated for applications in thin
film transistors in transparent and flexible electronics, with
controllable growth rates, electrical conductivity, crystal
orientation, and visible luminescence.

This research paper aims to vary the amount of doping
ZnO into the phosphor films to produce better color-
uniformity white LED. A common issue in white LED
light production is the deficiency of red color elements,
resulting in a colder light that can discomfort human eyes,
particularly during daytime use. The integration of Eu’'-
doped red phosphor materials, such as Eu**-doped Y,0,S,
has been extensively studied and found feasible to adjust
doping levels for desired outcomes [14-16]. By utilizing
blue-excited LED chips, red and yellow phosphors, and
ZnO thin films as primary components, the investigation
delves into the scattering factors, luminous performance,
and chromatic rendering properties of LED white lighting.
The outcomes emphasize the improvements in specific
properties resulting from varying ZnO concentrations,
offering valuable insights to propel advancements in LED
lighting development.
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2. Simulation methods

The configuration of the LED with remote phosphor
converter layers is displayed in this investigation. The
remote phosphor structure can hinder the significant
amount of photons absorbed by the LED chip by utilizing
a sufficient distance between the converter film and the
chips’ surfaces [17]. Thus, in this work, utilizing the
remote phosphor configuration serves as a means to
improve the light extraction of the LED when varying the
ZnO to monitor the light scattering factor. As depicted in
Fig. 1, the LED assembly encompasses a unique
combination of elements, notably the compound of
yellow-phosphor YAG:Ce and ZnO particle situated above
the LED chip. Particularly, the 3D simulation of the LED
model is depicted in Fig. 1a using LighTools software, and
the remote phosphor configuration illustration is in Fig. 1b.
This remote phosphor packaging design aims to optimize
light conversion, ensuring a more uniform output of white
light.

Mie theoretical calculations are applied to analyze
ZnO and phosphor particles as spherical entities, thereby
deriving their optical constants in accordance with Mie
theory [18]. In the simulation, the input of ZnO and
YAG:Ce*"  concentrations are variables. The other
parameters are constant as follows. The excitation source
from blue chips is 460 nm. The radii of ZnO and the
phosphor materials are 5 pm and 7.25 pm, respectively.
The phosphor layer thickness is 0.08 mm. The bandgaps
and emission peaks of YAG:Ce®" phosphor, red phosphor,
and ZnO are in Table 1.

Table 1. Phosphors and ZnO input parameters

Materials Particle size | Bandgap Emission
peaks
-Ce3t ~3.7eV 550-570 nm
YAG:Ce 725um [19] | o
Red phosphor
(Y,04Eu) | 725 wm[19] | 5.8eV[22] | 613nm[22]
Zn0 5 um [19] [~233?7 V' | 540 nm [24]

The ZnO content input was changed from 0 wt% to 50
wt% and the concentration of YAG:Ce®* was altered
accordingly from 14 wt% to 2 wt%, as illustrated in Fig. 2.
The change in these phosphor concentrations is to ensure
the fixed thickness of the phosphor layer. Notably, a
discernible inverse relationship emerges between the
concentration of YAG:Ce phosphor and the presence of
ZnO within the compound. Yet, the YAG:Ce®" is likely to
lightly increase at first, with ZnO concentration increasing
from 0-5 wt%. Beyond 5 wt% ZnO concentration,
YAG:Ce’" concentration shows a sustainable decline. This
not only facilitates the regulation of scattering activities
but also plays a crucial role in stabilizing the LED
package’s internal temperature during prolonged
operational periods. The findings of this study contribute

to the optimization of LED design for enhanced light
emission and operational efficiency.

6mm

12mm

(@

(b)

Fig. 1. The modelled LED: (a) 3D simulation of the LED by
LightTools software and (b) the remote phosphor (color online)
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Fig. 2. YAG:Cée** concentration with varying ZnO
contents in the layer

3. Computation and discussion

We utilize a Mie-scattering-based computational
framework to scrutinize the light scattering phenomena
within the phosphor film [25-27], specifically with varying
concentrations of ZnO. The central aim was to ascertain
the reduced scattering coefficient () of the phosphor
layer, mathematically expressed through equations 1 and
2. The computation incorporates key parameters including
the total distribution density of luminescent particles
(N(7)), the wavelength of incident light (1), particle radius
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(7), scattering coefficients (u,.4(4)), the anisotropy factor g,
and scattering cross-sections (Cy,). This rigorous analysis
enabled a comprehensive understanding of the intricacies
of light scattering within the phosphor layer, shedding
light on how different ZnO concentrations affect the

scattering behavior and, consequently, the optical
performance of the LED structure [28].

55‘0(1 = /JSCIJ (1 - g) (1)

to (W) = [NOC,, (A, r)dr )

The obtained reduced scattering data are illustrated in
Fig. 3. Initially, the small increase of ZnO concentration of
5-10 wt% does not impact much on the scattering factor as
two scattering lines in the graph coincide. Further
increasing the ZnO amount leads to higher values of the
reduced scattering parameter. Besides, the longer
wavelength presents a lower scattering strength, which can
be demonstrated with Mie-scattering for spherical
particles. These results offer a significant insight into the
interplay between ZnO concentration and light scattering,
presenting a viable strategy for improving the overall
optical performance, including luminosity and color
fidelity and uniformity of white LED lighting systems.
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Fig. 3. Reduced scattering properties with altering concentration
of ZnO: (a) 5 nm-25 nm, (b) 30 nm-50 nm (color online)

Fig. 4 shows the light spectral distribution of the LED
package with different ZnO contents. The graph represents
the wavelength of the emitted light, including blue (425-
460 nm) and green to bright red (525-600 nm). Within
these bands, multiple emission peaks are observed. The
intensity and shape of these peaks change with the
concentrations of ZnO in the film. The increase in ZnO
concentration induces a drop in the transmission power of
the light rays in the LED, which is similar to the data
demonstrated in [29]. However, the positions of these
peaks remain consistent regardless of changes in the ZnO
concentration. As the concentration of ZnO increases, the
peaks centered at ~435 nm, 455 nm, 545 nm, and 570 nm
are more defined while the other seems to be omitted in
the collected emission bands. These emission peaks
probably come from the ZnO particles (435 nm, 545 nm),
blue chips (455 nm), and yellow phosphor (570 nm). The
simulated data of ZnO emission peaks in this work
relatively match the results of previous papers on other
blue-light excitable ZnO-doped compounds [30-33]. It can
be observed that the ZnO particles acted as scattering
centers, which increased the path length and the
probability of interaction between the blue incident light
and the phosphors. Moreover, the ZnO particles absorbed
the blue light and re-emitted it in as green-colored light
(~545 nm). Therefore, the ZnO particles play a critical role
in stimulating the color mixing and the color uniformity of
the white light output.
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Fig. 4. Transmittance power of the white LED with altering

concentration of ZnO: (a) 5 nm-25 nm, (b) 30 nm-50 nm
(color online)
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The incorporation of ZnO within the design has led to
a marginal increase in the correlated color temperature
(CCT) range across various viewing angles. Notably, the
resulting white light remains within the warm color
temperature range at 3900-4025 K, as depicted in Fig. 5.
However, it is crucial to highlight the substantial variance
observed in the angular CCT ranges across different ZnO
concentrations. As the ZnO concentration exceeds 20
wt%, the CCT range stays around 4000 K, accompanied
by a notable decline in intensity at the direct viewing angle
(0°). This decline suggests an improved dispersion of light
towards the edges of the package due to the heightened
reduction in scattering efficiency. The most stable-like
angular CCT range is associated with a ZnO concentration
of 45 wt%, demonstrating the smallest CCT values
between the largest (£60°) and the direct (0°) viewing
angles.
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Fig. 5. The CCT range with altering concentration of ZnO:
(a) 5 nm-25 nm, (b) 30 nm-50 nm (color online)
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Fig. 6. Lumen changes with altering concentration of ZnO

Nevertheless, an increase in ZnO concentration results
in a noticeable decline in the intensity of the entire
emission band, referring Fig. 4. This decrease in
transmittance power can be attributed to energy loss
caused by both scattering and absorption within the
phosphor sheets. The reduction in transmittance power
could adversely impact the lumen output of the white
LEDs. Fig. 6 illustrates the lumens produced by the white
LEDs at varying ZnO concentrations. It becomes evident
that the addition of 5 wt% ZnO enhances the lumen
output, since at this concentration, the transmittance peaks
are the most intense (see Fig. 4). This result indicates that
5 wt% of ZnO favors a stronger utilization and extraction
of blue light due to effective forward scattering
capabilities. However, elevating the ZnO concentration
beyond this point leads to reduced transparency within the
phosphor film, diminishing light transmittance efficiency.
Moreover, the heightened ZnO concentrations induce
increased scattering, resulting in multiple scattering events
that progressively reduce the light's energy, ultimately
decreasing the overall lumen output of the LED.
Consequently, beyond 5 wt% of ZnO concentration, the
lumen output of the white LED declines, indicating the
delicate balance between ZnO concentration and optimal
luminosity in LED design.

The uniformity of color holds substantial importance
in the development of high-quality white LED devices,
given that white light with superior color consistency tends
to be more visually pleasing and comfortable for human
eyes. The delta-CCT, which quantifies the variance
between the highest and lowest CCT levels, as displayed
in Fig. 7, serves as a measure of color variation. Generally,
the incorporation of ZnO films supports enhanced color
dispersion due to improved scattering properties. The
lowest delta-CCT, indicating the highest uniformity, is
achieved at 45 wt% ZnO, exhibiting a reduction of ~75 K
compared to the reference data. Furthermore, the delta-
CCT with the use of 20-25 wt% and 50 wt% ZnO is lower
than reference value. Conversely, the highest delta-CCT,
signifying the least uniformity in chromatic distribution, is
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associated with a ZnO concentration of 15 wt%. Shortly,
for optimal color uniformity, the ideal ZnO concentration
should be 45 wt% or at least fall within the range of 20-25
wt%.

Additionally, the improvement in blue light scattering
and absorption with increasing ZnO concentration can
support the color-reproduction enhancement by
intensifying the amount of converted red light. Figs. 8 and
9 present a comprehensive overview of the Color Quality
Scale (CQS) and Color Rendering Index (CRI)
performance concerning varying concentrations of ZnO.
Notably, at 5 wt% ZnO, a significant enhancement is
observed compared to cases without ZnO films,
demonstrating ZnO’s capacity to improve the chroma
reproduction performance of white LED light. This
concentration, at 5 wt%, showcases sufficient scattering
and conversion efficiencies, resulting in broader color
coverage on the chroma spectrum. Consequently, the
generated light is capable of rendering more color
elements of the targeted object. However, a consistent
trend emerges as ZnO concentration increases beyond 5
wt%, revealing a gradual reduction in both CRI and CQS
parameters, even lower than the reference data [34, 35].

This observed trend of color-reproduction parameters
is in alignment with the behavior noted in the lumen
strength of the white LED. Higher concentrations of ZnO
seem to promote the absorption of blue light and the
emission of red light, leading to a noticeable shift in the
overall emission color spectrum toward the yellow-red
range. This shift likely contributes to a decline in color
reproduction quality due to the reduced presence of blue
light [36, 37]. Hence, these findings underline that the
most favorable ZnO concentration for both lumen output
and color rendition is at 5 wt%. This concentration not
only enhances color reproduction but also maintains a
balance between color quality and the overall luminosity
of the white LED.
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4. Conclusions

This research paper centers on the integration of ZnO
particles as scattering agents within a remote phosphor
structure, aimed at improving the overall performance of
the warm white LED tailored for lighting applications. As
the concentration of ZnO increases, it markedly improves
the scattering function, resulting in a more even dispersion
of colors and heightened overall color uniformity. Our
simulation study indicates that the optimal ZnO
concentration for minimizing spatial color deviation is
about 45 wt%. Additionally, using ZnO concentration
range of 20-25 wt%. helps achieve superior color
uniformity compared to the reference data within the scope
of our research. Concurrently, the investigation identifies 5
wt% ZnO as the suitable quantity for maintaining
respectable lumen strength and efficient color rendering.
However, beyond 5 wt% ZnO, these parameters
experience a decline due to reduced luminous energy
following each scattering event and a lack of blue-light
emission, ultimately contributing to color deviation. These



288 H. T. Tung, B. T. Minh, N. L. Thai, H. Y. Lee, N. D. Q. Anh

findings highlight the delicate balance in ZnO
concentration crucial for achieving both enhanced color
uniformity and satisfactory lumen output with efficient

color rendition in warm white LED designs.
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