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ABSTRACT Owing to the development of modern display technology, micro- and mini-light-emitting
diodes (LEDs) have affected technological advancements in the display industry. The structure of mini-
LEDs is completely different than that of traditional LED backlights because the former employs a display
technology with an LED array structure, optical resonant cavity, and color conversion layer. Display
backlight technology encounters difficulty in achieving a truly effective energy-loss mechanism when
designing or measuring mini-LED performance. The present study proposes three major mini-LED energy
loss mechanisms: cross-talk, resonant, and quantum conversion losses. Herein, the spectrum was obtained
through the integrating sphere system, and the calculation mechanism was formed by the down-conversion
theorem as the decoupling principle, which successfully calculated the independent energy-loss efficiency
of each mechanism and effectively deduced the brightness and color saturation performance of this design
combination.

INDEX TERMS Mini-light-emitting diode, energy loss, display, backlight, down-conversion theorem.

I. INTRODUCTION

In recent years, backlight technologies for display indus-
try have reached maturity because of light-emitting diodes
(LEDs), which have unique characteristics, such as long
lifetime [1], high efficiency, and energy-saving properties
[2]. Among the new generation of display technologies,
micro-LEDs are the most popular and are highly anticipated
in the market [3]. Micro-LED display technology has the
advantages of high dynamic contrast [4] and high color
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saturation [5], and it has become a widely discussed display
solution with high potential. However, as the life attenuation
of gallium nitride (GaN)-based and gallium arsenic (GaAs)-
based LEDs is inconsistent, production of mini-LEDs that use
the same GaN-based light source array to excite color conver-
sion diaphragms has become part of mainstream technology.

The architecture of a mini-LED backlight includes (1) a
blue light array and (2) a color conversion diaphragm [6].
Owing to the differences in the design of single light sources,
blue light arrays with different shape designs have various
light extraction efficiencies, including angle light extraction
characteristics and freeform-designed chip-scale package [7]
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FIGURE 1. (a) Hemisphere system with decoupling principle, (b) Inference flow of spectrum performance.

with large luminous angle characteristics that have significant
advantages. In the light color conversion technology, due to
the evolution of phosphor and quantum dots in packaging
technology [8]-[10], stable high color saturation require-
ments have been achieved. As the manufacturing technol-
ogy matures, the design and measurement of mini-LEDs are
expected to gradually become important. At present, with the
maturity of mini-LEDs, many studies have been conducted
on image quality; however, in comparison to energy loss
studies, technology has not matured enough for the testing
of measurement methods.

As the current mini-LED design is mainly based on energy
transfer, color performance, and other important indicators,
no suitable method for design and analysis is currently avail-
able. Thus, this study proposes a design process by referring
to the work of Schlotter et al. on the mechanism of blue-
pumped white LED [11]. We have successfully derived the
calculation process that can be successfully implemented.
Through this study, three energy-loss modes of mini-LED
can be analyzed: (1) cross-talk, (2) resonant, (3) and down-
conversion losses. The down-conversion loss of multiple
excitation sources is always difficult to effectively verify
and predict due to complex color conversion and optical
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path problems [12]. Therefore, herein we propose the fol-
lowing conversion theory as the core of down-conversion
loss. Through six configuration experiments, the proposed
measurement method determines that the loss mechanism of
light energy and the conversion efficiency can be quantified
in a mini-LED system.

II. PRINCIPLE AND THEORY

A. INTRODUCTION TO MEASUREMENT SYSTEM

Since mini-LEDs are designed using multiple chip arrays,
they have tighter pitch than the traditional backlight solu-
tion. Mini-LED solutions experience significant loss between
the chip array and the space between the light source and
quantum conversion layer. To optimize the design of mini-
LEDs, the measurement system architecture used in this
study is shown in Fig. 1(a), which includes the following:
(1) high reflection and high scattering barium sulfate-coated
integrating sphere, (2) collection of optical fiber and power
supply, (3) spectroscopic spectrometer, (4) personal computer
system, (5) loss calculation, (6) decoupling algorithm, (7)
quantum efficiency calculation, (8) absorption curve fitting,
and (9) inference of spectrum performance. This architecture
aims to minimize the gaps when material parameters are
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individually measured and are measured in an actual envi-
ronmental system. The actual sample is used as the parameter
to obtain the source. The energy error caused by the neglect
of the large-angle light in the common image measurement
system is reduced through the integrating sphere structure.
The sample of mini-LEDs array used in this study comprises
a GaN-based chip with a size of 5 mil x 9 mil and a 2 mm
pitch between the nearest neighbor chips.

After the spectrum is obtained and calculations are con-
ducted, this system can collect each key energy conversion
efficiency parameters and convert them into a spectrum pre-
diction model to fine-tune the parameters, and then, the sys-
tem can calculate it as lumen after the process calculation
[13], as shown in Fig. 1(b) vs Commission international
declaring (CIE)-x and CIE-y and national television sys-
tem committee (NTSC) vs CIE-x and CIE-y results; these
results are modeled through the actual measurement data.
This mechanism can effectively eliminate the environmental
difference between the material parameter measurement and
actual sample measurement to achieve a high degree of sim-
ulation model construction and performance prediction.

B. THREE MAIN LOSS MECHANISMS

As shown in Fig. 2, the mini-LED backlight unit (BLU)
architecture involves three major loss mechanisms: (1) cross
talk, (2) resonant, and (3) quantum conversion losses.

As shown in Fig. 2(a), from the perspective of beam trac-
ing, as the GaN-based LED has multi-faceted light-emitting
characteristics, the aspect ratio of its size can affect the pro-
portion of light emitted from each face. Thus, when an LED
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array is formed, part of the light emitted by each chip will be
absorbed by the surrounding chips and cause losses. Owing to
this loss, the overall mini-LED array spacing, substrate mate-
rials, and volumes of each surface of the wafer have subtle
structural differences [14]-[16]. Every small difference will
affect the overall loss. The effect is difficult to measure solely
based on the amount of material parameters. Furthermore,
since a resonant cavity forms between the LED array and
optical conversion diaphragm when the light travels to the
edge of the optical diaphragm, reflection and refraction occur,
and the reflected light changes based on the difference of the
materials. The diffuse reflection angle and reflectivity at this
boundary cause loss of light energy. The light reflected back
to the LED array at this boundary is absorbed and reflected
by the LED and substrate materials. Repetition of the above
mechanism causes a resonant loss in the overall structure.
Similarly, due to the excessive unpredictability and elasticity
of the surface reflection and absorption characteristics of
each material, the traditional material parameter measure-
ment adopts the beam tracing method, and thus, immersive
simulation of the effect cannot be achieved.

In addition, the light passing through the boundary of the
optical film enters the light conversion layer in the film. This
conversion layer is typically formed by particles with high
down-conversion efficiency. A good backlight source usually
comprises two or more wavelengths. As shown in Fig. 2(b),
the conversion layer with two conversion particles have three
light conversion processes during the down-conversion pro-
cess: (1) Al is defined as the emission wavelength of the exci-
tation light source; A2 and A3 are the emission wavelengths
of the stimulated emission light source of shorter wavelength
and longer wavelength, respectively. (2) The light energy that
has not been absorbed or converted by the light conversion
layer forms the A1 emission wavelength in the system. (3)
White light is formed in the system. The A2 emission wave-
length originates from the photon energy after being absorbed
in the light conversion layer and is down-converted, excluding
the energy absorbed by the A3 emitter. In this process, Stoke’s
shift loss, quantum efficiency, and the system or A3 emitter
absorbed energy loss are involved. (4) The origin of the
A3 emission wavelength in the system is the absorption of
Al and A2 light and the emission of the down conversion.
Stoke’s shift loss, quantum efficiency, and the energy loss
absorbed by the system are also involved in this mechanism.

The aforementioned three major energy-loss processes are
the main energy-loss mechanisms in the mini-LED BLU
module.

C. ALGORITHM DERIVATION I: SINGULAR EMITTER
MODEL FORMS DOWN-CONVERSION LUMINOUS
EFFICIENCY THEORY

Down-conversion luminous efficiency (DCLE) [17] is
applied to study the optic model of white light LED. The
total output power (Prgp) of the white light out of a single
emitter comprises (1) residual (leaked) pumping light and
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(2) down-converted light, which are expressed as follows:

|- Pigp - POE), (1)
(I =1) - PLep-QEpy - Sip—sph - POE), ()

where [ is the fraction of the pumping light leakage, OF,, is
the quantum efficiency of the emitter, S),—pn is the Stoke’s
shift of the material, and POE;, and POE, are the optical
extraction efficiencies for pumping and emission sources
(similar to emitters), respectively.

Down-conversion theorem clearly explains the generation
of white light. However, accurately measuring all the parame-
ters in the aforementioned two equations is difficult. To estab-
lish a precise model of the white-light LED, the pumping
light, as shown in equation (1), is simplified as follows:

[ - Pp_1LED, 3)

where Pp_j gp is the radiant flux of the blue LED array. More-
over, Pp_1gp equals to Prgp - POEp, which can be directly
measured from the blue GaN-based LED array. On the other
hand, the down-converted light can be written as

POE,
(A=D-Pprep- | == ) Esp—spi1 @

POE),
where the Prgp - POE, and QEp, - S)p—apn in equation
(2) are replaced by Pg_1gp - (POE,/POE}p) and Ejp_jpn1,
respectively. The parameter Ej,_,,n1 depicts the efficiency
of the material, as light is emitted by the pumping source in
the system. In equation (4), PLgp can be measured, but POEy,
POE,, and E;p_;pn1 are still difficult to measure. Although
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some parameters are unavailable, we can still create a pre-
cise LED model by combining the items that are indirectly
obtained. Thus, the equation (4) can be written as follows:

(I =1) - Pp_rED"Ex1-32,system 5)

where Ej 152 system 18 the parameter that involves the light
extraction efficiency of the blue light, the emission light,
and material’s original quantum efficiency. Furthermore,
the parameter (Ex;—52,system) can be calculated using equa-
tion (5) with 1 equal to 0 and equation (3) with I equal to
any value. The singular scatter system had been successfully
proven in a previous study [18].

D. ALGORITHM DERIVATION II: DUAL-EMITTER MODEL
BASED ON DOWN-CONVERSION LUMINOUS
EFFICIENCY THEORY
According to the preceding discussions, the singular emit-
ter model can precisely describe the energy transfer of the
pumping and emission lights. However, the singular emitter
model is insufficient for describing the energy transfer of the
dual emitter model. To refine the model of the dual emitter,
we have to consider the energy transfer between emitters.
The dual emitter model is based on the hypothesis that
a slight up-conversion energy transfer occurs. Only the
down-conversion energy transfer exists in the model [19].
Thus, the energy transfer of the dual emitter is calculated
by the sequence of the emission spectrum wavelength. First,
the singular emitter model is calculated as equation (6),
and the spectrum of the singular emitter LED, LED(A), can be
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presented as follows:

LED(A) = [l-Pg_1gp - SP1(A) + (1 — I) - PB_LED
. E)\lf)»Z, system * SPZ()\), (6)

where SPI1(A) is the normalized emission spectrum of the
pumping source and SP2(}) is the normalized spectrum of
the emitter with a shorter wavelength.

The dual emitter model is considered based on the emit-
ter with a longer wavelength added to the singular system
that has a spectrum LED (A). According to the stimulated
absorption, the emitter with a longer wavelength can better
absorb the energy of the shorter wavelength than that of the
longer wavelength. Equation (7) presents the energy, which
is absorbed. The A(}) in equation (7) is the absorption curve
of the emitter with a longer wavelength emission:

380
AE = f A (A)LED (1) dx. @)
780

Equation (7) can be written as equations (8) and (9). These
equations indicate two parts of absorbed items in the dual-
emitter LED system. The first part is contributed by the
pumping source, AE, 1, and the second, AE;», is contributed
by the energy emitted from the emitter with a shorter emission
wavelength.

780
AE = / A@Q)-[l-Pg_rep-SP1 (X)) + (1 —)-Pg_LED
3

80
. EAI—A2, system * SP2(A\)]dA, (3
AE = AE;1 + AE;» )

After the absorption process, the spectrum of the singular
emitter system can be presented as follows:

LED' (A\) = [!-Pg_Lgp -SP1 (M) + (1 = 1)
« PB_LED * Ex1-22, system
- SP2 M]- (1 - Asystem ()&)) ’ (10)

where Agystem(A) is the absorption from the total system of
the mini-LED backlight.

Then, the wavelength of the absorbed photons is converted
to the emission wavelength through the conversion efficiency,
Ex1—a2,system and Ej2 33 system. It also includes the loss by
Stoke’s shift and quantum efficiency. After these processes,
the spectrum of the dual-emitter system can be presented as
follows:

LED” (1)
= LED/ ()\) + [AEM 'EAI—AS,system + AE}LZ‘E)LZ—)&,syA‘tem]
-SP3 (A) - (1 - Asystem (}‘)) (11)

where SP3(A) is the normalized spectrum of emitters with
longer wavelengths.

After obtaining the parameters in the equation, this study
aims to predict the brightness and color performance by
modulating the fraction of the pumping light leakage and the
absorption coefficient for the designer’s reference.
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IIl. EXPERIMENT FLOW

Algorithm derivation is described below. Similar to the sin-
gular emitter system, the parameters are difficult to precisely
measure. To enhance the accuracy of the dual emitter model,
we design a method called experiment-algorithm hybrid
method. Fig. 3 shows the parameter accessing progress of
the hybrid method in the dual emitter system.

Initially, we prepared six configurations with different
amounts of emitters in the optical system. These configura-
tions are shown in Table 1.

To acquire necessary parameters, a process is designed
to obtain the key parameters of the dual emitter model.
As shown in Fig. 4, this set of method includes six well-
designated configurations and two types of algorithms for
decoupling and fitting. By measuring the parameters and
performing the experiments on the same platform, the inac-
curacy/discrepancy between the two systems can be reduced.

Configure 1(a) Configure 2
k
<= ; <S>
Configure 1(b) Configure 3

Configure 4,5,6

Configure 1(c)

FIGURE 4. Schematic of experiment configuration.

In this method, the radiant flux and emission spectrum
of the pumping source was directly obtained from config-
uration 1. Then, based on the comparison of the spectra of
configurations 1, 2, and 3, the items of the absorbed and
emitted energy by emission sources 1 and 2 can be calculated.
Thereafter, the block “fitting by DCLE theorem” indicates
the method for calculating the efficiencies of the emission
sources 1 and 2. The spectra of the emission sources 1 and
2 are also obtained through the process of “‘fitting by DCLE
theorem,” as described in the equations in the above section.
Configurations 4, 5, and 6 are types of the dual emitter
mixing systems. The spectra of these three configurations
are affected by the absorption of emission source 2, which is
usually the most difficult parameter to procure in this method.
The block ‘“decoupling the mixing spectrum” presents the
principle to decouple the mixing spectrum. The principle has
to be maintained where the spectrum shape of the emission
source with a longer emission wavelength is unchanged. This
condition implies that the range of the longer wavelength
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TABLE 1. Target parameters.

Configuration 1 Configuration 2 Configuration 3 Configuration 4 Conﬁg;u ration Conﬁg6u ration
Spectrum Spectrum 1 Spectrurm 1 Spectrum 1 Spectrum 1 Spectrum 1 Spectrum 1
composition (Pumping - s 2 Y + Spectrum 2 + Spectrum 2 + Spectrum 2
spectrum) + Spectrum 3 + Spectrum 3 + Spectrum 3
Excitation Excitation
Mess of Excitation source source 1: source 1:
excitation NA Excitation source  Excitation source 1: 0.72 mg 0.72 mg 0.72 mg
spectrum 1: 0.72 mg 2:0.11 mg Excitation source Excitation Excitation
(mg per inch?) 2:0.11mg source 2: source 2:
0.12 mg 0.13 mg
System gggi:ﬁlcl; 11(())8:8 Ea1-22,system Ex13.system Ej2:3 system
parameters SP2 (L) SP3 (V) As3,system (M)

SP1 (%)

is a clue to decouple the mixing spectrum. Moreover, the
decoupling principle is applied to analyze the spectrum of
configurations 4, 5, and 6. Thus, the absorption ratio can be
obtained by dividing the decoupling result of the singular
emitter spectrum with that of the mixing spectrum.

To complete the process of decoupling the mixing spec-
trum, we access the absorption ratios of configurations 4,
5, and 6. Obviously, the absorption ratios are different
because the configurations have different amounts of emis-
sion source 2, and the absorption ratio depends on the amount
of emission source. In this section, we consider the model of
the most closed packing and introduce the assumption that the
absorption ratio is proportional to the exponential equation.

All the vital parameters can be obtained after this hybrid
method. Then, the algorithm ‘“‘dual emitter model” is used to
simulate all the spectra by changing / and absorption coeffi-
cient in the equation of the dual emitter model. Furthermore,
the results can be presented as the specific values of CIE-
X, CIE-y, and lumen, which can easily map the performance
at all color points. In addition, in this study, to explore
whether the operation power variation affects the proportion
of the overall energy loss, the above experimental analysis is
repeated with different operation powers.

IV. RESULTS AND DISCUSSION

A. CROSS-TALK LOSS AND RESONANT LOSS

Fig. 5 compares the measured spectrum of configurations
1(a), 1(b), and 1(c). Configuration 1(a) is a test board with
only one center LED on the same substrate. Configuration
1(b) is the actual measurement of the sample without the
diffusion plate and color conversion layer lighting. Config-
ure 1(c) shows the measurement result of the diffusion plate
without the color conversion layer. The luminous power of
configurations 1(a), 1(b), and 1(c) is 525.28, 472.38, and
308.33 mW, respectively. Considering the results of the spec-
trum measurement in Fig. 4, we can convert the power of
cross-talk loss (A) and power of resonant loss (B), and we
can calculate cross-talk loss rate (L yoss_ralk ) and the resonant
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loss rate (Lyesonant) according to the following equations:

780 780
A= / [Pla()»)] -da— / [Plb(l)] dr, (12)
380 380

780 780
B =/ [Pl,,m]-d,\—f [Plegy]dr, (13)
380 380

A
Lecross. Ik = (14)
= v 1007

B
Liesonant = o

f37s%) [P1p0)] * dh x 100% '

where P1,;), P15(;), and P13 are the measured spectra of
configurations 1 (a), (b), and (c), respectively.

Fig. 5 shows the calculation by equations (12) and (13)
to obtain the parameters under the following architecture:
A =529 mW, B = 164.06 mW, Leypss taix = 10.1%, and
Lyesonant = 31.2%.

B. SPECTRUM DECOUPLING
Fig. 6(a) and (b) shows the spectrum of configuration
1(c), which is called pumping source. The radiant flux is
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approximately 308.32 mW, and the full width at half max-
imum is approximately 18.2 nm. The parameters of the
pumping source were obtained. We found that the spectrum
nearly has a Gaussian distribution, which is applied to the
steps in spectrum fitting.

Configurel(c) 14F " T T T T = T .
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G B sk R pectru igure 2
\E/ 2 : B: emission energy: 212.38 mW :
Configure2 ) B C: leakage energy: 57.39 mW
= 2F c P R SSEse ]
2 0 M N A conversion efficiepcy: 84.6%
= 300 400 500 600 700 800 900 1000 1100
] = 1
R= wavelength (nm)
g (a)
Configure3 §
-g 14 —— configure 1(c)
= =

i
i

T
fitting for comfigure 3 |]
fitting for comfigure 3

At absorbed energy: 204.64 mW
. B: emission energy: 142.22 mW
B C: leakage energy: 103.68 mW ]
,.-%--.._ conversion efficiency: 68.31%
r e . n i

— T T
12f

L »
sk
6F
4F
2F =3
0 A 2 £ A

300 400 500 600 700 800 900 1000 1100

wavelength (nm)

(b)

FIGURE 6. Spectra analysis of singular-excitation spectrum and the
quantum efficiency calculation resuit.

Fig. 6(a) shows the spectrum of configuration 2. This
configuration was prepared using the material of InGaN LED,
which has the same specification as the pumping source, and
the emission material with a shorter emission wavelength
over other emission sources. Fig. 6(b) presents the spectrum
of configuration 3. Furthermore, the emission source for
configuration 3 has a longer wavelength emission spectrum,
which is composed of the same materials as those for config-
uration 2. Both spectra can be decoupled as two parts. The
first part is the Gaussian-distribution-like spectrum. It has
less energy than the original energy of the pumping source
because some of the energy is absorbed by the emission
source for conversion into the emission spectrum. The other
part is the emission spectrum, which is emitted by the energy
pumping source. To obtain the key parameters for the dual
phosphor modeling, we have to demarcate the spectrum needs
as follows: (1) absorption energy, (2) leakage energy, and (3)
emission energy.

Absorption energy is the energy absorbed by the emission
source. The value of absorbed energy for emission sources
1 and 2 is the difference between the original energy of
configuration 1 and the energy of the Gaussian-distribution-
like spectrum decoupled from configurations 2 and 3, respec-
tively.

Leakage energy is the energy of the pumping source
absorbed by the emitter. In Figs. 6(a) and (b), the decou-
pled spectrum, ‘“spectrum 1 fitting for configuration 2”
in Fig. 6(a) and “spectrum 1 fitting for configuration 3”
in Fig. 6(b), stand for the leakage spectrum. The energy of the
leakage spectrum in Fig. 6(a) and (b) is the leakage energy.
The emission energy is generated by the process of absorp-
tion and conversion of the emission source. The conversion
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process is described in the following equation:

[Emission energy | = [Absorbedenergy|
- [Conversion efficiency of emission source]  (16)

Therefore, the conversion efficiency of the emission source
is easy to obtain, as the emission energy and absorbed
energy are calculated. In this case, as shown in Fig. 6(a),
the absorbed, leakage, and emission energies of the emis-
sion source 1 are 250.83, 212.38, and 57.49 mW, respec-
tively. Similarly, the absorption, leakage, and emission
energies of emission source 2 are 204.64, 142.22, and
103.68 mW, respectively. The values of the conversion
efficiency (Ex1—x2,system and Ex1—33 system) are 84.6% and
68.31% for emitters 1 and 2, which are calculated from
Fig. 6(a) and (b), respectively. SP1(%), SP2(%), and SP3(})
can be expressed as follows:

SP1 (1) = 1) (17)
(A+C)’
apr sy _ 2P
) = —gF (18)
SP3 (1) = L), (19)

where P1_c(A) is the spectrum of configuration 1(c), P2_b(})
is “spectrum 2 fitting for configuration 2” in configuration 2,
and P3_b(X) is “spectrum 2 fitting for configuration 2” in
configuration 3.

All parameters of the energy transfer from the pumping
source to the emission source are obtained from the treat-
ment of configurations 1, 2, and 3. Then, the parameters
of the energy transfer from emission source 1 to emission
source 2 are the most critical parameters needed, including
Ej2-53,system and A(A). To determine the absorption of the
emission source 2, A()), the following two steps are neces-
sary: (1) decoupling based on the principle that the photons
have a longer wavelength that is not absorbed and (2) calcula-
tion of the absorption curve by dividing the decoupled spec-
trum and the spectrum of configuration 2, which is composed
of the pumping source and the only emission source.

For configurations 4, 5, and 6, the spectrum with two
emitters can be expressed as

Spectrum (1) = (@SP1 (1) +BSP2 (1) —A (1))
+¥SP3 (1), (20)

where «, 8, and y are the radiation power of SP1()), SP2(}),
and SP3(1), respectively. «SP1(1) + BSP2(}) is the compo-
sition of configuration 2, and «SP1(1) + BSP2(A) — A(X)
can be regarded as the spectrum of configuration 2 absorbed
by emitter 3. Thus, the first step is not affected by the long-
wavelength part affected by the absorption spectrum is decou-
pling first. The decoupling process is shown in Fig. 7 (a).
First, based on SP3 (1) as the base, the long wave band
of 650-700 nm is configured using configurations 4, 5, and
6. The combined result is “long wavelength fitting for con-
figuration 4,” “‘long wavelength fitting for configure 5,” and
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FIGURE 8. Analysis of absorption curve from long-wavelength-eliminated
spectrum of configuration 4, 5, and 6.

“long wavelength fitting for configure 6.” According to the
fitting result, the radiated power y of configurations 4, 5, and
6 can be obtained, as shown in Table 2.

After the long wavelength fitting is deducted, the spectrum
of configurations 4, 5, and 6 is shown in Fig. 7(b). Although
the combination of pumping source and emitter 2 is the same
as that for configuration 2, the spectrum is affected by the
unequal absorption of emitter 3. The decoupling of the short
wavelength and emitter 2 occur as a result of inconsistent
spectral types. Through Gaussian spectrum fitting, the SP1(1)
and SP2()1) absorbed by emitter 3 can be calculated, and
Ej2-33,system 18 calculated accordingly.

Calculation results such as table 2, E;»_, 3, system is about
73.5%.

C. RESULT OF ABSORPTION CURVE

The absorption energy at each wavelength is obtained by
the method where the spectrum of configuration 2 reduces
the decoupling spectrum of configurations 4, 5, and 6.
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FIGURE 9. Inference (a) Lumen value (b) NTSC (c) demonstration of the
spectrum, these results indicate all possible solution with the control
parameter | = 0-1 and w = 0-10.

Furthermore, Fig. 8(a) shows the absorption curve obtained
by dividing the absorption energy with the spectrum of con-
figuration 2. Fig. 8(a) also shows three different absorption
curves mainly because the amount of the emission source
2 has a different quantity of absorption energy.

The curves in Fig. 8(a) indicate that the characteristic of
the absorption ratio differs with the wavelength. It relates
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TABLE 2. Numerical analysis of multi-down-conversion efficiency.

Configuration analysis Configuration 2

Configuration 4

Configuration 5

Configuration 6

Total power (mW) 269.88
Energy of SP3 (A), y (mW)

Absorbed SP1 (A), (mW)

Absorbed SP2 (1), (mW)

Energy of SP3 () from SP1 (1), (mW)

Energy of SP3 () from SP2 (}), (mW)

Efficiency of SP2(A) to SP3()), Ex23.system

223.28

102.74

38.70

103.87

26.44

76.30

73.5%

226.40

109.12

39.55

111.91

27.01

82.10

73.4%

230.07

109.99

37.20

115.06

25.41

84.58

73.5%

TABLE 3. Numerical analysis of multi-down-conversion efficiency for various operating powers.

Operating power (W) Resonant loss Cross-talk loss
1 31.2% 10.1%
1.5 31.4% 10.5%
2 31.1% 10.3%
2.5 31.8% 10.2%
3 31.5% 9.9%

Quantum loss 1
(1-En1-2,system)

Quantum loss 2
(1-Ex1-3,system)

Quantum loss 3
(1-Es293 system)

15.4% 31.7% 26.5%
15.1% 31.6% 26.4%
15.3% 31.8% 26.6%
15.5% 31.7% 26.6%
15.4% 31.8% 26.5%

with the characteristic of the material of emission source 2.
To quantize the absorption of emission source 2, we present
the hypothesis of the absorption model as a schematic
in Fig. 8(a). The energy absorbed a fixed ratio as the absorb
curve by the emission source 2 because the rays pass through
this emission source. In the assumption of the absorption
model, the total absorption ratio, At, can be written as

[total absorbed ratio] = At = Agygem [1 — (1 —A)],  (21)

where absorption A represents the absorption ratio for every
particle of the emission source, and the weight index, symbol
n, stands for the effective time of absorption. In addition to
the above parameters, the absorption curve is also affected
by the device system. The fixing intern Agygen is added to
equation (21). To analyze the parameters of the absorption
curves, equation (21) can be written as follows:

In(1—At) =n-in(1—A) +1In (Asystem) (22)

In equation (22), an important parameter is n, which is related
to the weight index w for fitting with the absorption curve.
To clarify the issue of the weight index, the assumption
of the excitation model is presented as equation (23). The
excitation times of the emission source n is affected by optic
length (OL) and the pumping probability. OL is the factor
determined by the package system. Then, the pumping prob-
ability is related to the sum of the volume of the emission
source (v) and the system volume (V). Then, considering the
mechanism of the excitation of the emission source, we find
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that the excitation is proportional to the surface area of the
emission source, and the fixing item 42 /(4/3713) is added
to equation (23).

2
v ) drcr 23)

n = OL (—
V/\%ar3

[OSTEN

where the effective radius of the emission source r is equal to
(3v/4N7)!'/3, and the parameter N is the quantity of phosphor
particles. Then, equation (23) can be arranged as follows:

= ()()

n= Cw (25)

where C = OL-3%/3.(4Nx) (1/3)/Vd?*/3, d represents the
density of emission source, and w represents the weight of
the emission source. Then, based on the above derivation,
equation (22) can be rewritten as

(24)

In(1-At) = Cw2/3 In(1 — A) + In(Agysrem)- (26)

Thus, the mathematical equation for absorption At and the
amount of emission source w can be observed. To simplify
the equation, we combine the parameters of C and (1 — A) as
C’. The equation can be rearranged as follows:

’ 2/3
In(1 =AY = C" > + In (Agysiem) 27)

2
At =1 —exp I:C/W 73 + ln(Asystem):| (28)
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D. PERFORMANCE PREDICTION
After completing the above decoupling and fitting projects,
we can obtain the complete module parameters and indepen-
dent performance of each material in the mini-LED system,
as shown in Table 3. From the results of Table 3, the different
operating powers do not significantly affect the difference in
the energy loss of the mini-LED module. The light conversion
efficiency is mainly considered when measuring the value
of Pp_rEp - Except for this factor, all conversions and losses
between light energy are not affected by the operating powers.
According to Table 3 and spectrum simulation, we can
perform performance modeling of this module, as shown
in Fig. 9, through the spectrum composition formula in
section 2. The potential performance of the module of this
material combination can be calculated, and the performance
of CIE-x and CIE-y on color saturation (NTSC) and bright-
ness (Im) can be predicted.

V. CONCLUSION

This measurement system introduces the principle of DCLE
as the main principle of the decoupled spectrum and com-
bines it with theoretical and experimental measurements,
which can effectively overcome the distortion caused by the
difference between the traditional simulation and material
parameter measurements and the sample itself. Thus, we can
measure the energy conversion loss and material parameters
of the mini-LED array and predict the potential performance
of this mini-LED combination.
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