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Compared with rare earth elements and heavy metal elements, rare-earth-element-free fluorescent films

can greatly reduce environmental hazards. In this study, we use a solution method to produce the
fluorescent films. The film thickness is 10 um, which can maintain fluorescent light intensity in an
environment with an average humidity of 55.1 (RH%) after encapsulation. We also find that the type of

solvent affects the resonance position of the C=N functional group in DCJTB at a wavenumber of 2196
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(cm™Y), measured with Fourier transform infrared spectroscopy. The functional group is affected by the

polar effect with its displacement decreasing with the quantum yield. Finally, we successfully made
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1. Introduction

Since 1996, Nichia has used YAG phosphors (Y;Al;04,: Ce;
yttrium aluminum garnet) with InGaN blue wafers to produce
white light-emitting diodes (LEDs).'* The research on phos-
phors has attracted increasing attention.*® Recently, due to the
emphasis on LEDs' high color rendering index (CRI), doping
elements have gradually transformed from Eu(m), Ce(m), and
Tb(m) into Mn(v),>** which has a stable red-light emission.
However, phosphors still have lifetime and efficiency prob-
lems.™ At the same time, the fluorescent materials of organic
and quantum dots (QD) have developed rapidly after more than
30 years of evolution.” Ir(m)-containing organic fluorescent
materials and Cd-containing QD materials are easy to synthe-
size—their synthesis has high efficiency and a high CRIL'™"
After solving the stability problem, Ir(ur)-containing organic
fluorescent materials and Cd-containing QD materials gradu-
ally gained popularity. However, although the organic light-
emitting diodes and QDs doped with rare earth elements and
heavy metal elements can have high efficiency’*** on the
market, they can harm human health and the environment. The
availability of raw materials is also limited. Elements are
expensive, the manufacturing process is complicated, and the
material recycling capability is limited.**>*

Regarding material emission,* the carrier spin statistics
imply that the development from a singlet-emitting polymer®® to
a triplet-receiving small molecule material®” will increase the
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a fluorescent solution with a resonance displacement of only 12.8 (cm™?) for the C=N functional group
with the quantum yield being as high as 81.3% and a fluorescent film with a quantum yield as high as 84.8%.

internal quantum yield from 25% to 100%. However, the small
molecule size and thermal evaporation process likely cause the
emission point's isotropic orientation distribution, which
severely limits the light output coupling efficiency and overall
device performance.?®** This research reported here focuses on
the red-light conversion layers for LEDs and displays.***' We use
the improved organic fluorescent dye 2-tert-butyl-4-(dicyano-
methylene)-6-[2-(1,1,7,7-tetramethyljulolidin-9-yl)vinyl]-4 H-
pyran (DCJTB), developed by Kodak, and uniformly mix dyes
with polymers through a solution process to produce a red-light
film.*>** Because the polymer polyvinylpyrrolidone is the film's
host, the fluorescent dye can be evenly distributed in the film.
Additionally, the film does not contain heavy metals or rare
earth elements that are extremely harmful to the human body
and to the environment. Using Fourier-transform infrared
spectroscopy (FTIR) to measure the resonance position of the
C=N functional group of DCJTB in various solvents reveals the
relationship between the fluorescent dye functional group's
resonance position and the dye's efficiency. Fortunately, we
successfully make the fluorescent film with a quantum yield as
high as 84.8%. Because this film has high quantum yield, it can
be used as the red color conversion layer and used in LED
displays. The main purpose of such an idea is to overcome the
problem of mass transfer. According to Dawson's use of color
conversion technology to achieve a miniature light-emitting
diode technology suitable for mass production, we look
forward to using this high quantum yield fluorescent film in
micro-LED displays. Using this film enables us to utilize the
GaN-based light emitting diodes that typically have better
performance than organic LEDs.?*%

© 2021 The Author(s). Published by the Royal Society of Chemistry
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2. Results and discussion
2.1 Materials and methods

We used acetone, isopropanol, and deionized water to remove
organic matter in the glass bottle. First, we added 10 ml of the
solvent to the bottle. Then, we added the fluorescent dye and
stirred until achieving uniformity. Finally, we added 3 g of the
polymer polyvinylpyrrolidone with a K value (the relative
viscosity value) of 40 and mixed until no sediment remained.
This completes the solution's configuration. Next, we used
acetone, isopropanol, and deionized water to clean the glass
substrate. We used a spin coater to deposit the fluorescent
solution, using an initial speed of 1000 rpm for 10 seconds and
a final speed of 4000 rpm for 40 seconds to form a flat film on
the glass substrate. Then, we used the hot plate to evaporate the
excess solvent and water vapor to complete the fluorescent film.
The film is measured via two major steps. The first is measuring
the absorption and excitation spectra via an integrating sphere
with a 460 nm blue LED and a spectrum analyzer, then calcu-
lating the quantum yield. The second step is measuring the
resonance position of the functional group with a FTIR and
then analyzing the relationship between the quantum yield of
the fluorescent solution prepared with various solvents and the
functional group's subsequent resonance position.

2.2 Fluorescent solution

The fluorescent solution prepared using various solvents is
calculated with the quantum yield formula under the same
dosage of 20 pl. The calculated quantum yield value appears in
Table 1. The calculation is based on formula (1). Quantum yield
of fluorescent solution with methanol (MeOH), ether and
methanol (in a 7 : 3 ratio), dichloromethane (DCM) and chlo-
roform (CHCl;) are 19.9%, 32.3%, 81.3% and 61.8%, respec-
tively. In contrast, we find DCM is the best solvent for making
fluorescent solution.

_ # photons emitted
~ # photons absorbed

(1)

We also use another common red fluorescent dye DCM2,
which is modified from the DCM (4-(dicyanomethylene)-2-
methyl-6-(4-dimethylaminostyryl)-4H-pyran) structure of the red
fluorescent material first developed by Kodak and can increase
the emission wavelength to 650 nm. Table 2 compares the
solution quantum yield of DCJTB and DCM2 fluorescent solu-
tions, DCM2 is 79.6% and DCJTB is 81.3%. In contrast, DCJTB

Table 1 Fluorescent solution with various solvents and their solution
quantum yield

Solvent Quantum yield/%
MeOH 19.9
Ether-MeOH_7 : 3 32.3
DCM 81.3
CHCl, 61.8

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The quantum yield of DCJTB and DCM2 fluorescent solution

Fluorescent

dye Quantum yield/%
DCJTB 81.3

DCM2 79.6

fluorescent solution has a higher quantum yield. The solvent of
the two fluorescent solutions is 20 pl of DCM.

2.3 Fluorescent film

We measured the fluorescent film's emission light spectrum.
The detailed parameters are as follows. The light source is
a commercial 460 nm blue LED with a current of 1 A, a voltage of
5V, a preheating light source time of 100 ms, and a light-source
irradiation time of 75 ms. Fig. 1 shows the red light's emission
light spectrum. After 50 s of spin coating and 30 min of baking
at 45 °C, the fluorescent film is complete. The sample's struc-
ture appears in the upper left corner of Fig. 1.

Table 3 shows the film quantum yield of using 10 ml of
dichloromethane as a solvent with various amounts of fluores-
cent dyes. 5 mg of fluorescent dyes can produce a film quantum
yield up to 84.8%.

2.4 UV-encapsulation method

High humidity hinders the preservation of organic products, so
we used a simple UV-encapsulation method to experiment the
preservation effect. In a low-oxygen environment, we glued the
two film samples together with UV glue and irradiated them
with a 430 mW UV lamp for 10 seconds to cure the UV glue. We
measured the light intensity daily and compared it to the film
without encapsulation. The schematic diagram of the encap-
sulation is shown in Fig. 2.

Fig. 3 compares the 2 month measurement chart with the
encapsulated and unencapsulated sample film and the daily
humidity changes. The lower right of Fig. 3 shows the humidity
change over 50 days, with an average humidity of 55.1 (RH%).
The encapsulated film is placed in the atmosphere, and its light
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Fig. 1 The spectrum of the fluorescent film's emission light under
460 nm blue LED, and the schematic of red fluorescent film.
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Table 3 The quantum yield of fluorescent film with various dye
weights

Film quantum

Dye weights/mg yield/%
4.0 69.7
5.0 84.8
6.0 62.3
7.0 54.1

Glass substrate

| UV glue

Fig. 2 UV glue package structure diagram.
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Fig. 3 Intensity changes and daily humidity of sample film with and
without encapsulation.

intensity can be maintained at a certain value. The light
intensity declines after 2 months. In comparison, without
encapsulation, the film dropped to almost no fluorescent light
within one week due to moisture in the atmosphere.

2.5 The relationship between basic group resonance and
quantum yield

The molecule's polar part vibrates when it absorbs infrared light
corresponding to its vibrational energy level. With this mecha-
nism, the fluorescent dye molecule’'s structure can be measured
with an FTIR, and the dye's characteristics can be analyzed via
the specific structure. FTIR was used to measure the absorption
position of the characteristic functional groups of the organic
fluorescent dye DCJTB in various solutions. The FTIR spectra
are shown in Fig. 4. Comparing the infrared spectrum and the
dye's molecular structure reveals that the C=N functional
groups in the dye chromophore are in resonance positions in
various solvents. Superimposing the peak positions of the C=N
functional groups in the four solvents reveals slight deviations
in the peaks. The values are listed in Table 4. The displacement
is calculated by subtracting the functional group resonance
position (2196 cm™"') of the organic fluorescent dye in the
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Fig. 4 FT-IR spectrum in various solvents.

powder state from the functional group resonance position in
the organic fluorescent solution state.

Comparing the quantum yield value in Table 1 and the
displacement value in Table 4 reveals that they have good
correspondence. It is further shown in Fig. 5 for the relation
between resonance displacement of the functional group vs. its
quantum yield under various solvents. The peaks of functional
groups in the solution state dyes all shifted toward the longer
wavelength. Among them, solvents with larger polarity have
larger shifts and smaller quantum yield values. Solvents with
smaller polarities have less displacement and larger quantum
yield values, which can reach 81.3%. Thus, the dye chromo-
phore's functional group is greatly affected by the solvent. The
solution with a high polarity increased the molecule's chemical
bond length and decreased the bond's force constant K, which
reduces the frequency of stretching vibration and causes the
shift in red absorption. The results reveal that the solution with
the higher quantum yield value is brighter red, and it is very
easy to dissolve the organic fluorescent dye. For solutions with
lower quantum yield, the solution is dark red because the
increase in solvent polarity decreases the energy of the chro-
mophore ® — w* transition, which leads to a shift of the
absorption spectrum toward red and a decrease in quantum
yield.

Although ether has extremely high solubility for fluorescent
dyes and the solvent also presents a brighter red color, it cannot
dissolve polymers. Therefore, it is mixed with alcohols to get
better solubility for polymers. Comparing ether-MeOH_7 : 3
with MeOH in Tables 1 and 4, it is found that the quantum yield
of ether-MeOH_7 : 3 is higher, and the resonance displacement

Table 4 Fluorescent solution with various solvents and the resonance
displacement of the functional group®

Solvent Peak/cm ' Displacement/cm "
MeOH 2211.4 15.4
Ether-MeOH_7 : 3 2210.6 14.6
DCM 2208.8 12.8
CHCl; 2210.4 14.4

“ Displacement = peak_solvent — peak_DCJTB (2196 cm )

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 The relation between resonance displacement of the functional
group and the solution quantum yield.

of the functional group is also smaller. In this study, we
experiment on four solvents: MeOH, ether-MeOH_7 : 3, DCM,
and CHCl;. Among them, DCM gives the highest quantum yield
and the smallest resonance displacement of the functional

group.

3. Conclusions

Improving the quantum yield of rare-earth-free fluorescent
films can help in developing the red color conversion layer and
used in LED displays. We use no rare-earth elements to make
red fluorescent film that can maintain a light intensity for 50
days in an environment with an average humidity of 55.1 (RH%)
through a simple encapsulation method. We also tested the
dye's characteristics in various solvents. The FTIR measurement
of functional groups shows that the fluorescent dye DCJTB has
a C=N at a wavenumber of 2196 (cm ') functional groups.
Overlapping the positions of C=N functional groups measured
in various solutions shows that the positions of functional
groups will shift due to the solvent effect. A solution with high
polarity increases the molecule's chemical bond length and
decreases the bond's force constant K, so the stretching vibra-
tion frequency decreases and is inversely proportional to the
measured quantum yield value. Therefore, to increase the
quantum yield value, the resonance position of the functional
group must be closer to the original organic fluorescent dyes.
Finally, using dichloromethane with a strong polarity as the
solvent of DCJTB can produce only 12.8 (cm ™) of the resonance
displacement of the C=N functional group with the quantum
yield as high as 81.3% and a fluorescent film with a quantum
yield as high as 84.8%.
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