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ARTICLE INFO ABSTRACT

Handling Editor: Prof. Joong Lee High color purity of quantum dot organic light-emitting diodes (QD-OLEDs) can be achieved by blue OLED light
to stimulate pixelized green and red QDs within a color conversion layer, providing high color conversion ef-
ficiency in commercialized displays. However, enhancing external quantum efficiency (EQE) and minimizing
blue light leakage remain significant challenges. To resolve these issues, we have developed an organic-inorganic
composite system comprising quantum dots (QDs), liquid crystal (LC), polymer, and inorganic nanoparticles, like
titanium dioxide (TiO3). The best EQE was enhanced by ~81.9% when TiO; of 6 wt%. More importantly, the
EQE was enhanced by ~58.6% when TiO; of 3 wt% while TiO5 nanoparticles were well-dispersed and stable
without aggregation for more than 3 days, which is crucial for preventing nozzle blockages during inkjet printing
in manufacturing processes. We believe our innovative approach is promising for boosting color conversion
efficiency by exciting highly concentrated green and red QDs with blue light while also overcoming inherent
fabrication hurdles associated with high concentrations of inorganic scatterers.
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1. Introduction

The pursuit of authentic color representation through display devices
is an ongoing endeavor. Non-emissive liquid crystal displays (LCDs) [1],
which use color filters to display colors, can enhance color purity by
incorporating a red and green colloidal quantum dot (QD)-embedded
polymer film on a backlight unit. For instance, QD enhancement films
(QDEFs), composed of red and green QDs dispersed in a polymer matrix,
have been inserted between an LC panel and a blue LED backlight to
expand the color gamut of LCDs [2,3]. Emissive organic light-emitting
diodes (OLEDs) demonstrate superior color gamut compared to LCDs
without QDEFs due to their light-emitting organic materials’ narrow full
width at half maximum (FWHM) of approximately 50 nm. Colloidal
QDs—nano-sized crystalline semiconductors within the exciton Bohr
radius range that exhibit quantum confinement effects—are among the
most promising materials for achieving high-color-purity displays due to
their exceptional characteristics such as narrow FWHM (<50 nm), high
quantum yield (>80%), thermal and photostability, and compatibility
with solution processes like inkjet printing [4,5]. Recently,
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commercialized QD-OLEDs have leveraged the photoluminescence (PL)
of QDs. A combination of a blue OLED with pixelized green and red QD
layers has emerged as an effective method for enhancing color
gamut—converting blue OLED light into green or red light within each
pixel while allowing unconverted blue light to pass through non-QD
pixels for blue pixels. However, even though the blue light passes
through the color conversion layer, some portion penetrates without
undergoing Stokes shift. This unconverted blue leakage interferes with
achieving high-color-gamut in green and red pixels. To improve the light
conversion efficiency, the blue light leakage ratio must be controlled,
which can be determined as,

1
Blue leakage :I—B x 100 (%), €y
0

where Iy and Iy denote the measured intensity of blue light before and
after passing through the QD layer, respectively. If the ratio does not
reach 0%, the unconverted blue light causes color-mixing issue, corre-
lated with emitting green and red light. In this case, color filters must be
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placed above the QD layers to eliminate the blue light and to complete
the color conversion leakage in commercialized QD-OLEDs. However,
the color filters cause extra fabrication processes and cost. For analysis
on the color-mixing issue and low efficiency of the color conversion,
defining external quantum efficiency (EQE) helps quantify the phe-
nomena based on the formula,

I
e :% x 100 (%), @)
0

where Ip;, denotes photoluminescence (PL) intensity after experiencing
QD layers. To enhance EQE as well as to decrease blue leakage, the
incident blue light needs to be fully absorbed by QD layer and the
absorbed light should be efficiently converted to emitting light. The
absorbance of the layer is governed by Beer-Lambert’s law as follows,

A=¢ecd =log T 3)

where ¢, ¢, d, and T denote absorbance coefficient of QDs associated with
internal photoluminescent quantum yield (PLQY), concentration of QDs,
the layer thickness, and transmittance, respectively. Increasing PLQY
directly influences high absorbance, which can be done by developing
the QDs from a material perspective. Increasing concentration or layer
thickness must be good approaches for enhancing absorbance; however,
certain limitations may exist due to concentration quenching effects [6]
or practical restrictions to increase the layer thickness, respectively.

Previous studies to elaborate this issue proposed surface modifica-
tions or scatterer addition techniques [7-13]. In case of surface modi-
fication, however, this method often requires specialized treatments for
large-area uniformity. A more practical strategy involves forming scat-
terers inside the QD color conversion layers—increasing optical path
length within this layer in three dimensions enhances absorption prob-
ability by unconverted incident lights for high EQE and low blue leakage
ratio. To implement the idea, some approaches have been reported such
as forming a mesoporous structure in a QD film or dispersing inorganic
nanoparticles having a high refractive index in a QD film [7,9,10,
12-14]. One effective method involves using TiOz nanoparticles as
scatterers; however, adding these particles can cause significant prob-
lems during inkjet processes such as nozzle clogging or increased
mixture viscosity due to particle aggregation or precipitation, which is a
fatal flaw. Here, in our work, we propose using liquid crystal-polymer
(LC-P) composites as scatterers in QD color conversion layers via
polymerization-induced phase separation (PIPS) methods. This
approach is highly effective to lower added amount of TiO; in the
mixture because the LC droplets are formed as scatterers. LCs can reduce
aggregation issues, which seem to be caused by high concentration of
inorganic particles, and can reduce mixture viscosity, thereby avoiding
critical challenges during inkjet processes. Consequently, this system
increases optical path length within the conversion layer allowing more
QD particles that can be involved in Stokes shift while reducing residual
unconverted blue leakage. We also examined the correlation between
blue light scattering and EQE using the Rayleigh-Gans approximation.
The size of the LC droplets, which can be adjusted by altering the con-
centration of LCs and UV irradiance conditions (intensity and exposure
time), significantly influences blue light scattering properties. We found
the QD-LC-P system allows us to achieve high EQE, and remarkably,
even higher EQE can be achieved by the combination of these organic
scatterers and small amount of TiO; particles, thereby avoiding aggre-
gation, precipitation, and clogging during inkjet processes while main-
taining high EQE.

2. Results and discussion
2.1. Quantum dot-liquid crystal-polymer (QD-LC-P) composites

Efficient color conversion layers can be fabricated through a solution
process, which involves preparing homogeneous mixtures of LC,
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prepolymer, and QD-toluene solution, followed by injecting this mixture
between sandwiched glass substrates. The fabrication process for QD
color conversion layers is depicted in Fig. la. After evaporating the
toluene from the mixture in a vacuum, the resultant substance is injected
into empty unit cells via capillary force. To evaluate the color conversion
efficiency based on optical scattering achieved by LC-polymer compos-
ites, we maintained consistency in the film thickness to exclude any
effects related to the cell thickness as presented in Equation (3). The
average cell gap of the samples was measured at 12 + 0.52 pm (Fig. S1),
indicating consistency in unit cell thickness. We executed PIPS via UV
irradiation to form optical scatterers of LC droplets within a polymer
matrix. This represents the color conversion layer in QD-OLEDs as
illustrated in Fig. 1b. As blue light propagates through this color con-
version layer, optical scattering occurs at the interface between LC (E7)
and polymer (NOA65) due to differences in refractive index (ng; =
1.5962 and nyoaes = 1.524, Experimental Section) as shown in Fig. 1c.

Optimizing both backward and forward scattering is essential for
increasing the optical path length, which in turn enhances color con-
version efficiency and reduces blue light leakage within the color con-
version layer. Generally, LC and polymer (LC-P) composites
predominantly exhibit forward scattering [15-19]. Montgomery Jr. and
colleagues have reported that in polymer-dispersed liquid crystal
(PDLC) systems, backward scattering is dependent on the ratio of droplet
size to wavelength, as explained by the Rayleigh-Gans approximation
[20]. The ratio of light scattering to the backward hemisphere can be
expressed as,

B :Nv{ibd: @‘m _ 1‘2 (%) |:<Db(ktl):| (4)

ka

where Ny, op, and d denote the number of droplets per unit volume, the
cross-sectional area of backward scattering, and the film thickness. And
m = nyc/np, which is the refractive index ratio of LC to polymer; a is the
radius of LC droplets; 1 is the wavelength of the incident light; and v is
volume fraction of LC droplets. Ny, o}, and &, can then be expressed as,
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where kg is related to the scattering angle 6 between the propagation
direction of the incident light and the scattered light where it can be
described as k; = 2k sin % The correlation factor 8 is 0 in the case of
single scattering by a LC droplet, and 1 when correlation between
scatterers is considered for multiple scattering events per droplet. The

detailed correlation of scattering between droplets was discussed with h
(ks, v, @) [21]. When 8 = 0, backscattering will linearly increase while
maintaining the droplet size associated with maximum backscattering as
the volume fraction of LC droplets increases. When considering droplet
correlation = 1, the droplet size associated with maximum backscat-
tering slightly shifts as the volume fraction increases. Assuming a
non-absorbing and closed system, energy conservation necessitates T =
1 - B where T represents the fractional light transmitted without scat-
tering. Based on theoretical and experimental work, the fractional
backscattering power B is maximized when the droplet radius a ranges
from A/5 to 1/7 while the volume fraction of droplets 5 ranges from 0.5
to 0.1 (Fig. S2) [20].

The scenarios of forward and backward scatterings or only forward
scattering, which may represent analogies to Rayleigh and Mie scat-
tering respectively, are illustrated in Fig. 1d. Even though blue light
interacts with the color conversion layer and undergoes scattering, if
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Fig. 1. Enhancement of color conversion efficiency in QD-OLEDs. (a) Schematic illustration of the fabrication process for a color conversion layer using quantum dot-
liquid crystal-polymer (QD-LC-P) mixtures. (b, ¢) Schematic illustrations depicting the proposed LC scatterers with optical scattering within a color conversion layer.
(d) Cases demonstrating occurrences of both backward and forward scatterings, or only forward scattering. (e) Schematic illustration showing how increased
backward scattering lengthens the optical path within the composite layer, thereby increasing the probability that light interacts with QDs. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

some portion of blue light is unconverted, unconverted blue light and
converted light of each color emerge together and color mixed. We
illustrate the schematic of light scattering caused by LC droplets in a
polymer matrix when exposed to blue light in the color conversion layers
in Fig. 1e. Note that this depiction exclusively focuses on the expression
of converted light by QDs, disregarding absorbed or scattered light. In
cases where the size of LC droplets is comparable to or larger than the
wavelength of the incident light, the light predominately scatters for-
ward. Conversely, when the droplets’ size is smaller than the wavelength
of the incident light, both backward and forward scattering occur,
thereby extending the optical path. This extension increases the likeli-
hood of interaction with QD particles, suggesting that a greater pro-
portion of incident light can be effectively converted by QDs. We

anticipate that achieving the maximum level of backward scattering will
result in the highest light conversion efficiency.

2.2. The droplet size effect in scattering property of LC-P composite films

Building on theoretical foundations, we firstly carried out an analysis
on PDLC unit cells of various droplet sizes, specifically those that do not
contain QDs. The fabrication procedure for these was identical to that
for QD color conversion films, with the sole difference being the absence
of QDs in the mixtures. Factors such as UV irradiance and exposure time,
LC concentration, and temperature significantly influence the size of LC
droplets in PDLC films; these factors are detailed in Table 1. As shown by
polarized optical microscopy (POM) images (upper-right insets of

Table 1

Sample condition of LC-P and QD-P composites with UV irradiance, exposure time.
Samples S11° S12 S13 S14 S15 S16 S17 S18 S19 S21R"* S22R S23R S24R
QD/[wt%] - - - - - - - - - 10 20 30 40
E7/[wt%] 40 40 40 60 60 60 80 80 80 - - - -
NOA65/[wt%] 60 60 60 40 40 40 20 20 20 90 80 70 60
TiOy/[wt%] - - - - - - - - - - - - -
UV irradiance/[mW/cm?] 5 20 150 5 20 150 5 20 150 150 150 150 150
UV exposure time [sec] 1200 300 40 1200 300 40 1200 300 40 40 40 40 40

2 §11-S19: LC-P.
b $21-S24: QD-P.
¢ R: red QD.
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Fig. 2. Blue leakage ratio of LC-P composites based on changes in LC concentration. (a—i) Scanning electron microscopy (SEM) images of polymer matrices after the
removal of LCs, reflecting changes in the composition of LC:P (E7:NOA65) and UV irradiance across samples S11-S19. The histograms in the lower-left insets indicate
droplet size distribution as measured from SEM images, while polarizing optical microscopy (POM) images are displayed in the upper-right insets. Scare bars are 10
pm. (j) Schematic illustration of the optical setup for measuring external quantum efficiency (EQE) and blue light leakage ratio based on the wavelength of 435 nm.
(k) Measurements of blue light leakage for LC-P composite samples S11-S19. (For interpretation of the references to color in this figure legend, the reader is referred

to the Web version of this article.)

Fig. 2a-i), smaller LC droplets (a < ~ 100 nm) appear more bluish than
larger ones (@ > ~ 100 nm) within polymer matrices from which LCs
have been removed due to scattering at this length scale. Scanning
electron microscopy (SEM) images reveal variations in porosity within
polymer morphology as depicted in Fig. 2a—i. The lower-left histograms
within Fig. 2a-i and data provided in Table 2 offer information about
droplet size distribution as measured from SEM images.

Based on the POM images taken from the real samples and theoret-
ical framework on droplet size dependence on PIPS, we verified that an
increase in LC concentration coupled with a decrease in irradiance of UV
results in larger droplet size. This phenomenon can be attributed to a
decrease in the polymerization rate and crosslinking density among
prepolymer molecules when either the prepolymer concentration or UV
intensity is reduced. In other words, as LC concentration increases, the
droplet size increases because of the high fraction of LC. When UV in-
tensity gets weak, the droplet size gets bigger because the polymeriza-
tion rate is reduced [22,23]. Meanwhile, an intriguing observation was
made with sample S19, which bore a resemblance to lunar craters. We
interpret this as being due to high UV irradiance and high LC concen-
tration triggering large-scale phase separation followed by smaller scale
separation. Additionally, samples S14, S17, and S18 exhibited coexis-
tence of large and small droplet size distributions. This implies a phase
separation mechanism wherein smaller droplets aggregate to form
larger ones [24].

The optical setup for measuring blue light leakage is illustrated in
Fig. 2j. The forward-scattered transmitted blue light is integrated and
quantified to evaluate blue light leakage ratio. As suggested by theo-
retical work, the fractional backward scattering power (B = 1 — T) in-
creases as the volume fraction of LC droplets increases. Backward
scattering can be maximized assuming that the radius a is approximately
1/5 and that the volume fraction of the system ranges from about 0.4 to

0.6 — similar to the range of LC concentrations used in our experiment.
We note that when the correlation effect is high (8 ~ 1), the droplet size
contributing to maximum scattering shifts as the volume fraction in-
creases. However, when $ ~0, the droplet size contributing to maximum
scattering remains almost consistent despite changes in volume fraction.
In our experiment, sample S16 exhibited minimal blue light leakage as
shown in Fig. 2k, with a droplet radius resembling 4/5-87 nm (at 1 =
435 nm). This result aligns well with expectations based on maximizing
backward scattering under conditions involving UV irradiation at 150
mW/cm? for 40 s and weight fraction of the binary composite LG:P is
approximately 60:40.

2.3. Optical properties and color conversion efficiency of QD-LC-P
composite films

Transmission electron microscope (TEM) images and a schematic
illustration of the synthesized red and green InP/ZnSe/ZnS QDs are
presented in Fig. 3a-c and S3a. The TEM images reveal the lattice
structure of the InP core, with the lattice fringes of red QD (RQD) and
green QD (GQD) measuring 0.35 nm and 0.34 nm, respectively. In
Fig. 3d and e, the measured absorption peaks of RQDs and GQDs were
shown, respectively. The emission peaks for RQD and GQD were iden-
tified at 630 nm and 530 nm respectively, with their FWHM measured to
be 41 nm for RQD, and 37 nm for GQD. QDs emit light at lower energy
than they absorb; this energy difference, based on Stokes shift, is a
phenomenon that occurs when electrons are transferred from the singlet
excitation state to the singlet ground state, which represents recombi-
nation of the singlet excitons to emit light [25]. Fourier-transform
infrared spectroscopy (FT-IR) was performed for verifying ligands
attached to QDs (Fig. 3f,g, Fig. S3 and Experimental Section) such as
oleic acid (OA), trioctylphosphine (TOP), and 1-dodecanethiol (DDT) as

Table 2
Measured average radius of LC droplets.
Sample S11 S12 S13 S14 S15 S16 S17 S18 S19
Radii a/[nm] 75+ 3 55+3 40 + 2 670 + 140 200 + 65 90 + 20 1450 + 285 875 £ 245 4340 + 880
275 £ 90 365 + 90 220 £ 45 440 £+ 100

250 £ 55
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Fig. 3. Structures of QDs, EQE, and blue leakage ratio. (a,b) Transmission electron microscope (TEM) images of InP/ZnSe/ZnS: (a) RQD and (b) GQD. Scare bars are
10 nm and 5 nm in the insets. (¢) Schematic illustration of the structure of InP/ZnSe/ZnS QDs. (d,e) Absorbance and photoluminescence (PL) for (d) RQD and (e)
GQD. The excitation wavelength for PL is 435 nm. (f,g) Fourier-transform infrared spectroscopy (FT-IR) spectra for both (f) RQD and (g) GQD. (h-j) The molecular
structures of (h) oleic acid (OA), (i) trioctylphosphine (TOP) and (j) 1-dodecanethiol (DDT). (k) Measurements of EQE of QD-P composite samples $21-524 and blue
light leakage based on the wavelength of 435 nm with changes in RQD concentration. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

shown in Fig. 3h-j. In the case of DDT, S-H vibrational stretching mode
at 2563 cm ! was observed when measuring pure DDT disappears after
treating GQD with DDT (Figs. S3b and c). In case of TOP, several liter-
atures [26,27] reported the peaks for TOP at 1159, 1070, and 1023
cm ™, suggesting C-P peaks of TOP as observed in the yellow region from
1000 to 1100 cm ™! in Fig. S3b for both RQD and GQD. We also measured
EQE and blue leakage of QD-P composites (Table 1) across various QD
concentrations as shown in Fig. 3k. The measurements indicate that EQE
increases while blue leakage decreases as QD concentration increases.
However, EQE appears to saturate around a concentration range of
about 30~40 wt% in QD-P binary composites due to what is known as
concentration quenching effect [6].

To verify the enhancement of EQE by LC scatterers, we prepared QD-
LC-P composites with various LC concentrations as shown in Table 3.
Photographs of the fabricated QD-LC-P in unit glass cells illuminated by
a 455 nm blue light are shown in Fig. 4a. The numbers in Fig. 4a—c
indicate the LC concentrations to the QD-LC-P composites. Changes in
the brightness of the samples are noticeable with the naked eyes, and the
strongest scattering occurs with the sample S35R or S35G (Table 3)
when the weight fraction of QD:LC:P was 15:51:34 (if considering only
LC:P, the fraction is 60:40). As the result shown in the previous section,
the strongest backscattering occurs at this concentration due to the
droplet size met with the Rayleigh-Gans approximation. In Fig. 4a, the
photograph shows PL occurred from the samples under blue light. The

brightness changes because of different scattering in the QD-LC-P layer.
When backscattering is the strongest, more photons were detected by
camera as also seen by eyes. We obtained POM images and PL optical
microscopy images (inset) were obtained for both RQD (Fig. 4b) and
GQD (Fig. 4c) with the optical setup for PL microscopy as schematically
illustrated in Fig. 4d. The converted light is filtered through bandpass
filters at 550 or 650 nm to block unwanted wavelengths. Clear PL images
were obtained, with the brightest images observed. When the LC con-
centration is too low, dark states were observed in POM images due to
the minimal scattering. As the LC concentration approaches the LC
droplet size that produces the strongest backscattering for both RQD and
GQD, brighter states begin to emerge. With further increases in LC
concentration, larger LC droplets tend to be produced, which would
induce more forward scattering than backward scattering.

EQE and blue leakage measurements were conducted on QD-LC-P
composite samples containing RQD (Fig. 4e) and GQD (Fig. 4f), using
a fixed QD concentration of approximately 15 wt%. In both RQDs and
GQDs, EQE increased while blue leakage decreased as the LC concen-
tration increased. Specifically, compared to each binary QD-P compos-
ite, EQE of when using an optimal LC concentration S35R or S35G
(Table 3) is improved by 27.6% (EQE enhanced from 26.0% to 33.1%)
for RQDs and 22.4% (EQE enhanced from 24.5% to 30.0%) for GQDs,
which is consistent with observations made from POM and PL images in
Fig. 4a and b,c. The backscattered light can increase the light path length

Table 3

Sample condition of QD-LC-P composites, cured under UV irradiance (150 mW/cm?) and UV exposure time (40 s).
Samples Ref.R*" $31R¢ S32R S33R S34R S35R S36R S37R

Ref.G" S31G S32G S33G S34G S35G S36G S37G

QD/[wt%] 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0
E7 (conc. to LC-P)"/[wt%] - 17.0 (20) 25.5 (30) 34.0 (40) 42.5 (50) 51.0 (60) 59.5 (70) 68.0 (80)
NOAG65 (conc. to LC-P)°/[wt%] 85.0 (100) 68.0 (80) 59.5 (70) 51.0 (60) 42.5 (50) 34.0 (40) 25.5 (30) 17.0 (20)
TiOy/[wWt%] - - — — _ _ _ _
2 Ref.: QD-P composites.
b R: red QD.
¢ G: green QD.

4 $31-837: QD-LC-P composites.
¢ Concentration when only considering LC-P.
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Fig. 4. Verification of color conversion properties of QDs. (a) Observed photoluminescence (PL) of QD-LC-P ternary composite samples under exposure to blue light
at 455 nm. The numbers in the figures indicate LC concentration of the QD-LC-P composites and, in the parenthesis, LC concentration when considering only the
weight fraction of LC:P. Scare bar is 4 cm. (b,c) POM images of (b) RQD and (c) GQD as the LC concentration varies. The insets show PL microscopy images of QD
films, excited by light at 455 nm. Scare bars are 200 pm (500 pm in the insets). (d) Schematic illustration of the optical setup for PL optical microscopy. (e,f) EQE and
blue leakage based on the wavelength of 435 nm for both (e) RQD and (f) GQD when LC concentrations change and the QD concentration is maintained at around
15%. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

to enhance the color conversion efficiency of QDs by recycling the un-
converted light within the composite layer.

2.4. Scattering properties when TiOg particles added to LC-P composite
films

We mixed TiO, nanoparticles with NOA65 to verify its scattering
properties. We tried various TiO, concentrations to verify the stability of
mixtures for solution processes by injecting into empty cells, which
would be similar to doing inkjet printing in practical manufacturing
processes. After attaching OA to the TiO, nanoparticles (Fig. S4), we
mixed OA-treated TiO5 with toluene, and the OA-treated TiO, concen-
tration was incrementally increased from 2 to 21 wt% as shown in
Table 4. After fabrication of P-TiO, composites by UV cure, upon
exposing samples to 455 nm blue light, brightness was observed to in-
crease along with increasing TiO5 concentration as shown in Fig. 5a. As
the highest refractive index mismatch between polymer matrix and TiO5
brings strong scattering, we used TiO2 with the refractive index of 2.87
at 632.8 nm and average size of 210 nm. When the size of TiO; is
approximately half of light wavelength, the optimum scattering can be
achieved [28]. The bright field images of P-TiOy samples displayed in
Fig. 5b show decreasing brightness with increasing concentrations of
TiO due to images being taken under the transmission mode of POM. In

Table 4
Sample condition of P-TiO, composites, cured under UV irradiance (150 mW/
cm?) and UV exposure time (40 s).

Samples S417  S42 543 S44 $45 546 547

QD/[wt%] - - - - - - -

E7 (conc. to LC-P)°/[wt - - - - - - -
%]

NOAG65 (conc. to LC-P)h/ 98.0 96.0 94.0 92.0 88.0 84.0 79.0
[wt%]

TiOy/[wt%] 2.0 4.0 6.0 8.0 12.0 16.0 21.0

# S41-S47: P-TiO2 composites.
b Concentration when only considering LC-P.

Fig. 5c, blue leakage measurements for P-TiOy composite samples were
conducted. An increase in the concentration of TiO5 led to an almost
linear decrease in blue leakage because of their reflection in visible
wavelength range including the 455 nm blue light.

EQE and blue leakage of QD-P-TiO, composite samples with various
TiO4 concentrations (Table 5) were measured as shown in Fig. 5d and e.
Being agree with the result in Fig. 5c, blue leakage decreases linearly
with increasing TiO2 concentration. However, in terms of EQE, both red
and green QD-P-TiO, composite samples exhibited saturation in the
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Fig. 5. Scattering properties of P-TiO, composite films and color conversion properties of QD-P-TiO, composite films. (a) Scattering observed in P-TiO, composite
samples under exposure to blue light at 455 nm. The numbers in (a) represent the concentration of TiO,. Scare bar is 4 cm. (b) POM images corresponding to each
sample. Scare bar is 200 pm. (c) Blue leakage measurements of P-TiO, composites as a function of TiO, concentration based on the wavelength of 435 nm. (d,e) EQE
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to color in this figure legend, the reader is referred to the Web version of this article.)

Table 5

Sample condition of QD-P-TiO, composites, cured under UV irradiance (150 mW/cm?) and UV exposure time (40 s).
Samples S51R™" S52R S53R S54R S55R S56R S51G° S52G S53G S54G S55G S56G
QD/[wt%] 14.6 14.3 14.1 13.7 13.5 13.2 14.5 14.4 14.0 13.8 13.5 13.2
E7/[wt%] - - - - - - - - - - - -
NOAG65/[wt%] 82.5 80.7 80.1 77.7 76.7 74.8 82.2 81.4 79.5 78.0 76.8 74.8
TiOy/[wWt%] 2.9 5.0 5.8 8.6 9.8 12.0 3.3 4.2 6.5 8.2 9.7 12.0
# §51-S56: QD-P-TiO2 composites.
b R: red QD.
¢ G: green QD.

values at the TiO, concentration of approximately 6 wt%. We discuss
about this phenomenon with three possible reasons. First of all, small
effect of the reduction in QD concentration as TiO, concentration in-
creases in the mixtures might contribute to the EQE. Secondly, TiO,
particles may couple with the QDs, which leads quenching. When the
concentration of QD and TiO; reaches some point, charges may be
transferred from QDs to TiO; particles due to the energy difference be-
tween their conduction bands although the ligands mostly insulate
electron transferring [29,30]. Thirdly, based on the measured absor-
bance of TiOy, the blue light absorption, which seemingly occur near
435 nm as shown in Fig. S5 [31], might slightly contribute to the EQE
saturation.

Consequently, we selected a TiO, concentration less than 6 wt% for
quaternary systems of QD-LC-P-TiO, composite samples to prevent the
concentration quenching while keeping EQE as high as we can expect
via additional LC scatterers as shown in Fig. 6. The sample conditions are
outlined in Table 6. Fig. 6a shows photographs of QD-LC-P-TiO5 com-
posite samples with changes in the fraction of LC with TiO5 concentra-
tion of approximately 6 wt%, which is observed under blue light at 455
nm. POM images in Fig. 6b and c reveal that phase separation occurs

with different phase boundaries as LC concentration increases. Fig. 6d
and e depict EQE and blue leakage for red and green QD-LC-P-TiOq
quaternary composite samples as LC concentration varies. The EQE was
improved by 75.3% (EQE enhanced from 26.5% to 46.4%) for the
sample S63R (Table 6) when the weight fraction of QD:LC:P:TiO, was
14:31.8:47.7:6.5 (if considering only LC:P, the fraction is 40:60), and
81.9% (EQE enhanced from 23.6% to 42.9%) for the sample S63G
(Table 6) when the weight fraction was 14.1:39.8:39.8:6.3 (if consid-
ering only LC:P, the fraction is 50:50), compared to each sample Ref.R
(Table 6) and Ref.G (Table 6) binary composites as shown in Fig. 6d and
e. In case of the QD-LC-P ternary composite samples, the maximum EQE
was achieved with the samples S35R and S35G (Table 3) when the
weight fraction of QD:LC:P was 15:51:34 (if considering only LC:P, the
fraction is 60:40). If considering the fraction of only LC and P for these
ternary and quaternary composites, the maximum EQE, i.e., the opti-
mum LC scatterer size is achieved at different LC concentration with
embedded TiO,. We hypothesize that some fraction of UV light was
absorbed by TiO particles (as the spectrum shown in Fig. S5) during
PIPS process, leading to larger LC scatterer sizes [32,33]. We attempted
to find explanations by examining the morphology of the polymer
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Table 6
Sample condition of QD-P-TiO, and QD-LC-P-TiO, composites, cured under UV irradiance (150 mW/cm?) and UV exposure time (40 s).
Samples RefR™" S61R* S62R° S63R S64R S65R S66R S67R‘ S68R S69R
QD/[Wt%] 15.0 14.1 14.0 14.0 14.1 14.0 14.2 14.5 14.6 14.5
E7 (conc. to LC-P)/[wt%] - - 23.9(30)  31.8(40)  40.1(50)  47.6(60) 559 (70) - 33.0 (40)  49.4 (60)
NOAG65 (conc. to LC-P)"/[wt%)] 85.0(100)  80(100)  55.7(70)  47.7(60)  40.1(50)  31.8(40)  23.9(30)  825(100)  49.5(60)  32.9 (40)
TiO,/[wt%] - 5.9 6.4 6.5 5.8 6.6 6.0 3.0 2.9 3.2
Samples Ref.G™* S61G¢ $62G° S63G S64G S65G S66G $67G" S68G S69G
QD/[wt%] 15.0 14.1 14.1 14.2 14.1 14.1 14.2 14.5 14.5 14.5
E7 (conc. to LC-P)!/[wt%] - 23.9(30) 31.9(40)  39.8(50)  48.0(60) 559 (70) - 32.8 (40)  49.4 (60)
NOAGS (conc. to LC-P)'/[wt%] ~ 85.0 (100)  79.6 (60) 557 (70)  47.8(60)  39.8(50)  32.0(40)  24.0(30)  82.2(100)  49.2(60)  32.9 (40)
TiOo/[wt%] - 6.3 6.3 6.1 6.3 5.9 5.9 3.3 3.5 3.2
2 Ref.: QD-P composites from Table S3.
> R: red QD.
¢ G: green QD.
4 $61, $67: QD-P-TiO, composites.
€ $62-S66 and S68-S69: QD-LC-P-TiO5 composites.
f Concentration when only considering LC-P.
matrix of the sample S16 (Table 1) LC-P binary composite and another scatterer size is made at relatively lower LC concentration because the
LC-P-TiO; ternary composite as SEM images are shown in Fig. 6f and g. higher the UV intensity and the lower the LC concentration, smaller LC
While maintaining the weight fraction LC:P at 60:40, S16 contained no droplets are produced. It is also important to note that the amounts of
TiO4 whereas the other LC-P-TiO, had TiO of about 3 wt%. SEM images TiO4 slightly vary across the samples, making it difficult to attribute
revealed larger pore sizes when TiO, was added (Fig. 6g), compared to maximum EQE solely to the strongest scattering of blue light at a specific

when it was absent (Fig. 6f). With lower UV irradiance, the optimum LC size of LC droplets. However, this discrepancy might be negligible
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because, for example, in the case of RQD, EQE of S63R is higher with
TiOy concentration (6.5 wt%), compared to another sample S65R,
containing the highest TiO, concentration (6.6 wt%).

To further explore the issue of aggregation or sedimentation of
inorganic particles, which can cause significant problems in solution
processes such as solution degradation or clogging of inkjet nozzles, we
examined the mixture solutions of RQD-P-TiO2 and RQD-LC-P-TiO; as
depicted in Fig. 6h. Adding LC to QD-P-TiO2 mixtures enhances the
dispersion of TiO; particles and improves the aggregation issue (Fig. S6).
However, as TiO, concentration increases to reach ~6 wt%, the TiO,
particles aggregate at the bottom of vials. At a concentration of ~4 wt%,
the initially observed one seems promising but after three days, aggre-
gation/sedimentation occurs. For a concentration of ~2 wt%, almost no
aggregation occurs (columns within dotted rectangles in Fig. 6h).
Conversely, when mixed with LCs, aggregation issues improved signif-
icantly as shown in the columns within solid rectangles in Fig. 6h and S6.

Furthermore, high concentrations of TiO; may cause excessive
reflection of external light as observed in Fig. 6a. We checked that a TiOy
concentration around 3 wt% would be almost perfectly stable for most
solution processes and would exhibit less reflection. We also confirmed
that NOA65 provides good miscibility for quaternary mixtures by
experimenting with different types of prepolymers within these mixtures
(Fig. S7). Finally, we measured EQE and blue leakage for QD-LC-P-TiO2
composite samples with approximately 3 wt% TiOo; these measure-
ments are represented by solid and empty triangle markers on Fig. 6d
and e. The EQE was improved by 53.4% (EQE enhanced from 26.5% to
40.6%) for red and 58.6% (EQE enhanced from 23.6% to 37.4%) for
green QD-LC-P-TiOy composite samples compared to their respective
QD-P binary composite samples.

3. Conclusion

QDs are promising materials for next-generation displays due to their
narrow FWHM, high PLQY, and suitability for solution-based processes.
We fabricated QD color conversion films using potential combinations of
either ternary QD-LC-P or quaternary QD-LC-P-TiO, composites. These
composites can generate scatterers, either LC droplets via PIPS method
or a combination of LC droplets and TiO, inorganic nanoparticles. The
results revealed that LC scatterers produced by the PIPS method with a
LC:P ratio of 60:40 can optimally reduce blue leakage due to effective LC
scatterer sizes (—~87 nm). This significant reduction corresponds to
approximately 4/7 where 1 ~435 nm. By incorporating these LC scat-
terers, we achieved notable increases in EQE for ternary QD-LC-P films.
When the weight fraction of LC:P (E7:NOA65) is 60:40, the EQE in-
crements reached approximately 27.6% (EQE enhanced from 26.0% to
33.1%) for RQDs and about 22.4% (EQE enhanced from 24.5% to
30.0%) for GQDs compared to QD-P binary composite films. Moreover,
we successfully developed quaternary QD-LC-P-TiO, composites which
enhanced EQE up to 81.9% (EQE enhanced from 23.6% to 42.9% for
GQD, when the weight fraction of LC:P is 50:50 with TiO5 of 6 wt%) and
58.6% (EQE enhanced from 23.6% to 37.4% for GQD when the weight
fraction of LC:P is 40:60 with TiO5 of 3 wt%). This work offers an effi-
cient approach towards realizing high color-purity displays with mini-
mal usage of inorganic nano-scatterers—ensuring no aggregation occurs
during inkjet printing processes without nozzle clogging or solution
degradation through sedimentation. Our findings not only open avenues
for surpassing existing performance standards set by current QD-OLEDs
but also contribute valuable insights into scattering mechanisms for EQE
enhancement.

4. Experimental Section
4.1. Materials

We fabricated a QD-LC-P composite scatterer using a liquid crystal
(LC) mixture (E7, Ty; = 59-60 °C, n = 1.5962, n. = 1.7464, n, = 1.5211,
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An = 0.2253 at 589 nm, Merck Advanced Technologies Co., Ltd.), which
comprises of 51% n-pentylcyanobiphenyl, 25% n-heptylcyanobi-
phenyl,16% n-octyloxycyanobiphenyl and 8% n-pentylcyanoterphenyl.
We also used prepolymer (NOA65, n = 1.524, maximum optical ab-
sorption at 350-380 nm by Norland Products Inc.) composed of trime-
thylpropane diallyl ether, trimethylopropane tristhiol and isophorone
diisocyanate ester with benzophenone photo-initiator. The synthesized
QDs (Daeyeon Chemicals Co., Ltd.) dispersed in toluene, which consist
of InP/ZnSe/ZnS with emission peaks at both 630 nm and 530 nm using
ligands trioctylphosphine (TOP)/oleic acid (OA) and TOP/OA-1-
dodecanethiol (DDT), respectively, were further characterized. FT-IR
measurement for RQD (Fig. 3f) and GQD (Fig. 3g) showed strong
peaks at 3378 cm ™! (-0-H), 1705 cm™! (C=0), and 1641 cm ™! (C=C). At
2854 cm_l, 2915 cm_l, 801 cm_l, and 715 cm_l, C-H stretching modes
for CH; and CHj groups were observed. The bending vibration of CH is
assigned at 1467 cm ™', However, given that all three ligands include the
hydrocarbon chain, distinguishing them by using these peaks is chal-
lenging. In the case of DDT, the presence of thiol groups shows the peak
related to the S-H vibrational stretch mode at 2563 cm™! as depicted in
the FT-IR spectrum of pure DDT. This peak disappears for GQD after
treating GQD with DDT (Fig. S3c). Strong peaks in the yellow region
(Fig. S3a) between 1000 and 1100 cm ! were observed in both RQD and
GQD. Several literatures suggest C-P stretching peaks of TOP at 1159,
1070, and 1023 cm ! [26,27]. As shown in the FT-IR spectra of pure
ligands (Fig. S3a), TOP has noticeable peaks in that yellow region.
Although the possibility of phosphate existence from the synthesis res-
idue still cannot be ignored [34], we are able to determine the TOP
attached on both RQD and GQD as other reports also suggests these
peaks caused by InP capped with TOP [35,36]. We used nanoparticles as
another scatterer (TiOy, n = 2.87 at 632.8 nm, rutile type, average size
= 210 nm, Sinopro Co., LTD.) n-hexane (Samchun Chemical Co., LTD.)
with ligand, OA (technical grade, 90%, Sigma Aldrich) to homogenously
disperse in toluene. In addition to NOA65, various prepolymers were
compared for their miscibility with QDs and TiO,. These included UV
curable resin (acrylate based prepolymer, low viscosity, Sigma Aldrich),
NOA61 (thiol-ene based prepolymer, Norland Products, Inc), NOA74
(acrylate based prepolymer, Norland Products, Inc), NOA1348 (fluori-
nated prepolymer, Norland Products, Inc). It is well-known that organic
acids like OA can enhance the dispersibility of TiO5 nanoparticles in
non-polar organic solvents [33]. This is due to the OH group on the
surface of TiOy reacting with OA’s carboxylic group while its long
aliphatic chain tail enables stable dispersion within the organic solvent
[32]. Thus we treated TiO, with OA for even dispersion within our
QD/prepolymer mixture. To do this we added 100 mL of n-hexane and
1g of OA into a beaker, mixed uniformly using a magnetic stirrer set at
60 °C, 200 rpm for 10 min. After that, 1 g of TiO, powder was added,
mixed at 60 °C, 200 rpm for 4 h, filtered using a vacuum filter, and
washed 3 to 4 times with deionized (DI) water and isopropyl alcohol
(IPA) to remove residual materials. The obtained wet powder was dried
in a vacuum oven at 100 °C for 24 h before use. To test dispersion sta-
bility, small amounts of OA-treated TiO5 and untreated TiO, were added
to the toluene solvent. After vortexing, the degree of precipitation over
time was observed. As shown in Fig. S4, untreated TiOy particles
immediately clumped and precipitated while OA-treated TiO particles
remained uniformly dispersed within the toluene.

4.2. Cell fabrication process

To fabricate the color conversion layer, QDs dispersed in toluene
were uniformly mixed with the LC/prepolymer mixture using a vortex
mixer. The toluene was then removed in a vacuum oven over 5 h. The
composition of the LC/prepolymer varies depending on specific condi-
tions, and the ratio of QDs is maintained at 15 wt% relative to the LC/
prepolymer mixture for both RQD and GQD. TiO, was added in a weight
ratio to the total mixture and homogeneously mixed with a magnetic
stirrer at 200 rpm for 2 h. The final mixture was injected into a unit cell
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using capillary action. This cell consisted of two glass substrates sand-
wiched with a 10 pm Mylar spacer, and it was then cured under specified
conditions using an LED UV light source (HH200-sp4, U-Hitec Co., LTD.)
with a peak wavelength of 365 nm. UV intensity was measured using a
UV irradiance meter (UIT-201, Ushio). Unless otherwise specified, UV
irradiation was conducted at 150 mW/cm? for 40 s. All preparation
processes for the mixture and cell fabrication were conducted at room
temperature to minimize damage to the QDs. The rationale behind
fabricating the color conversion layer in unit-cell form through injection
is two folds: it maintains constant thickness and simulates ink jetting
from a nozzle. The average cell thickness is 12 + 0.52 pm.

4.3. Characterization

To measure cell thickness, we employed the concept of a Fabry-Perot
interferometer using a UV-Vis light source (DH-2000-BAL, Ocean
Insight), optical fiber (QR600-7-SR-125F, Ocean Insight), and spec-
trometer (USB2000+, Ocean Insight). A polarized optical microscope
(POM, Eclipse LV100 N POL, Nikon) was used to analyze the samples’
optical properties. Photographs were captured with a CCD camera (DS-
Ri2, Nikon). For QD characterization, lattice structure images were
taken with a Cs-corrected field emission transmission electron micro-
scope (STEM, JEM-ARN200F, JEOL). We utilized a FT-IR (Frontier,
Perkin Elmer) employing the attenuated total reflection method to
analyze ligand compositions of RQD and GQD. Absorbance spectrum
observations were made through a UV-Vis spectrometer (V-730, JASCO
Inc.), and photoluminescence properties were analyzed using spectro-
fluorophotometer (RF-6000, Shimadzu Europe). Additionally, to
observe surface morphology where phase separation between LCs and
polymers occurred, n-hexane and dichloromethane were mixed in a 7:3
ratio. The unit cells were then immersed for a day before drying. This
process dissolves the LC from the polymer matrix. For observation using
variable pressure scanning electron microscopy (SEM, SU3900 Hitachi),
the obtained polymer films were coated with platinum for 150 s by RF
sputtering to provide conductivity and prevent charge accumulation.
Post-image processing was performed using open-source software
(ImageJ, NIH) to calculate average sizes of cavities along with standard
deviation. We randomly measured 200 cavities per sample. Finally, to
measure blue light scattering properties of films containing scatterers we
used both UV-Vis spectrum analysis and an integrating sphere.

4.4. External quantum efficiency and blue leakage ratio

To evaluate the blue light scattering, light extraction ability, and
color purity of the fabricated film, we defined and measured the EQE
and blue leakage. We designed an optical setup using an integrating
sphere (2P4/M, Thorlabs), optical fiber (QP600-1-SR-BX, Ocean
Insight), and the spectrometer. A blue light with a peak wavelength of
435 nm was irradiated onto the sample by attaching a band-pass filter to
a UV-Vis light source (LC8, Hamamatsu).

4.5. Fluorescent images

An optical set-up was designed to take a fluorescent image of QD film
excited by blue light. A blue LED (3W Royal Blue, Mightex Systems.)
with a wavelength of 455 nm was connected to the POM, and the light
intensity was controlled by an LED controller (SLC-MA series, Mightex
Systems.). The blue light is linearly polarized and passed through the QD
film. To observe the emitted light, the leaked blue light was blocked with
a bandpass filter (Edmund optics) with a center wavelength of 650 or
550 nm and a FWHM of 50 nm. Other settings were kept constant during
image capture.

We designed an optical setup to capture a fluorescent image of the
QD film excited by blue light. A blue LED (3W Royal Blue, Mightex
Systems) with a wavelength of 455 nm was connected to the POM, and
its light intensity was controlled using an LED controller (SLC-MA series,
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Mightex Systems). The blue light, once linearly polarized, passed
through the QD film. To observe the emitted light, we blocked leaked
blue light using a band-pass filter (Edmund Optics) with a center
wavelength of either 650 or 550 nm and a FWHM of 50 nm. All other
settings were maintained constant during image capture.
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