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Abstract: The performances of quantum-dot (QD) based photoluminescent devices are
highly restricted by the application environment, especially the moisture and oxygen.
However, current external encapsulation structures are not applicable to the devices with
discrete QD distribution, especially for some rough profiles. To address this issue, an
encapsulation method for discretely distributed quantum-dot arrays (DQDA) is proposed for
liquid crystal display (LCD) backlight applications, in which the DQDA can be well fabricated
by printing the QD slurry onto a light guiding substrate (LGS), and then covered with a
thin UV glue layer and a barrier film. By specially optimizing the UV glue and barrier film,
this ultra-thin encapsulation structure cannot only improve the surface defects of the QD
morphology without affecting the original light path and the output optical performance,
but also significantly suppress the fluorescence decay and isolate moisture and oxygen
by almost 100 times compared with unencapsulated one. The water vapor transmission
rate (WVTR) was measured to be 1.29 x 10~* g/m?/day after fabricated the stacked
encapsulation structure. After a long period of aging test, the encapsulated sample kept
its luminance for 1000 hours. This method also has potential to widely used for discrete
structures in other device applications due to its easy fabrication process, high reliability,
and low manufacturing costs.

Index Terms: Quantum-dot array, moisture, oxygen, encapsulation, stacked structure.

1. Introduction

Quantum dots (QDs) [1], [2], a kind of advanced nano-materials, have received widespread atten-
tion because of their unique photoelectric properties, narrow half peak width, and tunable color,
characterized by high color purity and color gamut. The luminescence and color characteristics
of QD-enhanced LCD backlights [3]-[8] can surpass traditional LED backlight using phosphors as
light converters [9]-[11], which are comparable to organic light-emitting diode (OLED) [12], [13].
Although QD based devices are less sensitive to moisture vapor and oxygen than OLED devices
[14]-[16], they are still easy to lose efficacy while directly exposed to oxygen and moisture. It is
therefore necessary to develop effective encapsulation methods to improve the operation life of QD
devices.

Current encapsulation methods for QD devices can be concluded into two categories: internal
and external encapsulation. Internal encapsulation refers to a series of chemical actions, which
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directly forms a protective layer on the QD surfaces [17]-[19]. For example, by simply doping
Al into the shell of CdSe/CdS QDs, a dense alumina layer was oxidized and formed, which
can maintain the original brightness after 24 hours of irradiation [20]. Jun [21] et al. replaced
the oleic acid ligand on the surface of cadmium selenide/cadmium sulfide/zinc sulfide QDs with
mercaptoethanol, and then used propylamine as a catalyst for silica sol-gel condensation to
obtain hydrolyzate of mercaptoethanol and ethyl orthosilicate. The condensation-coated silica can
retain original brightness of the encapsulated chip for 250 hours. Yoon [22] et al. proposed to
use amino-linked methyl methacrylate to replace the original oleic acid ligand on the surface of
CdSe/ZnS QDs, which can increase the conversion efficiency by 24%. Xie [23] et al. prepared
a passivated Zn-PDMs precursor for in-situ QD synthesis to protect the QDs from reacting with
impurities and maintain monodispersity. Although progresses on internal encapsulation methods
have been achieved in laboratory environment, some technical barriers are still difficult to avoid
in mass production [24]-[26]. Microscopically, it is hard to detect each QD encapsulated perfectly
[27]. External encapsulation could provide a complementary solution. At present, there are three
main external encapsulation approaches: on chip, on surface, and on edge. On-surface approach
refers to an optical film made of QD material sandwiched in a thin film to generate uniform surface
light [28]-[30]. On-edge type (QD tube or QD rail) [31] seals the QD fluorescent material into
a thin glass tube for edge-lit backlight applications. On-chip solution, also known as “on chip”
mode, encapsulates QD onto LED chips to fabricate chip beads [32]. For this kind of methods,
a reasonable barrier layer is needed to prevent the small molecules of moisture vapor and oxygen
from eroding the surface of QDs [33]-[36], that is, to encapsulate QD materials [37]-[42]. In
summary, external encapsulation methods are more feasible and practical to operate in actual
applications than internal ones. However, all of the present external encapsulation structure are not
applicable to the devices with discrete quantum-dot distribution, especially for some rough profiles.

To address this issue, this paper proposes a novel external encapsulation method for DQDA,
namely stacked encapsulation structure. The DQDA can be considered as a light extraction medium
on a light guiding substrate printed by specially prepared QD slurry. After that, the DQDA is covered
by a spin-coated UV glue layer and a barrier film to well block moisture and oxygen.

2. Materials and Methods

2.1 Encapsulation Structure

The lifetime of the QD device is an indicator for their stability, and the encapsulation structure is the
key technology to extend the lifetime. Encapsulation structures will greatly influence the device
performance, and the encapsulation materials will have different effects on the uniformity and
emission efficiency of the light output. At the beginning of the experiment, UV glue and barrier film
are selected as the key encapsulation materials because of their near refractive index and strong
ability to block moisture and oxygen. The UV glue (NEA121) and the barrier film (WS-130) were
purchased from Boer Technology Co., Ltd.. The NEA121 is a kind of single-component adhesive
liquid that can become an elastic polymer layer after curing. The commonly used thickness of
the barrier film has two specifications, 130 um and 50 um. After testing, the former one has
better barrier properties, and one surface is engraved with a series of nano structures for light
homogenization. Therefore, the thickness of 130 «m was finally determined. This thin and flexible
barrier film made of polyethylene terepythalate can be well attached to the UV glue layer to further
improve encapsulation performance. As shown in the Fig. 1, the stacked structure includes three
layers, where the bottom layer is a light guiding substrate (LGS) with printing DQDA for uniform light
distribution in LCD backlights, the middle one is a UV glue layer, and the upper one is a barrier film.

2.2 Process of Fabricating the Calcium Film

Water vapor transmission rate is an important index to reflect the device’s lifetime. Calcium
corrosion method is a common approach to measure the water vapor transmission rate [43]. Since
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Fig. 1. The stacked encapsulation structure with the sandwiched DQDA.
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Fig. 2. The fabrication process of a calcium film for the calcium corrosion method.

calcium is extremely sensitive to moisture and oxygen, it is easily oxidized into a non-conductive
oxide when exposed to air, and the encapsulation performance will be reflected by measuring
the tendency of the resistance of the encapsulated calcium film. When fabricating a calcium film,
the ITO glass was firstly cleaned, and then was successively placed in the glass washing liquid,
acetone, absolute ethanol, and deionized water for ultrasonic cleaning 10 minutes, and finally was
dried by using N2. The technological process of encapsulating a calcium film is shown in the Fig. 2.
The micro electrode channels were firstly constructed on the ITO glass substrate by standard
UV photolithography and wet etching technique. Then the calcium film was evaporated onto the
channel under a nitrogen (N2) atmosphere. The thickness of the calcium film is about 200 nm.
Finally, an encapsulation layer was fabricated onto the calcium film by firstly attaching the ITO
glass on the spinning coater, and then spinning the UV glue on the glass evenly. The calcium film
can be used as a bridge to connect the positive and negative electrodes. After the calcium film
was completely corroded, calcium oxide and calcium hydroxide were generated and resulted in a
non-conducting bridge.

2.3 Water Vapor Transmission Rate (WVTR) After Encapsulation

The capability of isolating moisture and oxygen is evaluated to verify the stacked encapsulation
structure. As an important indicator of lifetime, the WVTR mentioned above can directly reflect
whether the moisture and oxygen are isolated effectively. Here, the WVTR of stacked encapsulation
method was measured by the calcium corrosion method described above. Since high transmittance
is required for backlights, two experimental groups were set here for comparison. In the first group,
the spinning coater was accelerated to reach the set speed in 10 seconds, and then kept for
30 seconds at a constant speed. The UV glue was spin coated on pure glass pieces (2 cm x 2
cm) with speed of 300 RPM (revolutions per minute), 400 RPM, 500 RPM, 600 RPM, and 700
RPM, respectively. For another group, the barrier film was attached after the UV glue was spin
coated in the same way above. After that, the two groups were placed under a UV curing lamp
for curing 60 seconds. Finally, the blank glass was placed in the spectrophotometer (UV3600) for
calibration, and then was tested one by one. The thickness of UV glue film is influenced by spin
velocity and acceleration. The thicker the thickness is, the lower the transmittance of the glue layer
is. The transmittances of the two groups are shown in Fig. 3.

From the perspective of transmittance, all UV glue layers in the first group almost reach 99%
during the wavelength range from 400 nm to 800 nm, indicating that the selected glue provides
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Fig. 3. Transmittance curves of the UV glue layer and the barrier film: (a) only a UV glue layer included.
(b) both a UV glue layer and a barrier film included.

TABLE 1
Experimental Data of the UV Glue Layers Prepared by Different Spin-Coating Speeds

Speed (RPM) 300 400 500 600 700
Thickness (pum) 150.12 100.34 80.32 60.57 50.93
Transmittance 98.17% 98.23% 98.53% 98.65% 98.74%

WVTR (g/m?/day) | 0.039 0.037 0.032 0.031 0.023

high transmittance and does not affect the light emission. For the second group, the transmittance
decreases slightly because of the insertion of the barrier film. Even so, the transmittances of all
layers are higher than 98%. High transmittance ensures the light extraction from the QD backlight.

Calcium corrosion method is designed for WVTR measurements in order to evaluate the encap-
sulation performance. The WVTR values were measured by using the ITO glasses with the calcium
films. The UV glue layers with different thicknesses were obtained by spin-coating speeds at
300 RPM, 400 RPM, 500 RPM, 600 RPM, 700 RPM. After drying, these ITO glasses were attached
to the positive and negative electrodes. The amount of water vapor permeating through the film can
be estimated from the calcium corrosion according to the following formula:

2 _ di) . Moy ! Carea
WVTR [g/(m da_y)] = —NX SCa X pPca X d_? X M(éa) X E X W\NArea (1)

where, nrepresents the molar ratio of the chemical reaction with the corrosion of calcium film. Since
the resistance change of the film is caused by moisture and vapor permeation, n = 2 is generally
taken for calculation. The conductivity and density of Ca are defined by §c, = 3.19 x 1078Q-m
and pc. = 1.55 g/cm®, and the molar mass of H,O and Ca are M(H,0) = 18 g/mol and M(Ca) =
40 g/mol, respectively. | and b are respectively the length and width of the prepared calcium
films. 1/R was the measured resistivity. Caa,c. is the effective test area. Window,,.. represents
the window area of the mask. In this experiment, Cas,e./Windowa,.. = 1. The specific values
of thickness and WVTR are listed in Table 1. Among them, the thickness of UV glue layer was
measured by a profilometer (Dektak-XT).

It can be found in Table 1 that the thickness change of the UV glue layer hardly affects the value
of WVTR. In order to further study the encapsulation performance, the barrier film was bonded
on the UV glue with 100 um thickness and then tested by calcium corrosion method. Finally,
WVTR = 1.29 x 10~* (g/m?/day) can be obtained by Eq. (1), which means the lifetime reaches
above 1000 hours while converted into service life.

The WVTR significantly decreased after the barrier film was attached. The DQDA height on the
LGS is about 20 «m. The height of the UV glue layer should be set by 5 times the DQDA height
according to our previous experience, so that the thickness of the glue layer is about 100 um. The
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Fig. 4. Morphology of the DQDA: (a) dissolution between the glue layer and the DQDA layer.
The morphology: (b) before and (c) after encapsulation by using UV glue processing.

scheme of 400 RPM with a barrier film attached has obvious advantages, and the barrier film is
adhered to further improve the water-proof performance.

3. Experimental Results
3.1 Morphology Characterization and Optical Performance

Based on the above analysis, the stacked encapsulation structure was applied to fabricate a
photoluminescence backlight for better verification. It is theoretically available to protect the QDs
within a strict environment by using encapsulation/printing, UV offset coating, organic/inorganic
packaging and organic inorganic stacking. These packaging methods are suitable to encapsulate
due to their high corrosion resistance, water vapor barrier properties, and thermal stability. As a kind
of transparent fluid colloid, UV glue can fill the periphery of each QD to block the immersion path
of moisture and vapor, and more importantly, the encapsulation by UV glue is easier to implement.
Here, the DQDA layer was realized by screen printing method. The spherical CdSe QD material
was bought from Poly Opto Electronics Co., Ltd, and the measured average diameter of a single
QD is 10 nm. The QD slurry was prepared by dispersing QDs into toluene and printing ink. After
that, the composite screen plate was fixed on a printing machine, and the QD slurry was spread
on one side of the LGS. After lightly and vigorously scraping the QD slurry from one side to the
other side on the screen plate, the QD slurry could be transferred from the mesh apertures to
the substrate’s surface due to the pressure. The LGS was then put into an oven under 50 °C
through thermal curing for 15 min. Finally, the UV glue was spin coated on the DQDA layer
followed by the barrier film attachment to ensure that the entire substrate was evenly covered by the
UV glue.

After encapsulation, morphology characterization was evaluated under a fluorescence micro-
scope (Olympus OLS4100). It is worth noting that certain encapsulation materials may lead to the
quenching of QDs. As shown in Fig. 4(a), a large black spot can be observed on the QD surface.
It indicates that the dissolution between the glue layer and DQDA occurred due to incompatibility
among materials. What’'s more, the kind of damage of QD structure would affect the output light
characteristics of uniformity and luminous brightness. The material used in our experiment were
compatible with QDs, it would not cause the quenching after encapsulation. As can be seen from
Fig. 4(b) and 4(c), the UV glue was specially chosen to effectively suppresses the dissolution.
Fig. 4(b) and 4(c) are the morphology of the same DQDA before and after printing. The results
show that the encapsulation of DQDA with our method will not affect the QD morphology and
luminescent properties.

The optical performance was measured from nine-point measurement approach using a color
luminance meter (SRC-200S) both before and after encapsulation. The testing points are drawn
in Fig. 5. Before encapsulation, the maximum and lowest brightnesses are 4100 cd/m? and
3677 cd/m?, respectively. After encapsulation, they slightly changed to 4299 cd/m? and 3353 cd/m?,
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Fig. 6. Comparisons of the unencapsulated and encapsulated backlights at room temperature: the life
aging results of (a) the luminance, (b) the chromaticity coordinates and (c) the changing trend of the
chromaticity coordinates under CIE 1931 standard.

respectively. The uniformity of this luminescent device can be defined as the following formula:
U= Lmin

Lmax

(2)

where, L.« and L,,;, represent the maximum and the minimum values of the luminance, respec-
tively. From Eq. (2), the uniformity before and after encapsulation decreases slightly from 89% to
78%. That is because the brightness at different point decreases or increase slightly, which can be
seen in Fig. 5.

3.2 Life Aging at Room Temperature

The unencapsulated and encapsulated devices were operated at room temperature. As shown
in Fig. 6(a), the brightness of the unencapsulated device drops dramatically from 2714 cd/m? to
1872 cd/m? within 11 hours, while the brightness of the encapsulategd device remains stable
over 170 hours. In addition, it is found that the brightness slightly increases from 2488 cd/m? to
3331 cd/m? during the life aging test. It is generally attributed to the transition of initial working
state from a non-state to a steady state [44], [45]. As can be seen in Fig. 6(a), the initial 15 h
can be considered as the non-steady state that the device brightness increases slightly. After that,
the brightness becomes stable basically and reaches steady state. Therefore, the 15h point can
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Fig. 7. The life aging results under 60 °C and 90% RH: (a) luminance changes within 216 hours.
(b) the changing trend of the chromaticity coordinates x and y and (c) the changing trend of the
chromaticity coordinates under CIE 1931 standard.

TABLE 2
The Changing Trend of Luminance and Chromaticity Coordinates

Measured time (h) 0 24 48 120 168 216

Luminance (cd/m?) | 4298.76 5210.33 4817.53 3810.27 3458.36 | 2949.67
Coordinate x 0.23834 | 0.23793 | 0.24405 0.24261 | 0.24068 | 0.24104
Coordinate y 0.21584 0.21968 0.22936 0.21459 0.2063 0.17604

be considered as the transition point between the two states. In terms of chromaticity coordinates
shown in Fig. 6(b), the chromaticity coordinate y of the unencapsulated device drops 24% within
11 hours, while that of the encapsulated one keeps stable for a long time. The chromaticity coordi-
nate x has the similar tend as the coordinate y. Fig. 6(c) is the changing trend of the chromaticity
coordinates under CIE 1931 standard. These results show that this encapsulation method can
improve the optical performance and provide the device long operation time at room temperature.

3.3 Life Aging in a High Temperature and Humidity Box

The encapsulated device was continuously operated in a high temperature and humidity box with
the temperature of 60 °C and the humidity of 90% RH. The measured brightness began to rise
to its peak in the first 55 hours, and then decreased from 5210.33 cd/m? to 4817.53 cd/m? with
a downward trend. This trend can be fit by an exponential equation shown in Fig. 7(a). The
subsequent trend meets the exponential fitting well, and the goodness of fit reaches over 0.99.
It can be seen that the brightness attenuation of the became slower and slower after 120 hours.
In terms of chromaticity coordinates shown in Fig. 7(b), the chromaticity coordinate x of the device
kept stable for a long time under a harsh environment. However, the chromaticity coordinate y
dropped 18% compared to the initial data. It can be also seen that the red QDs fail faster than
the green QDs, but in general, they are within an acceptable range. These results show that this
encapsulation method can improve the optical performance and provide the device long operation
time at high temperature and humidity. However, it still has room to improve under a harsher
environment.

4. Discussion

The mechanisms underlying the improved performance are discussed as following. The proposed
encapsulation structure includes a UV glue layer and a barrier layer. During the fabrication process,
the DQDA was fully solidified and dried before being encapsulated by the UV glue layer. The fluidity
of the liquid UV glue can improve the surface defects and exhaust air from the DQDA. The UV
glue also provides a heat conduction layer to dissipate heat from approaching the DQDA, and
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preliminarily block the invasion of the environmental moisture and oxygen. The barrier layer can
protect the DQDA and UV glue layer from physical damage, such as friction and squeezing. More
importantly, the barrier layer with the thickness of 130 um can provide perfect ability for isolating
the environmental moisture and oxygen. By matching the refractive indices between the LGS
and the UV glue layer, this stacked encapsulation structure does not change the original light path
of the DQDA inside the LGS. The LED emitting rays are trapped inside the LGS due to the total
reflection, and only when incident to the interface between the DQDA and the LGS, these rays will
be extracted from the LGS after reflection by the reflective sheet. That means the output optical
performance will not be affected by this encapsulation. Figure 5 shows that the brightness and
the uniformity keep stable after encapsulation. The slight brightness change is mainly attributed to
the improvement of surface defect or unevenness of the QD morphology. And it can be seen from
Fig. 4 that this method will not cause deformation or collapse of the QD morphology. Therefore,
the encapsulation of DQDA with our method will not affect the QD morphology and luminescent
properties.

The encapsulation effect can be quantificationally analyzed by using the testing results of calcium
film. The WVTR can only reach 102 (g/m?/day) by using UV glue alone. However, the WVTR can
be improved to 10~# (g/m?/day) in our encapsulation structure with a barrier film. It means that the
ability to isolate moisture and oxygen has increased 100 times. At room temperature, the luminance
of the unencapsulated device decreases by 24% within 11 hours. According to previous experience,
this value can be equivalent to 5 times the room temperature, namely 1080 hours. That means the
encapsulation effect has increased almost 100 times, which shows great matching with the results
obtained by WVTR. In terms of chromaticity coordinates, the x coordinates of both devices are quite
stable. However, the y coordinates of both devices show certain similar descent ratio. It indicates
that the encapsulated device under a harsher environment still can keep for longer time than that
at room temperature.

5. Conclusion

In this paper, we proposed a stacked encapsulation structure for DQDA to improve the lifetime and
keep the optical performance stable for LCD backlight applications. This encapsulation structure
provides an effective solution for discretely distributed QD devices. During this encapsulation, the
DQDA was first fabricated by printing the QD slurry onto a LGS, and then coated with a thin UV
glue layer and a barrier film. By specially optimizing the UV glue and barrier film, this ultra-thin
encapsulation structure can improve the surface defects of the QD morphology without affecting
the original light path and the output optical performance. The measured WVTR of this device is
1.29 x 10~* g/m?/day, and the luminance can keep for over 1000 hours. More importantly, the
lifetime of the encapsulated device is proved to be 100 times longer than that of the unencapsulated
one. It is obvious that the stacked encapsulation structure can effectively prevent moisture and
oxygen diffusion into the device from the atmosphere. This method also has potential to widely
used for discrete structures in other device applications due to its easy fabrication process, high
reliability, and low manufacturing costs.
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