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ABSTRACT

Displays play an extremely important role in modern information society, which creates a never-ending demand for the new and
better products and technologies. The latest requirements for novel display technologies focus on high resolution and high color
gamut. Among emerging technologies that include organic light-emitting diode (OLED), micro light-emitting diode (micro-LED),
quantum dot light-emitting diode (QLED), laser display, holographic display and others, QLED is promising owing to its intrinsic
high color gamut and the possibility to achieve high resolution with photolithography approach. However, previously demonstrated
photolithography techniques suffer from reduced device performance and color impurities in subpixels from the process. In this
study, we demonstrated a sacrificial layer assisted patterning (SLAP) approach, which can be applied in conjunction with
photolithography to fabricate high-resolution, full-color quantum dot (QD) patterns. In this approach, the negative photoresist (PR)
and sacrificial layer (SL) were utilized to determine the pixels for QD deposition, while at the same time the SL helps protect the
QD layer and keep it intact (named PR-SL approach). To prove this method’s viability for QLED display manufacture, a 500-ppi,
full-color passive matrix (PM)-QLED prototype was fabricated via this process. Results show that there were no color impurities in
the subpixels, and the PM-QLED has a high color gamut of 114% National Television Standards Committee (NTSC). To the best of
our knowledge, this is the first full-color QLED prototype with such a high resolution. We anticipate that this innovative patterning
technique will open a new horizon for future display technologies and may lead to a disruptive and innovative change in display
industry.
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panels in 2019 [16]; however, it is difficult to reach high

1 Introduction ‘ . ) o
resolution (= 600 ppi) from evaporation or inkjet printing

Beginning from the second half of the 20" century, the infor-
mation society observed a rapid development from the era of
Internet enabled computers, through the era of Mobile Internet
on smart phones, to the current era of Internet of Things (IoT)
based on smart ports, where high performance displays are to
play a key role. To conform to future market trends, display
products should meet the demanding requirements in picture
quality, power consumption, smart system, fashion, price and
environmental friendliness. Resolution, color gamut and size are
key attributes to picture quality. To fulfil these requirements
and meet the future trends, several emerging technologies are
being developed to replace liquid crystal display (LCD),
organic light-emitting diode (OLED) [1-3], micro light-emitting
diode (micro-LED) [4, 5], quantum dot light-emitting diode
(QLED) [6-9], laser display [10, 11], holographic display [12,
13] and others [14, 15].

Among various technologies, OLED has been successfully
commercialized and is currently widely utilized as mobile
display, resulting into the sales of 470 million AMOLED

[17-20]. Micro-LED has extremely high cost due to its
insufficient yield of chip transfer and repair; in addition, its
efficiency drops significantly when LED chip size getting smaller
[4, 5, 21]. Other technologies are mostly in the academic research
stage, focusing on working mechanism, efficiency, stability
and other primary questions [14, 15].

QLED is another promising technology due to its intrinsic
high color gamut owing to quantum dot’s narrow emission
spectra [22-29]. The external quantum efficiencies (EQEs) of
red, green and blue QLEDs have reached up to 24.1%, 22.9%,
and 19.8%, respectively [30-32]; while the lifetimes (LT50 @
100 nits) have reached up to 2,200,000, 1,760,000 and 7,000 h [31,
33]. Another challenge for QLED technology is to form
quantum dots (QD) patterns with high resolution without
excessive cost [23, 34-40]. Display demos based on various
approaches have been developed for QLED’s commercialization.
In 2011, Samsung fabricated a 4-inch demo with a resolution
of 100 ppi, that was formed by transfer printing [38]. BOE
demonstrated 5- and 14-inch inkjet-printed prototypes with a
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resolution of 80 ppi in 2017 [41]. However, neither of the
process can meet all the requirements including high resolution,
large area production and low cost. A practical patterning
approach that would meet the above requirements can be a
photolithography process [42-48]. The photolithography
approach has achieved high-resolution and full-color patterning
of single layer of QDs, especially for photoluminescent (PL)
applications; however, no high-resolution full-color electro-
luminescent (EL) QD display prototype has been reported.
The requirements for QD patterning in EL applications are
much stricter than in PL applications. Firstly, the emission of
unwanted QD residues (e.g., red QDs in green subpixels, if not
removed completely) can be noticeable in EL applications and
cause color impurities in full-color QLED device and lower
the color gamut of the display. Secondly, an EL device is very
sensitive to the material purities of each layer; if the
patterned QD layer is contaminated, dissolved or damaged by
the photolithography process, the efficiency and lifetime of
the EL device will be degraded. In order to realize a full-color
QLED device, the issues of color impurities and device
performance degradation shall be addressed.

Two main photolithography approaches to pattern QDs
have been developed. One is to chemically modify the ligands
of QDs or add photoactive additives in QDs to make the QD
layer photoactive and photo-patternable [49-52]. A major
issue of this approach is that the unwanted QD residues are
difficult to be removed completely during development, leading
to color impurities. The other approach is to utilize photoresists
(PRs) and conventional photolithography to define the subpixels
for QD deposition [53-55]. In this approach the QDs in
“unwanted” subpixels would be deposited on top of the PR
layer and will be removed along PR in the lift-off process. This
approach avoids color impurity problem, but may cause other
critical issues. Firstly, the chemicals used in the conventional
photolithography and lift-off process (solvent of PR, developer,
and stripper) may contaminate, dissolve or damage the
pre-existing QD patterns, leading to trap sites formation and
increased luminescence quenching in the electroluminescent
devices. Secondly, the PR may not be removed completely
during lift-off process and the PR residues would affect the
device performance.

The two approaches discussed above can be classified as
direct approach, as the pixelated patterns are directly formed
by the photolithography process. The problems to fabricate
full-color QLED display mainly come from the QD/substrate
or QD/PR interfaces in direct approaches. It is difficult to
meet the requirements of both interfaces intact and photo-
patternable with the same materials. In order to address the
issues in a full color QLED display, we proposed an indirect
approach, which is called “sacrificial layer assisted patterning”
(SLAP). In the SLAP approach, the pixelated patterns are
transferred to another layer (sacrificial layer (SL)), and then
transferred from SL to QD layers. Then interfacial and
patternable requirements can be fulfilled by two materials.
The issues that are present at the QD/substrate or QD/PR
interfaces during the direct approach are now lying on the
PR/SL interface, which can be eliminated if the SL materials are
properly chosen. The SL materials are not necessary to be
photo-responsive, but instead this technology can be combined
with various patterning technologies, such as photolithography,
transfer printing, laser direct writing, and so on, to achieve
easy QD patterning. Thus the SLAP concept has a wide range
of application.

In this study, we present the process in which the SLAP
approach is applied in conjunction with photolithography. The
negative PR and SL were utilized to determine the pixels for

Nano Res. 2020, 13(9): 2485-2491

QD deposition, while at the same time the SL helps to protect
the QD layer and keep it intact. With this PR-SL approach, we
prepared a 500-ppi full-color passive matrix (PM)-QLED device
(subpixel size of 5 um x 39 um) without color impurities in
subpixels. To the best of our knowledge, it is the first full
color QLED display prototype achieving 500 ppi. This process
demonstrates the possibility of achieving high-performance,
high-resolution display with traditional instruments and process
in backplane manufacture; it would lead to a disruptive and
innovative change in display industry.

2 Results and discussion

2.1 Patterning of QDs

As discussed in the previous section, in order to realize a
full-color QLED device, a PR-SL approach is proposed, in
which the SL is utilized to transfer the pixelated patterns to the
QD layer, and to protect QD layer in the photolithography
process. In this approach, the design or the selection of the SL
materials is critical. The SL should meet the following criteria.
Firstly, the solvent of the sacrificial material shall be orthogonal
to QDs, so the deposition of SL would not dissolve or damage
the QD layer. Secondly, it shall have good film-forming property
to fully cover the QD layers and it shall not interact with the
solvent and developer of PRs, thus the SL is able to protect the
QD layers during the successive patterning. Thirdly, the SL shall
have a low adhesion to QD layer, and have a high solubility in
its solvent, so the SL can be readily removed without residues
in mild conditions. Fourthly, the PR shall be able to form a
stable pattern on the SL.

According to the criteria, polyvinylpyrrolidone (PVP) is
chosen as the sacrificial material. PVP is highly soluble in
ethanol, which is known to be orthogonal to the commercially
available quantum dots with alkyl thiol ligands. At the same
time, due to its polar structure, PVP has low adhesion to QD
layers with non-polar ligands, so PVP can be removed readily
without residues in mild conditions. Again, due to its polarity,
the SL won’t be swelled or dissolved by the non-polar solvent
and developer of PR (xylene in this study), preventing the
chemicals to penetrate the SL and touch the QD layer. In
addition, the negative PR can be well-patterned on PVP layer
based on our results.

As Fig. 1 illustrates, red, green and blue QDs are patterned
in sequence. A 0.5 mm thick glass is used as the patterning
substrate. A SL, which is composed of PVP, is spin-coated
onto the substrate (step 1). The SL can be easily dissolved in
alcohols helping to lift-off the PRs. Then, a negative PR is
coated onto the SL and exposed to a UV light of 365 nm
through a mask (step 2 and 3). The “unwanted” subpixels are
exposed so that the negative PR will remain on the substrate,
while the PRs on the wanted subpixels are washed away during
developing, leaving the SL materials exposed. Then, the
substrate is dry-etched via inductively coupled plasma (ICP)
etching (step 4). Thus, the glass substrates are exposed in the
wanted subpixels, while the unwanted subpixels are covered by
SL and PR.

After that, the red QDs with alkyl thiol ligands are spin-
coated onto the substrate (step 5). The thickness of the red
QDs can be controlled by the concentrations and spin rates.
After QD deposition, the PR patterned substrate is immersed
in alcohols in ultrasonic bath to lift-off the SL (step 6), PR and
the QDs coated on top of the PR (leading to complete removal
of QDs in unwanted subpixels), providing the first QD
patterns (red QDs) on the glass substrate. The SL deposition,
PR patterning, ICP etching, QD coating and lift-off process
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Figure 1 Schematic illustration of patterning QDs with different color on a substrate via photolithography approach.

(step 1 to 6) compose a cycle of one-color QD patterning. The
cycle can be repeated for green and blue QDs patterning.

The key consideration in the process is to keep the QD
layer intact. The QDs used in this study are CdSe/ZnS QDs
with alkyl thiol ligands, which is widely used in QLED device.
The SL material (PVP) is highly soluble in alcohols. Thus, the
solvent chosen for the SL coating (step 1 and 7) and ultrasonic
lift-off (step 6 and 12) is ethanol, in which the QDs are
insoluble. In addition, the ultrasonication lift-off of PVP is
very quick in ethanol, leading to minimal possible damage
to QD patterns during lift-off. During PR deposition in the
repeated process, the pre-patterned QDs are protected by SL
to avoid contacting with PR and PR solvents. In addition, the
pre-patterned QDs are protected by SL and PR during the ICP
etching. In other words, the pre-patterned QDs are kept intact
due to the combination of SL and PR layers.

The size of QD patterns is determined by mask used during
PR exposure. In this study, the QD pattern with a 5 pm x 39 pm
size was achieved. Figure 2 demonstrates the photoluminescence
image of the patterned R/G/B QDs on a glass substrate with
405 nm ultraviolet excitation. The luminance of red was
suppressed to 10% by the microscope software to clearly
show the green and blue patterns. The merits of this process

Figure 2 Photoluminescent image of patterned R/G/B QDs on a glass
substrate with 405 nm ultraviolet excitation. The brightness of red was
suppressed to 10% by the microscope software to clearly show the green
and blue patterns.

are well supported by the fact that the size of the emitting area
matches very well with that of a pristine pixel and all the pixels
exhibit clear patterns. The PL image shows uniform brightness
in each pixel and no color impurities are observed. These
results indicate the validity of the photolithography approach
to pattern multi-color QDs and motivate us to apply this
approach to electroluminescence devices.

2.2 QLED device performance

Considering the stability requirements for the underlayer on
which the QDs are patterned, we chose to utilize inverted
QLED structure to verify the photolithography approach, as
shown in Fig. 3(a); the device architecture used in this study is
ITO/ZnO nanoparticles/QDs/HT-1/HT-2/HAT-CN/Ag. Indium
tin oxide (ITO) was used as a cathode. Zinc oxide (ZnO)
nanoparticles were spin-coated as an electron-transporting
layer (ETL). As ZnO nanoparticles have short ligands of
ethanolamine, the ZnO nanoparticles film is relatively stable
and resisting to alcohols that will be used in the patterning
process. Two hole-transporting (HT) materials were used in this
study. HT-1 has deeper highest occupied molecular orbitals
(HOMO, -5.7 eV) but lower hole mobility (~ 107 cm*V-s™),
while HT-2 has higher hole mobility (~ 10™* cm*V-s™") but
shallower HOMO (-5.5 eV). A thin layer of HT-1 was
inserted between QD and HT-2 to improve hole injection. 1, 4,
5, 8, 9, 11-Hexaazatriphenylenehexacarbonitrile (HAT-CN)
was used as the hole-injection (HI) materials and silver (Ag)
film acted as the anode. The energy level diagram of each
layer is depicted in Fig. 3(b), and theoretically explains the
practicality of the device structure.

(a) ﬂ (b) -2
-3

Figure 3 (a) Schematic structure of the inverted QLED device structure.
(b) The energy diagram of the inverted QLED device (take red device as
an example).
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For proof-of-concept purpose, we investigated the effect
of patterning process on the efficiency of single-color device.
We simulated the whole patterning process except coating
different QDs (patterned devices). ZnO nanoparticles were
spin-coated onto the patterned ITO with pixel size of 2 mm X
2 mm. Then PVP was used as the SL and spin-coated onto
ZnO layer using an ethanol solution. The substrate was then
coated with negative PR and developed in p-xylene (without
exposure). After that oxygen-plasma ICP was utilized to etch
the SL layer, leaving ZnO layer exposed. QDs were deposited
onto ZnO layer and then the device was immersed into
alcohols and ultrasonicated (to simulate lift-off of PR and
SL). Then the sample was transferred to a vacuum deposition
chamber where HT, HI and Ag anode were sequentially
deposited via thermal evaporation. The devices were encapsulated
with a UV-curable epoxy and cover glass in the N, atmosphere.
The detailed process is demonstrated in Fig. S1 in the Electronic
Supplementary Material (ESM).

The comparison of electroluminescence performance between
these control devices (R/G/B single-color devices without any
patterning processes) and patterned devices are summarized
in Fig. 4. The current density-voltage and luminance-voltage
characteristics are shown in Figs. 4(a) and 4(b), respectively.
We can see clearly that the current density and luminance
of red and green devices showed a slight increase after the
patterned process, which may be caused by the QD film
thickness decrease during the ultrasonic process. Figure 4(c)
shows that, after the patterning process, the red and green
patterned devices exhibited no obvious decrease compared with
their corresponding control devices. The current efficiencies
decreased slightly from 12.8 to 10.4 cd-A™" for red, from 29.8 to
25.4 cd-A™ for green, indicating that the performance of the red
and green devices is preserved after the pattering process.

The performance of the blue patterned device was found to
significantly degrade after the PR-SL process. The voltage at
which luminance reaches 100 nits decreased from 8.4 to 4.2V,
while the current density noticeably increased, with the
current efficiency reducing from 1.1 to 0.4 cd-A™'. The
mechanism for the device performance degradation is not
quite clear yet, but in our opinion, there are three possible
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reasons for it. Firstly, the oxygen vacancies of ZnO might have
been affected by plasma treatment, resulting into reduced
number of the surface trap sites and as a result a trap-filled
current onset at a lower voltage [56-58]. Secondly, the blue
QDs may be more impacted by the patterning process, because of
the relatively high level of core-shell lattice mismatch due to a
smaller core size. Comparing to the green and red QDs, the
shell of the blue QDs has more defects, which is more
susceptible to the patterning process. It is therefore possible
that a large number of mid-gap states were formed, providing
an easier charge injection, but not contributing to radiative
recombination [59-61]. Thus the leakage current increases,
leading to the current efficiency drop. Thirdly, after the
patterning process, the photoluminescent quantum yield (PLQY)
of QD films decrease from 58%, 55% and 39% to 51%, 47%
and 29% for red, green and blue devices, respectively (Fig. S2 in
the ESM). The blue QD film exhibits a larger PLQY decrease
than red and green films during the patterning process, which
might also play a role in the current efficiency being affected
stronger compared to the red and green QDs. The detailed
mechanism for the blue device performance change is still
under investigation in our group. However, the performance
of red and green devices after the lithography process has
demonstrated the viability of the PR-SL approach.

The EL spectra for each emission color are shown in Fig. 4(d).
The R/G/B control devices exhibit emission peaks at 628,
527 and 468 nm, and very narrow emission spectrum with
full width at half-maximum (FWHM) of 28, 25 and 28 nm,
respectively. After the patterning process, we observed just
small changes in the green patterned devices, with the emission
peak at 524 nm and FWHM of 23 nm. In summary, the
performance of devices preserved after the process, which
encourages the fabrication of a full-color device.

2.3 Full-color PM-QLED device performance

To confirm the feasibility of the photolithographic patterning
process in preparing the high-resolution QLED displays, a
500-ppi full-color PM-QLED device was fabricated. The
device was fabricated on a passive matrix substrate, with the
subpixel size of 5 pm x 39 pum. The device structure and

(b)

600 700
Wavelength (nm)

Figure 4 Comparison of the electroluminescence performance between the R (red line), G (green line) and B (blue line) control (straight line) and
patterned (dash line) devices. (a) Current density—voltage characteristics. (b) Luminance-voltage characteristics. (c) Current efficiency. (d) EL emission

spectra.
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fabrication are the same as the control and patterned devices
discussed in the previous section, except red, green and blue
QDs were consequently patterned with the photolithography
approach, as illustrated in Fig. 1.

Figure 5(a) shows the simultaneous R/G/B electroluminescence
from the pixels. The red, green and blue subpixels can also be
lit separately (Fig. 5(b) inserts). The EL spectra of each color
emission are shown in Fig. 5(b), in which the R, G, B subpixels
show unimodal emission peaks at 628, 525 and 465 nm,
without color impurities in the subpixels. These results indicate
that our novel QD patterning technique can efficiently avoid
the color impurities in subpixels. The CIE 1931 chromaticity
coordinates of each color are shown as (0.69, 0.31), (0.16,
0.77), and (0.15, 0.07) for red, green and blue in Fig. 5(c),
leading to a color gamut of 114% NTSC for the PM-QLED
device. To the best of our knowledge, this PM-QLED display
is the first full-color QLED prototype with a high resolution
of up to 500 ppi. The current efficiencies of the PM-QLED
are measured as 8.3 cd-A™ for red, 9.8 cd-A™ for green and
0.02 cd-A™" for blue, while the maximum luminescence reaches
108,000 nits for red, 247,000 nits for green, and 340 nits for blue,
respectively. The efficiency drops may come from the small
pixel size, but the detailed mechanism is still under investigation.
We are currently working on the optimizing processing
conditions to improve the device efficiencies.

3 Conclusions

In conclusion, we presented a novel indirect SLAP approach
to achieve a high-resolution full-color QLED display. In
conjunction with photolithography, we demonstrated a PR-SL
process, in which the negative photoresist and SL were utilized
to determine the pixels for QD deposition, while at the same
time the SL helps to avoid the interfacial issues in the devices.
The performance of the patterned QLED devices after the
process shows no obvious decline from the control devices,
indicating that this method is effective to construct patterned
QDs without observable damage. The resolution of QD patterns
was determined by the exposure mask and by the optical
limitation of photolithography process. As a result, a 500-ppi,
full-color PM-QLED display prototype was fabricated via this
approach. The PM-QLED showed unimodal emission from
each subpixel without color impurities, leading to the color
gamut over 114% NTSC. To the best of our knowledge, it is the
first reported full-color QLED display with the resolution as
high as 500 ppi. The PR-SL approach can be adopted utilizing
photolithography instrumentations from the current array
and color filter production process without extra investments.
This method eliminates big obstacles and firstly verifies
the possibility for mass production of high-resolution QLED.
It may be applied to the mass-production of large-size
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high-resolution QLED displays that meet the requirements for
future market. And this photolithography process is capable of
providing next generation displays with higher qualities at the
reduced costs.

4 Method

4.1 Materials

The QDs for red, green and blue were cadmium selenide
core/shell colloidal dots purchased from Suzhou Xingshuo
Nanotech Co., Ltd. Zinc oxide nanoparticles solution (ZnO
NPs) were manufactured by Poly OptoElectronics Tech. Ltd..
Polyvinyl pyrrolidone K30 (PVP K30) resins were obtained
from Gobekie Ltd.. Photoresist (BN308-150) was obtained
from Kempur Microelectronics Inc. HT-1 and HT-2 materials
are not disclosed for reasons of confidentiality. 1,4,5,8,9,11-
Hexaazatriphenylenehexacarbonitrile (HAT-CN) was purchased
from J&K Scientific. Silver (99.99%) evaporation material was
bought from CNM Inc.. Other solvents used were all super
dry grade obtained from Shanghai Titan Tech. Ltd..

4.2 Control QLED device fabrication

The control QLED devices were fabricated through spin-coating
and evaporation on glass substrates with pre-patterned ITO
cathode. The pixel size is 2 mm x 2 mm. First, the substrates
were carefully cleaned in deionized water, acetone, and ethyl
alcohol for 15 min each. Then the substrates were treated with
UV-ozone for 10 min for removal of organic residue on the
surface. After that the substrates were annealed for 5 min at
120 °C in the glovebox. ZnO NPs were spin-coated onto the
substrate at 1,500 rpm for 40 s using a 30 mg-mL™" solution in
ethanol and annealed at 120 °C for 20 min. The QDs were
spin-coated at 2,500 rpm and annealed at 120 °C for 20 min.
When the QD layer was finished, the samples were transferred
to a vacuum deposition chamber with chamber pressure
below 5 x 107 torr for HT, HI and Ag anode deposition. The
devices were capsulated with a UV-curable epoxy and cover
glasses in the N, atmosphere. The QLED devices utilize the
architecture ITO/ZnO/QD/HT-1/HT-2/HI/Ag.

4.3 Patterned QLED device fabrication

The patterned substrates were treated according to the same
method as control ones. ZnO NPs were spin-coated onto the
substrate (with a pixel size of 2 mm x 2 mm) and annealed
on a hot plate at 120 °C for 20 min. The PVP K-30 was chosen
as the SL and spin-coated at 1,500 rpm using a 30 mg-mL™"
solution in ethanol. Then the substrates were deposited
with PR at 4,000 rpm and developed in the p-xylene for 90 s
(without exposure). ICP was employed to etch the sacrificial
layer. The QDs were spin-coated at 2,500 rpm and the

0.6
500

Figure 5
(c) Color coordinates of R/G/B subpixels when lightening separately.

400 450 500 550 600 650 700 750
Wavelength (nm)

00 01 02 03 04,05 06 07 08

(a) The electroluminescent image of the 500-ppi, full-color PM-QLED. (b) Emission spectra of R/G/B subpixels when lightening separately.
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substrates were rinsed in the ethanol for 4 min by sonication.
Next, the films were annealed at 120 °C for 20 min. When
the QD layer was finished, the samples were transferred to
a vacuum deposition chamber with chamber pressure below
5 x 107 torr for HT, HI and Ag anode deposition. The devices
were capsulated with a UV-curable epoxy and cover glasses in
the N, atmosphere.

4.4 Full-color PM-QLED device fabrication

Firstly, the PM substrates were carefully treated according
to the same method as control ones. Then ZnO NPs were
spin-coated onto the substrate and baked at 120 °C for
20 min. The PVP K-30 was chosen as the SL and spin-coated
at 1,500 rpm using a 30 mg-mL™" solution in ethanol. Then the
substrates were deposited with PR at 4,000 rpm and exposed
for 3 s following (365 nm, 18 mJ-cm™). After the exposure, the
substrates were developed in the p-xylene for 90 s to form the
PR patterns. ICP was employed to etch the uncovered SL,
which was not protected by the PR after the developing. The
QDs were spin-coated at 2,500 rpm and the substrates were
rinsed in the ethanol for 4 min by ultrasonic. At last, the
membranes were annealed at 120 °C for 20 min. The green
and blue QD membranes were patterned by repeating above
processes. When all the QD layers were finished, the samples
were transferred to a vacuum deposition chamber with
chamber pressure below 5 x 107 torr for HT, HI and Ag anode
deposition. The devices were capsulated with a UV-curable
epoxy and cover glasses in the N, atmosphere.

4.5 Characterization

The current-voltage-luminance (I-V-L) characteristics of the
devices were measured by a Keithley-2400 source unit coupled
with a calibrated CS-1000 CCD camera. The QLED lifetimes
were characterized by Chroma Model 58131 OLED lifetime
test system.

The PLQYs of quantum dots were measured by the Hamamatsu
C9920-11 absolute PL quantum vyield spectrometer. The
photoluminescence images were obtained with an Olympus
IX73 fluorescence microscope. The electroluminescent images
were obtained by a Nikon LV100 ND optical microscope.
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