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Flexible and tandem quantum-dot light-emitting diodes with
individually addressable red/green/blue emission

Qiang Su', Heng Zhang' and Shuming Chen®'**

Tandem quantum-dot light-emitting diodes (QLEDs) with multiple QLED elements vertically connected by the intermediate
electrodes offer the advantages of high brightness and long lifetime. However, it is challenging to individually address each QLED
element in conventional tandem structures. To address this challenge, here, transparent QLEDs built on flexible plastic substrates
are developed as the building blocks for the tandem QLEDs. By vertically integrating a red, a green, and a blue transparent QLEDs
with an ultraviolet glue, the resultant tandem QLED can emit separately controllable red/green/blue (R/G/B) emission with an
external quantum efficiency (EQE) of 12.0%/8.5%/4.5%, respectively. Enabled by the transparent and extractable I1ZO electrodes, the
QLED elements can also be connected in series or in parallel with an EQE of 24.8% or 8.2%, respectively. Our work provides a new
implementation strategy for the realization of tandem QLEDs with individually addressable R/G/B emission for both display and

lighting applications.
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INTRODUCTION

Tandem quantum-dot (QD) light-emitting diodes (LEDs) with
multiple LED elements vertically stacked offer the advantages of
high brightness and long lifetime, and thus have been hotly
investigated as one of the promising displays and lighting
devices'™. In conventional tandem QLEDs, the LED elements are
connected by the intermediate connection layers (ICL), which
typically consist of a p-type and a n-type semiconductor layers
and have a function of generating charge carriers for adjacent LED
elements®’. In conventional tandem structures, the LED elements
can only be serially connected and thus they are simultaneously
turned on, when a voltage is applied to the terminals of the
devices'™871% At a certain driving current, the brightness of a
tandem LED is n-fold higher than that of a single device, making it
particularly favorable for application scenarios, where high
brightness is a must, such as lighting, large area display, and
phototherapy'' >

If the LED elements can be individually addressed, the tandem
LED can offer more functionalities other than high brightness. For
example, by separately controlling the emission of the red/green/
blue (R/G/B) LED elements, a single-tandem LED can serve as a
full-color pixel for displays. Compared to the conventional full-
color displays with horizontal R/G/B side-by-side pixel arrange-
ment, the vertical R/G/B pixel configuration can significantly
improve the resolution and the aperture ratio of a display'®2°. In
addition, a single-tandem LED can emit arbitrary or tunable colors
by vertically and spatially mixing the emission of the R/G/B LED
elements. Furthermore, the LED elements can be connected in
different modes, such as in series or in parallel, thus enabling the
tandem LED to display a high brightness either at a lower current
or at a smaller voltage.

Although tandem LED with individually addressed emission
offers many advantages, it is challenging to develop such a kind of
structure. Firstly, the ICL used to connect the LED elements should
be transparent and conductive. Secondly, the ICL should be
patterned and extracted to work as an independent electrode.

Finally, the entire fabrication process should be damage free to all
functional layers. We have recently demonstrated a tandem LED
with individually addressable blue and yellow emission by
stacking a yellow QLED and a blue organic LED, using an indium
zinc oxide (IZO) transparent and conductive electrode?'. Very
recently, Sun et al. have developed a tandem LED with separately
controllable R/G/B emission by using a patterned AgNWs/resin/
AgNWs as the intermediate addressing electrode?. However, the
performance of the resultant tandem LED is moderate, since it is
difficult to achieve a highly transparent intermediate electrode
and a damage-free solution fabrication process especially when
tens of functional layers are involved. Moreover, it seems
impossible to connect the intermediate electrodes with the
electrodes of the bottom driving thin-film transistors (TFTs),
making the developed structures useless for display applications.

In this work, we attempt to address the aforementioned
challenges by developing the transparent QLEDs as the building
blocks for constructing damage-free tandem QLEDs with indivi-
dually addressable emission. The R/G/B transparent QLEDs are
independently built on the flexible polyethylene naphthalate
(PEN) substrates, and then they are vertically assembled by using
an ultraviolet (UV)-curable glue; by extracting the electrodes of
each LED elements, the resultant tandem QLED can emit
separately controllable R/G/B emission with an external quantum
efficiency (EQE) of 12.0%/8.5%/4.5%, respectively. Since each LED
element is independently fabricated on its own substrate, the
solvent damage during fabrication of the top LED elements is
eliminated, consequently enabling the LED elements to exhibit a
high efficiency. Moreover, it is easy to realize a high-resolution
monochromic display by integrating the driving TFT with each
LED element, and by stacking a red, a green, and a blue
transparent display, a high-resolution, color-patterning-free and
full-color display can be realized. Our work provides a new
implementation strategy for the realization of tandem QLEDs with
individually addressable R/G/B emission for both display and
lighting applications.
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Fig. 1

Flexible and transparent R/G/B-QLED. a Schematic device structure and b energy levels of the functional layers of the transparent devices.

¢ Photographs of the flexible and transparent R/G/B-QLED attached to the pipettor no matter what the devices were on or off, the numeral below
the devices can be clearly recognized, demonstrating a excellent transparency and flexibility. d The transmittance of PEN and R/G/B-QLED. e The
current density-voltage-luminance (J-V-L) and f the external quantum efficiency-voltage (EQE-V) characteristics of R/G/B-QLED.

RESULTS AND DISCUSSION
Flexible and transparent QLEDs

Transparent QLED with the structure of 1ZO/(180 nm)/PEDOT:PSS/
TFB/QDs/ZnMgO/Al (2 nm)/IZO (80 nm) was fabricated on a thin
(50 um) PEN substrate, where the 2nm Al deposited by
evaporation serves as a buffer layer to protect the bottom
functional layers from ion bombardment damage during sputter
deposition of the top 1ZO cathode®'?2. 1ZO was employed as
bottom anode and top cathode because of its high transparency,
high conductivity, and small bombardment damage to the
underneath PEN substrate or functional layers. The schematic
device structure and the energy levels (taken from refs, 14212324
of the functional layers of the transparent QLED are shown in
Fig. 1a, b. Thanks to the high transparency of 1ZO electrodes and
PEN substrates, the resultant devices exhibit a high transparency
of ~80% (Fig. 1d), which is important for realizing efficient tandem
devices, as will be discussed later. The transparency and flexibility
of the resultant devices are demonstrated in Fig. 1c and
Supplementary movie 1, where the devices were bent and
attached to a cylindrical surface of a pipette. The devices can
work normally in the bending state and the numeral below the
devices can be clearly recognized no matter what the devices
were on or off, demonstrating a excellent transparency and
flexibility. As shown in Fig. 1f, the red, green, and blue transparent
QLEDs exhibit a total EQE (including bottom and top sides) of
17.2%, 16.3%, and 6.0%, respectively, which is very close to those
of the regular bottom QLEDs (Supplementary Fig. 1), indicating
that the sputtered 1ZO top cathode does not affect the
performance of the transparent devices. The corresponding power
efficiency is shown in Supplementary Fig. 2.

Flexible tandem QLEDs

With the transparent and efficient red, green, and blue QLEDs as
the building blocks, we can then construct a tandem LED by
vertically assembling the devices. Figure 2a, b shows the
schematic structure and the assembling processes of the tandem
LED. A UV-curable resin that can directly be spun-cast onto the
devices was used to encapsulate the LEDs and bond the LED
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elements. By integrating a transparent blue, a transparent green,
and a regular bottom-emitting red LED element using the UV glue,
a bottom-emitting tandem LED can be realized. Compared to the
demonstrated methods'™*?°, the advantages of our design
including: (1) the red, green, and blue emission can be individually
addressed by extracting the electrodes of each LED element; (2)
the issue of solvent damage during the deposition of tens of
functional layers in conventional tandem LEDs can be avoided
since each LED element is independently built on its own
substrate; (3) the resultant tandem LED could be used for display
applications; by equipping each colored QLED with the driving
TFTs on the same substrate, a monochromic display can be easily
realized, and by integrating a red, a green, and a blue display, a
full-color display with vertical R/G/B pixel configuration can be
achieved; consequently, the problematic color-pattering process
can be eliminated and the resolution, the aperture ratio can be
significantly improved as compared to conventional displays with
patterned side-by-side R/G/B pixels, as schematically illustrated in
Fig. 2c; (4) the LED elements can be connected either in
conventional series mode or in parallel mode, and thereby can
enable the tandem LED to exhibit a high brightness either at a
very low current or at a very small voltage, depending on the
requirement of practical applications, as shown in Fig. 2d.

As an example, we demonstrate the capability of individually
addressing the emission of each LED element. As shown in Fig. 2e,
the red, green, and blue saturated emission can be separately
controlled by only applying the driving signals to the specific LED
element. Also, tunable colors such as yellow, pink, cyan, and white
can be easily achieved by mixing the emission of two or three LED
elements. Theoretically, the colors can be tuned in a wide range,
such as from red to blue, from red to green, or from green to blue,
and also, arbitrary colors that are within the color triangle defined
by the LED elements can be generated, as shown in Fig. 2f and
demonstrated in Supplementary movie 2. Enabled by the
individually addressable R/G/B emission, the color, the brightness,
and the color temperature of the emission can all be indepen-
dently tuned by simply varying the driving signals, making the
resultant tandem LED very attractive for tunable lighting
application.
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Fig. 2 Tandem QLED with individually addressable R/G/B emission. a The schematic device structure and b assembling processes of the
tandem LED. ¢ Comparison of a conventional full-color display with patterned horizontal R/G/B side-by-side pixel arrangement, and our
proposed display with the color-patterning-free vertical R/G/B pixel configuration. Compared to conventional scheme, our method can
significantly improve the resolution and the aperture ratio of a display. d The LED elements can be connected either in series or in parallel
mode, and thus our tandem LED can display a high brightness either at a very low current or at a very small voltage, which is beneficial to
their lifetime. e Photos and spectra of the tandem QLEDs demonstrating that the R/G/B emission can be separately controlled and tunable
colors can also be achieved by varying the driving signals. f The color coordinates of the achievable colors by the tandem QLEDs.

The performances of the red, green, and blue emission in the
tandem structure are then evaluated. As shown in Fig. 3a, b, by
assembling the red, green, and blue LED elements as a tandem
device, their EQEs are reduced from 17.2%/16.3%/6.0% to 12.0%/
8.5%/4.5%, which are reduced by 30%/48%/25%, for R/G/B
emission, respectively. The corresponding power efficiency is
shown in Supplementary Fig. 2. The reason for the reduced
emission is mainly ascribed to the absorption of the devices. As
shown in Fig. 1d and Supplementary Fig. 3, a single LED exhibits a
transmittance of ~80%, whereas a stack of two LED elements
shows a transmittance of 65-70%. By placing the red LED on the
very top side, its emission is attenuated when passing through the
green and the blue LED, and consequently, only 65-70% of its
emission can be output, as schematically shown in Fig. 3g.
Similarly, the emission of the green and the blue are attenuated
when passing through their partners. Therefore, to reduce the
absorption losses and improve the efficiency, the transparency of
the LED elements should be further improved, which could be
realized by using more transparent electrodes and substrates.

Enabled by the individually addressable emission, the LED
elements can be connected either in series or in parallel mode. As
shown in Fig. 3¢, d, under parallel connection, all LED elements are
driven by the same voltage and the resultant tandem LED exhibits
a very high brightness of 130,654cdm™2 at 7V, which is
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approximately equal to the sum of those of the LED elements.
Whereas under series connection, all LED elements share the same
current, and consequently the resultant tandem LED displays a
high EQE of 24.8%, as shown in Fig. 3e, f. Depending on the
requirement of practical applications, the tandem LED can be
operated at a high brightness of >100,000 cd m 2 either at a small
voltage of 6.3V or a low current of 150 mA cm~2, which is
beneficial to the improvement of their lifetime.

In summary, by employing magnetron sputtered 1ZO as the
transparent electrode, we have demonstrated flexible, transparent
R/G/B QLEDs with the EQEs of 17.2%/16.3%/6.0%, respectively,
accompanying with a high transparency of ~80%. By using the
transparent QLEDs as the building blocks, tandem QLED with
individually addressable emission has been realized. The devel-
oped method eliminates the issue of solvent damage in
conventional tandem devices and enables us to separately control
the emission of each LED element. The demonstrated tandem
QLED could be used for full-color displays, which could eliminate
the problematic color-patterning processes, and could signifi-
cantly improve the resolution and the aperture ratio of the
displays; meanwhile, with the merits of tunable emission and high
brightness either at small voltage or low current, the demon-
strated tandem QLED could be attractive for lighting applications.

npj Flexible Electronics (2021) 8
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Fig. 3 Performance of the tandem QLED. a The J-V-L and b the EQE-V characteristics of the R/G/B emission in the tandem structure. The J-
V-L and the EQE-V characteristics of the tandem LED operated at ¢, d parallel and e, f series connection mode, respectively. g Analysis of the
luminance losses of the R/G/B emission in the tandem structure. Because of the absorption of the devices, the emission is attenuated when

passing through each LED element. The error bar here is +5%.

METHODS
Device structures

Transparent QLEDs with the structure of PEN/IZO (180 nm)/PEDOT:PSS
(45 nm)/TFB (40 nm)/QDs (~15 nm)/ZnMgO (40 nm)/Al (2 nm)/IZO (80 nm)
were fabricated on a thin (50 um) PEN substrate, where the 2nm Al
deposited by evaporation serves as a buffer layer to protect the bottom
functional layers from ion bombardment damage, during sputter deposi-
tion of the top I1ZO cathode.

Tandem QLEDs with the structure of PEN/IZO/PEDOT:PSS/TFB/blue
QDs/ZnMgO/Al (2 nm)/IZO/UV glue/PEN/IZO/PEDOT:PSS/TFB/green QDs/
ZnMgO/Al (2 nm)/IZO/UV glue/PEN/IZO/PEDOT: PSS/TFB/red QDs/ZnMgO/
Al (100 nm) were fabricated by bonding with UV glue.

12O, PEDOT:PSS (poly (ethylenedioxythiophene)/polystyrenesulfonate),
TFB (poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(4,4’-(N-(pbutylphenyl))dipheny-
lamine)]), QDs, and ZnMgO work as anode/cathode, hole injection layer
(HIL), hole transport layer (HTL), light emission layer (EML), and electron
transport layer (ETL), respectively.

Device fabrication

Transparent QLED. First, the cleaned PEN plastic substrates were
transferred to a magnetron sputtering system to deposit the 1ZO anode
(180nm, ~30Qsq ") at a working pressure of 4.5x 10 ' Pa, a power of
100 W, an Ar flow of 20 sccm. The anode was patterned by using a shadow
mask. The 12O target used here is composed of 90 wt% In,03 and 10 wt%
ZnO. Then, these flexible PEN/IZO substrates were bound to glass
substrates for subsequent processing. The HIL was formed by spin-
casting PEDOT:PSS (Clevios Al 4083) at 3000 r.p.m. and baked at 120 °C for
20 min in the atmosphere after treating the 1ZO with O, plasma for 6 min.
After that, the samples were transferred into an Ny-filled glovebox to
prepare the subsequent functional layers. The TFB HTL was deposited by
spin-casting its solution (8 mg mL™" in chlorobenzene) at 3000 r.p.m. for
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45 s and baked at 100 °C for 20 min. Then, the QDs EMLs were obtained by
spin-casting the QDs solution at 3000 r.p.m., and baked at 100 °C for 5 min.
The R/G/B QDs (CdSe/ZnS) were dissolved in n-octane with a concentration
of 15, 10, and 10mgmL™", respectively. Afterward, ZnMgO nanoparticles
(20 mgmL~" in ethanol) were spin-coated on QDs films at 2500 r.p.m. and
annealed at 80 °C for 20 min. Subsequently, the samples were transferred to
a high-vacuum evaporation chamber to deposit a 2 nm Al buffer layer with
an evaporation rate of 1.5As™" at a base pressure of 5x 10~ Pa. Finally,
the 1ZO cathode with a thickness of 80 nm (~80Q sq*‘) was fabricated by
magnetron sputtering at a working pressure of 4.5x 10" Pa, a power of
50W, an Ar flow of 20 sccm. The Al cathode was prepared in the high-
vacuum evaporation chamber with an evaporation rate of 5As™" at a base
pressure of 5x 107 *Pa after completing the ZnMgO ETL. The QDs and
ZnMgO nanoparticles were purchased from Suzhou Xingshuo Nanotech
Co., Ltd and Guangdong Poly OptoElectronics Co., Ltd, respectively.

Tandem QLED. A UV-curable resin (Loctite 3311, viscosity: 300) was used to
encapsulate the transparent QLED and bond the QLED elements. The UV-resin
was directly spun-cast on the first QLED element at 3000 r.p.m., and then the
second QLED was placed on top of the UV-resin and was aligned with
the first QLED, followed by curing the resin by a UV lamp (36 w) for
8 min. By repeating the above processes, tandem QLED with the red,
green, and blue QLED elements vertically assembled was obtained.

Device characterization

The thicknesses of the functional layers and 1ZO electrodes were measured
using a Bruker DektakXT stylus profiler. The evaporation rates and the
thicknesses of thin Al, Al cathode, were in situ monitored by a quartz
crystal microbalance. The sheet resistance of IZO electrodes was measured
by a four-point probe resistivity measurement system. The electrolumines-
cence (EL) spectra of QLEDs were measured by a PR 670 spectrometer, and
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the J-V-L characteristics of QLEDs were assessed by using a dual-channel
Keithley 2614B programmable source meter with a PIN-25D calibrated
silicon photodiode under ambient conditions.

Measurement of EQE was achieved by a method recommended by SR
Forrest®®, in which a large area PIN-25D silicon photodiode (made by OSI
Optoelectronics) was placed in close contact with the devices. The active
area (2 mm x 2 mm) of the device under test is much smaller than that of
the photodiode (613 mm?) so that all light emitted by the device can be
detected by the photodiode. The setup was placed in a home-made black
box so that only the light emitted by the QLED surface facing to the
photodiode is detected, while other emission (such as the top-side emission
of the transparent QLED) was absorbed by the black box. The driving
current through the devices was monitored simultaneously by a dual-
channel Keithley 2614B source measure unit. Prior to the measurement of
EQE and J-V-L characteristics, the EL spectra of the QLED were measured by
a PR 670 spectrometer. By inputting the emission area (4 mm?), the emission
solid angle (1), and the EL spectra to a home-made software, the EQE and
the luminance can be calculated®. The luminance acquired from this
method was calibrated by a PR 670 spectrometer, which can measure the
luminance directly.

For the devices with the bias-dependent spectra (such as our tandem
QLEDs operated in series mode), their spectra at different voltage were first
measured and then input to the software; then the EQE and the luminance
at each voltage can be calculated by using the input bias-dependent
spectra. For the tandem QLED operated in parallel mode, the EQE and the
J-V-L of each QLED element were independently measured, and then the
EQE of the tandem device can be calculated by using the below Eq. (1):

EQEparaIIeI(V) _ EQERed(V)><JRed(V)j’Rfﬁ\E/G)T;G(r‘;l?é?iejr;‘(u‘z)(?/’)EQEB\ue(v)XJEIue(V) 1

where EQE (V) and J (V) are the external quantum efficiency and the
current density of each QLED element operated at a specific driving
voltage V, respectively.

DATA AVAILABILITY

The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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