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Multi-color light-emitting diodes (LEDs) with various advantages of color tunability, self-luminescence, wide viewing
angles, high color contrast, low power consumption, and flexibility provide a wide range of applications including

full-color display, augmented reality/virtual reality technology, and wearable healthcare systems.

multi-color LED OLED QLED CQD-organic hybrid LED

| 1. Introduction

Light-emitting diodes (LEDs) are semiconductor optoelectronic devices that emit light when electrons and holes
recombine under applied voltage [I2EI4 Multi-color LEDs with various advantages of color tunability, self-
luminescence, wide viewing angles, high color contrast, and low power consumption are considered as the new-
generation full-color displays used in televisions, laptops, mobile phones, and augmented reality/virtual reality
technology . In addition, the excellent flexibility and thin thickness of multi-color LEDs provide a wider range of
applications in emerging optoelectronic devices including folding full-color displays, smartwatches, and wearable
healthcare systems . Furthermore, multi-color LED integration with the sensor is a promising and innovative way
to visualize the electronic output signal of sensors to different visible colors, which has great application prospects

in various applications such as real-time electrocardiogram monitors and electronic skin sensors 87,

Organic LEDs (OLEDs) are a type of LED in which the emissive electroluminescent layer is a film of the organic
compound WEIRIIOILLLZ  |n 1950, French chemist André Bernanost for the first time discovered the
electroluminescent properties of organic compounds; since then, tremendous progress has been made in the
development of OLED technology M13I14] Up to now, OLEDs have been mass-produced and commercialized, and
successfully applied in either rigid or flexible OLED displays and excellent solid-state lighting 2218l Due to the
mature application foundation of monochrome OLEDs for years, multi-color OLEDs with various lateral/vertical

integration configurations have been fairly widely researched [17IL8][191[20]

In recent years, colloidal quantum dots (CQDs) have been considered to be promising visible emitter materials to
replace organic luminescent materials due to their inherent luminescent properties, including tunable emission
wavelength, narrow spectral bandwidth, and high photoluminescence quantum yield [2[22123]124]i25] ' ysing CQDs
as the emissive electroluminescent layer of LEDs, CQD-based LEDs (QLEDS) have stimulated a great deal of
research interest. QLEDs possess unique merits of high color saturation, tunable emission color, high brightness,
and simple solution processability (281271281 Recent advances have enabled monochromatic QLEDs to exhibit

excellent performance. For example, the external quantum efficiency (EQE) of red, green, and blue QLEDSs is
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higher than 20%, 22%, and 18%, respectively 27[22B30B1  On this basis, researchers began to aim for high-

performance multi-color QLEDs to achieve high-resolution full-color QLED displays [221[33][341[35]

However, the unstable blue QLEDs with a much shorter lifetime (Tgq lifetime of 200 h at an initial brightness of
1000 cd m™2) than the red (Ts, lifetime of 26,500 h at 1000 cd m™2) and green ones (Ts, lifetime of 25,000 h at
1000 cd m™2) restrict the development of full-color QLEDs [24[23[3081] By substituting the blue QLEDs with
relatively stable blue OLEDs, a CQD-organic hybrid multi-color LED has been proposed combining the excellent
saturation of QLEDs and high stability of OLEDs B8I87], progress in multi-color devices is summarized in Figure 1.
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Figure 1. Progress in multi-color devices (PDT: photodynamic therapy).

| 2. Types of Multi-Color Devices
2.1. Multi-Color OLEDs

OLEDs are expected to play a critical role in solid-state lighting and display application, owing to their unique
properties, such as a wide range of colors, excellent luminance, ultrathin thickness, and flexibility. There are
different ways to realize multi-color OLED devices. Firstly, the red, green, and blue OLEDs are arranged in parallel
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to achieve a wide color gamut 23381 However, this method has an intrinsic deficiency of a low pixel density.
Secondly, the vertical stack OLED configuration has an improved pixel density and high efficiency. However, the
structure of the device is relatively complex, leading to poor stability. Thirdly, the emission of OLEDs with multiple
emission layers is selectively activated by different voltages [18I[28I[391[40][41][42][43][44] * Sj|| the transition of the

complex exciton region between the two emission layers tends to reduce the device’s efficiency.

2.1.1. Side-by-Side Structure

Combining the two, three, or four single-color OLED units in the side-by-side arrangement was proposed, driven by
circuitry comprising a thin-film transistor (TFT) and capacitors that can address each pixel independently. The

devices exhibit good optical performances since the light directly emits from respective units.

In 2003, C. David Muller et al. used a polymer with photoresist properties to make red/green/blue side-by-side
OLED units via solution processing, as shown in Figure 2a 7. The polymers are the classes of oxetane-
functionalized spirobifluorene-co-fluorene, and they can be crosslinked photochemically to produce insoluble
polymer networks in desired areas. A photograph of a red, green, and blue device is shown in Figure 2b. The
obtained red-, green-, and blue-emitting units possess high luminous efficiency (LE) of about 1, 7, and 3 cd A,
respectively (Figure 2c).
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Figure 2. Side-by-Side Structure of Multi-color OLEDs. (a) Directly combine the red, green, and blue emitters in
parallel. (b) Photograph of a red, green, and blue device. The dimensions of the glass substrate are 25 x 25 mm.

(c) The LE for red-emitting, green-emitting, and blue-emitting devices.

Red, green, and blue color patterning is achieved via the sequential vacuum deposition of red, green, and blue
materials through fine metal mask technology. However, the technique has several inherent limitations, such as
difficulties in mask-to-substrate overlay alignment and in making micrometer-level dimensional accuracy masks,

resulting in a low manufacturing yield and poor display resolution. In 2015, Yoshitaka Kajiyama et al. developed a
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maskless red/green/blue color patterning technique based on the diffusion of luminescent dopant molecules, which
overcomes challenging issues in multi-color OLED display manufacturing arising from shadow mask limitations
(Figure 2d) 43, The EL images and corresponding EL spectra of the successfully fabricated red, green, and blue

OLEDs side by side on one substrate are displayed in Figure 2e,f, respectively.

2.1.2. Vertically Stacked OLEDs

Compared with side-by-side red/green/blue OLED units to make a multi-color display, vertically stacked OLED
units enable smaller pixel size and more fill factor, resulting in a threefold increased pixel density of the display.
However, because of the light loss and the resistance increase in the semitransparent central electrode, the

brightness of multi-color OLEDs inevitably decreases and a high drive voltage is needed.

Two-Unit Stacked OLEDs

In 1997, P.E. Burrows and S.R. Forrest et al. at Princeton University first proposed a new type of display pixel in
which the two OLED units of red, green, or blue emission were placed in a vertically stacked geometry to mix red,
green, or blue colors (Figure 3a) (48], For example, independently blue and red emission OLED units are stacked
and connected by the central magnesium-silver—indium tin oxide (Mg-Ag-ITO) electrode. The central electrode
works as a common carrier injection layer of two units, and the color continuously changes from deep red to blue
depending on the voltage bias ratio. On this basis, in 2009, C.J. Liang et al. achieved highly efficient multi-color
emission with two-unit stacked OLEDs (Figure 3b) [2l. They found that the thin organic film underlying the ITO layer
would be harmed by the magnetron sputtering process; thus, they solely adopted an aluminum—gold (Al-Au) dual
film with suitable thickness as the inter-mediate electrode and, to improve the balance of electrons and holes
injection, at both ends of the electrode they increased lithium fluoride (LiF) as the electron injection buffer layer and
F4,TCNQ-doped m-MTDATA as the hole injection buffer layer.

However, adopting a traditional metallic conductor as an intermediate layer does not only reduce transparency but
also influences stability. An effective way to reduce the driving voltages of tandem structures is by replacing them
with a charge generation layer (CGL). In 2013, Yongbiao Zhao et al. from Nanyang technological university
inserted a p-type layer of molybdenum trioxide (MoO3) between hole transport layer TCTA constituting an n-i-p-i-n
heterojunction symmetric structure (Figure 3d) 2. When applying an alternating current (AC) signal, the n-i-p
junction and p-i-n junction would switch on alternatively, and the device-emitted light mixed with two stacked OLED
units. The correlated color temperature (CCT) of this device could be changed from 7575 to 2773 K, and the
Commission Internationale de I'Eclairage (CIE) was varied from (0.16, 0.32) to (0.61, 0.38). Although the efficiency
of carrier injection has been promoted, the diffusion of dopants would deteriorate the properties of devices. In
2022, Qian Chang et al. used two purely organic materials HAT-CN and CuPc composing a p-n type CGL as
shown in Figure 3c; this device not only had better current efficiency but also realized color-tunable stacked
OLED:s in a single direct current (DC) signal. When applying a driving voltage, p-n type CGL would generate two
type carriers, and two OLED units emitted light simultaneously; the CE and EQE of obtained QLEDs can reach up
to 46.3 cd A™! and 15.1%, respectively [48],
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Figure 3. Two-Unit Stacked OLEDs. (a) Schematic cross—section of the layers of a red-blue tunable OLED. (b)
The energy level diagram shows the highest occupied molecular orbital (HOMO) and the deeper lowest
unoccupied molecular orbital (LUMO) levels, and carrier flows in OLEDs. (¢) The working principle of the tandem
device. (d) Schematic n-i-p-i-n structure of the OLEDs (e) Fabrication steps of the proposed color-tunable OLED.
The 0-IBOLED is first deposited with a fine mask, followed by depositing the b—-NBOLED without the fine mask. (f)
The operation mechanism of top orange and bottom blue tandem LEDs coupled with energy—-level alignment under
DC forward, DC reverse, and AC fields.

For the practical application, there are issues regarding the complicated and expensive manufacturing process that
need to be addressed. In 2013, Jiang et al. from Hong Kong University also fabricated a color-tunable device
based on the two stacked OLED units without fine mask alignment, as shown in (Figure 3e) [£2. Although adjusting
the polarity of the AC signal, the CIE coordinates are varied from (0.21, 0.23) to (0.57, 0.37). The color rendering
index (CRI) is 54.2 when the CIE is (0.38, 0.29). The solution process for the polymer emitters and the interface
materials can result in a much simpler and cheaper fabrication process. In 2016, Sung Hwan Cho et al. combined
two tandem OLEDs by sharing a polymer electrode as a charge injection layer through solution process methods
(Figure 3f) 42 The maximum current efficiency (CE) and luminance of obtained OLEDs are 2.5 cd A~ and 1300
cd m™2, respectively. In 2017, Fei Guo et al. introduced highly conducting and transparent silver nanowires as the
intermediate charge injection layer between two OLED units (Figure 3g) [22. When a low-frequency square-shaped
AC signal with positive and negative potentials is applied to the tandem cells, the two diodes can alternatingly turn

on and emit pulses of the two primary colors. The CIE coordinates of the three color-tunable devices with material
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combinations of green—blue, red-blue, and red—green operated by applying an AC signal with different pulse

offsets are shown in Figure 3h.

Another way to achieve multi-color emission with two OLED units is to introduce a yellow emission. In 2015,
Markus Frobe et al. demonstrated a new device that could emit color from deep blue to warm white to saturate
yellow by independently addressing a fluorescent blue emission unit and a phosphorescent yellow emission unit
(Figure 3i,j) 29, The leading way is the AC/direct current (DC) method by changing the pulse width and pulse
height of the positive and negative cycles. The highest power efficiency (PE) values of OLED reach 36.8 Im W™ at
warm white color coordinates.

Three-Unit Stacked OLEDs

Three-unit stacked OLED devices are proposed due to the better color gamut and higher CRI compared with the
two-unit stacked ones. However, the higher driving voltages for independently controlling three units are inevitably

applied. Aside from this, serious color distortion issues appear caused by the micro-cavity effect.

In 2017, Mi Jin Park et al. successfully fabricated highly efficient three-stacked OLEDs based on the optical
simulation results (Figure 4a); the measured spectrum was almost identical to the simulated device as shown in
Figure 4b, showing an EQE of 49.4%, a PE of 33.4 Im W1, and a CR/ of 93 (Figure 4c) 18, |n 2018, Hyunkoo Lee
et al. also fabricated multi-color OLEDs with a vertical stack of three primary colors 2. To reduce the driving
voltage, they inverted the middle green OLED which shared metal electrodes with the bottom and the top OLEDs
(Figure 4d). The driving voltages of blue, green, and red emission units are around 5.3 V, 2.8 V, and 4.4V,
respectively, at 1000 cd m~2 (Figure 4e). The CCT could be easily changed from warm white to cool white and a
CRI of 88.7 could be reached. Furthermore, they also optimized the thickness of the hole transport layers (HTLS)
and the electron transport layer (ETL) to alleviate the micro-cavity effect. As a result, the color distortion issues are
alleviated and the EQE of blue, green, and red emission units can reach 11.1%, 10.9%, and 9.6%, respectively
(Figure 4f).
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Figure 4. Three-Unit Stacked OLEDs. (a) Schematic structure of the color-tunable OLED. (b) Comparison of
measured and simulated EL spectra of the device. (¢) PE and EQE versus the current density of the device.
Reprinted with permission from Ref. [18] 2017, ACS Photonics. (d) Schematic structure of the color-tunable OLED
with independently controlled red, green, and blue OLEDs. (e) Luminance and current density versus voltage
characteristics of independently controlled red, green, and blue OLEDs in the color-tunable OLED. (f) EQE and LE
of independently controlled red, green, and blue OLEDs in the color-tunable OLED. Reprinted from Ref. 42 2018,
Optical Express.

2.1.3. Stacked Emitter Layers

Stacking various emitter layers with different emission wavelengths is a direct and simple way to achieve multi-
color emission compared with side-by-side and vertically stacked OLED units. In this way, multiple colors can be
obtained by changing the bias voltages. To make carriers’ injection more balanced and emission of OLEDs more
efficient with stacked emission layers, the energy level structure should be carefully designed and the energy

transfer between the host and dopant should be considered.

Single Emission Layer

The multi-color OLED with a single emission layer (S-EML) has a simple structure, and it can be fabricated by an
all-solution method suitable for commercial applications. By doping multi-emission wavelength materials into the
host emission layer, the different colors can be emitted by changing the bias of voltage. In addition, the emission
spectrum is influenced by the doped ratios; therefore, the concentration of dopants should be considered and

optimized.
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In 1994, J. Kido and K. Hongawa et al. first proposed the white OLEDs by using a single emitter layer doped with
three fluorescent dyes B9, The fluorescent dyes including blue-emitting 1,1,4,4-tetraphenyl-1,3-butadiene, green-
emitting coumarin 6, and orange-emitting DCM 1 were doped into the poly(9-vinylcarbazole) (PVK) layer (Figure
5a). The obtained OLEDs possessed high luminance of 3400 cd m~2 at a driving voltage of 14 V and an excellent
LE of 0.85 Im W2,
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Figure 5. Single Emission Layer of Multi-color OLEDs. (a) The configuration of the OLED cell. Reprinted with
permission from Ref. BY, 1994, Applied Physics Letters. (b) The schematic diagram of the energy structure.
Reprinted with permission from Ref. Bl 2004, Wiley-VCH. (¢) Proposed energy diagram of the white OLED.
Reprinted with permission from Ref. 22, 2008, John Wiley and Sons. (d) Energy band diagram of the materials in
the device. (e) CE and EQE characteristics versus luminance of device. (f) CIE 1931 coordinates shifting with
applied voltages from 4.7 V to 5.0 V. Reprinted with permission from Ref. 531, 2015, Elsevier (g) The schematic
diagram of the energy structure. (h) CE, PE, and EQE versus luminance of OLEDs with different blue TADF doping
concentrations. (i) CIE 1931 coordinates’ dependence of the devices on the concentration of dopant. The black
body locus and the color temperature lines were added for reference. Reprinted with permission from Ref. [24],
2020, John Wiley and Sons.

Compared with fluorescent materials, OLEDs with phosphorescent materials as emission layers possess higher
efficiency. In 2004, Brian W et al. doped phosphorescent materials of red-emitting PQIr, green-emitting Ir(ppy)s,
and blue-emitting Flrg into the inert host UGH2 (Figure 5b) B, The CIE chromaticity coordinates of obtained multi-
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color OLEDs vary from (0.43, 0.45) at 0.1 mA cm™2 to (0.38, 0.45) at 10 mA cm™2. In addition, the maximum PE
could be up to 42 Im W1, and the CRI is as high as 80. In 2009, Qi Wang et al. used Flrpic as the blue-emission
doping phosphorescent material and (fbi),Ir(acac) as an orange one 2. The redundant excitons are formed on the
host of mCP, and then the energy is transferred to Flrpic via the Forster- or Dexter-type transfer mechanism,
leading to the blue emission (Figure 5c). Thus, the charge balance is improved and the common energy losses are
eliminated. The performance of OLED is enhanced with PE of 42.5 Im W™, EQE of 19.3%, and CE of 52.8 cd A™L.

Although the performance of OLEDs with phosphorescent materials as emission layers has been greatly improved,
the rare metal in phosphorescent materials increases the cost of preparation. Recently, OLEDs based on thermally
activated delayed fluorescence (TADF) have received wide attention due to both high efficiency and low cost. In
2015, Huang et al. fabricated color-tunable OLEDs through the solution-processed method with TCAC as the host
material, Flrpic as the blue dopant, Os(btfp)2(pp2b) as the red dopant, and Os(bptz)2(dppb) as the yellow dopant
of light-emitting layers (EMLs) (Figure 5d) 23, The EQE of multi-OLEDs is up to 13.6%, as shown in Figure 5e. In
addition, the OLEDs exhibit variation in the color of CIE from (0.52,0.40) to (0.36,0.38) (Figure 5f). In 2017, Jun-Yi
Wu et al. reported a T-P (TADF-phosphorescence hybrid white OLED using the TADF material of DMAC-TRZ as
blue dopants, and the phosphorescent materials of Ir(dpm)PQ2 as red dopants 43, The obtained OLEDs possess
excellent performance of EQE of 12.32% and PE of 18.1 Im W™L. To further improve the efficiency of the devices, in
2020, Ding D et al. demonstrated an all-TADF-doped multi-color OLED 4. The EML consists of yellow TADF
dopants (4CzTPNBu) and blue TADF ones (ptBCzPO2TPTZ). The low-energy-gap yellow dopants with the
shallower HOMO and LUMO could form the hole and electron traps for carrier and exciton capture, therefore
further hampering the charge exchange-based exciton migration (Figure 5g). The devices possess high PE of 55.1
Im W1, excellent EQE of 23.6%, and maximum luminance beyond 30000 cd m~2, as shown in Figure 5h. At 1000
cd m~2, the OLEDs with different blue TADF doping concentrations of 1.0%, 1.5%, 2.0%, and 3.0% emit cool white,
pure white, and warm white lights with the CIE coordinates of (0.28, 0.34), (0.34, 0.36), (0.41, 0.42), and (0.46,
0.44) and the CCT of 8332, 5152, 3563, and 2883 K, respectively (Figure 5i).

Double Emission Layers

Multi-color OLEDs with a double emission layer (D-EML) concept were first introduced by X. Zhou et al. in 2002
B3, For OLEDs with S-EMLs, electrons or holes tend to accumulate at the interface of the EML/ETL or EML/HTL
due to the large energy barrier. The high density of accumulated carriers leads to the quenching of triplet excitons.
In contrast, the D-EML structure can significantly avoid carrier accumulation at the interface by widening the triplet

excitons’ generation zone, leading to better device performance.

In 2004, Gufeng He et al. fabricated an efficient OLED with D-EML structure through doping the same
phosphorescent material Ir(ppy); into both TCTA and TAZ emission hosts (Figure 6a) 28, Because the HOMO
level of the TCTA was much lower than that of Ir(ppy)s, a part of the holes would be captured by the Ir(ppy)s; in this
way, excitons not only formed on the interface of TCTA and TAZ, but also could be combined in the Ir(ppy)s sites
directly. This structure increased the recombination area, resulting in an excellent performance with PE of 64 Im
W1 at 1000 cd m™2 and EQE of 19.3% (Figure 6b). To broaden the range of colors, in 2010, Sebastian Reineke et
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al. embedded the blue and green dopants in a common host of TPBI, and the red one in the host of TCTA to
achieve D-EML-structured multi-color OLEDs (Figure 6c) 2. The PE of obtained OLEDs can reach 90 Im W at
the brightness of 1000 cd m~2, and the EQE can reach 34% (Figure 6d). In 2016, Xuming Zhuang et al. reported a
four-color OLED device employing a D-EML structure with a blue host/orange dopant and green host/red dopant;
they avoided using the structure of only the dopant as the emitting molecules, and achieved the most broad range

of spectra with the D-EML structure, exhibiting a high CRI of 92, EQE of 23.3%, and PE of 63.2 Im W™ (Figure
6e,f) 49,
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Figure 6. Double Emission Layers of Multi-color OLEDs. (a) Device structure of D-EML p-i-n OLED and the
proposed energy level diagram. (b) The current efficiencies (square) and power efficiencies (diamond) of an
optimized D-EML OLED. Reprinted with permission from Ref. B8, 2004, AIP Publishing. (c) Energy diagram of the
materials used in OLEDs. (d) EL spectra and the corresponding CRI values of the device at different luminance.
Reprinted with permission from Ref. B4, 2009, Springer Nature. (e) Emission layer energy level diagram. HOMO
and LUMO levels are plotted as solid and dashed lines, respectively, and filled boxes refer to the materials’ triplet
energies. The orange line indicates the exciton generation interface. The orange x-axis marks intrinsic interlayers
(f) The LE of the device as a function of luminance. These values are measured in three configurations: flat
(without outcoupling solid), with an attached half-sphere (dash), and with an attached pyramidal pattern (dash—dot).
Reprinted with permission from Ref. 49, 2016, ACS.

Multiple Emission Layers
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To further improve the balance of the carrier injection, it is necessary to develop color-tunable OLEDs with multiple
emission layers. In 2016, Ping Chen et al. from Jilin University fabricated OLEDs with double blue emission layers
and an orange ultrathin layer between them 1. TCTA with high hole transport mobility and TPBi with high electron
transport mobility were blended as the mixed host for the blue phosphorescent emitter (Figure 7a). Two different
hosts expand the exciton recombination zone, which leads to charge balance. Normalized EL spectra of the device
at different voltages from 3 V to 9 V are shown in Figure 7b. The peak PE can be above 40.8 Im W1, and a CR/ of
62 and CE of 39.8 cd A™! can be achieved. In 2018, Gyeong Woo Kim et al. also adopted the blue—yellow—blue
multiple EML structure while they selected the TADF material as a blue emitter (Figure 7c), achieving a high EQE
of 23.1% at the CIE coordinate of (0.324, 0.337) 28], Normalized EL spectra of devices are presented in Figure 7d.
Although sandwiching single-color emission layers between two blue emission layers has obtained stable multi-
color emission, it is essential to increase three or more emitters to achieve wider luminescent spectra. In 2019,
Baigian Wang et al. fabricated a relatively stable white OLED with two emission layers of both blue dopants, and
three ultrathin layers of red, orange, and green emission layers in the middle (Figure 7e) 44, The obtained OLEDs
have ambipolar charge carrier transport properties between EMLs. Normalized EL spectra of the device at different
driving voltages are shown in Figure 7f. The performance of OLEDs is excellent with CRI reaching 94 and a
maximum PE of 33.4 Im W1,
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Figure 7. Multiple Emission Layers of Multi-color OLEDs. (a) The detailed energy level diagram and chemical

structures of the materials. (b) Normalized EL spectra of the device at different voltages from 3 V to 9 V. Reprinted

with permission from Ref. 41, 2016, Elsevier. (c) Energy level diagram with the detailed device structure of OLEDs.

(d) Normalized EL spectra of white devices. Reprinted with permission from Ref. 8. 2018, Springer Nature. (e)

The schematic diagram of devices and the energy level/molecular structure of part materials. (f) Normalized EL

spectra of the device at different driving voltages. Reprinted with permission from Ref. [44. 2019, Elsevier.
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