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Abstract

The current commercial panel OLED products are mainly meet
DCI-P3 gamut display, lacking the development of display
technology with wide color gamut. In this paper, we fabricated a
series of pTSF green devices, which can meet Adobe and BT2020
requirements. The optimal pTSF devices which exhibit excellent
performance by distribution trend at CIEx <0.21, and pTSF
devices show higher color purity, better efficiency and better
lifetime than existing phosphporescent devices. Showing the
advantages in wide color gamut display.
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1. Introduction

Active Matrix Organic Light Emitting Diode (AMOLED)
technology is known for its superior display performance like high
contrast, high resolution, ultra-thin, flexibe. which is increasingly
being adopted in various terminal products. As the demand for
screen display quality continues to rise, wide color gamut OLED
displays (such as Adobe and BT2020 standards) are showing broad
application prospects across multiple fields. In the consumer
electronics sector, wide color gamut OLED technology can provide
smartphones, tablets, televisions, and monitors with more vibrant
colors, significantly enhancing the user experience. In professional
display equipment, wide color gamut OLED technology enables
precise color reproduction in film production and graphic design,
improving the quality of the final product. In virtual reality (VR)
and augmented reality (AR) devices, wide color gamut OLED
technology provides high resolution, high refresh rate, and high
color reproduction displays, achieving more realistic and
immersive experiences. These applications demonstrate the
extensive potential of wide color gamut OLED devices in multiple
fields. As display technology continues to advance, wide color
gamut OLED technology is expected to bring revolutionary
changes to many industries. One of the major challenges in
developing wide color gamut OLEDs is to achieve high color purity
and high performance of OLED devices. Existing phosphorescent
technology is limited by the inherent broad full width at half
maximum (FWHM) and significant shoulder peaks in emission
spectrum of phosphorescent materials, which result in difficult to
apply in wide color gamut OLED development. While recently
there are many researches have focused on fluorescent emitters with
narrow emission spectral’!%, but there is a lack of studies on how
to utilize this type of material into commercial mass production
device structures. Current performance reported usually existing a
trade-off among efficiency, lifetime and color purity, leading hard

to meet the requirements of commercial products. Previously our
team reported the development of Phosphor-assisted TADF
sensitized fluorescence (pTSF) technology!'!l, and we are the first
to evaluate pTSF technology under the device structure in mass
production system!'>13], Phosphorescent material is used as
phosphor assistant sensitizer to transfer energy to narrow spectrum
fluorescent materials in pTSF mechanism, which can achieve 100%
exciton utilization. Compared to existing phosphorescent
technology, pTSF technology provides a range of performance
advantages such as high color purity, high efficiency, long lifetime,
and low cost. Recently we have made new progress in pTSF
technology. In this work, we fabricated a series of green pTSF
devices which meet the wide color gamut requirements of Adobe
and BT2020 standards. We investigated the collocation of host
material, phosphor assistant sensitizer material and narrow-
spectrum fluorescent material in pTSF devices and analyzed pTSF
devices performance. The optimized pTSF devices show superior
performance compared to commercial phosphorescent devices by
distribution trend at CIEx<<0.21, demonstrating better color purity,
efficiency, and device lifetime. These findings indicate promising
applications of pTSF technology in the wide color gamut display
field.

2. Experimental details
2.1 Device Fabrication

Substrates were rinsed with cleaning solvents and followed by
exposure to ambient UV-Ozone. All of the functional layers were
deposited by vacuum thermal evaporation equipment with a base
pressure of 1075 pa. The thickness was monitored by INFICON film
thickness detection system and calibrated by SEMILAB
spectroscopic ellipsometry. The samples are encapsulated under
nitrogen atmosphere with glass lids directly after preparation.

The architecture of the bottom device is: Anode/hole injection layer
(HIL)/hole transporting layer (HTL)/electron blocking layer
(EBL)/EML/hole blocking layer (HBL)/electron transporting layer
(ETL)/electron injection layer (EIL)/non-transparent cathode.

The architecture of the top device is: Anode/hole injection layer
(HIL)/hole transporting layer (HTL)/electron blocking layer
(EBL)/EML/hole blocking layer (HBL)/electron transporting layer
(ETL)/electron injection layer (EIL)/transparent cathode/capping
layer (CPL).

2.2 Testing Equipment
All the measurement of the current voltage characteristics of the
devices were performed with a Keithley 2400 source meter

(Keithley Instruments, Inc., Solon, OH, USA). The luminance and
spectrum of the devices were recorded with a PR-788 Spectra Scan
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colorimeter (Photo Research, Inc., Chatsworth, CA, USA). The
lifetime of the devices were measured with a Keithley 3706A
(Keithley Instruments, Inc, Solon, OH, USA) of CRYSCO testing
equipment at fixed current density. All efficiency and lifetime data
are presented in a percentage manner relative to designated
reference (100%). The capacitance of the devices were measured
by the Keithley 4200-SCS (Semiconductor Characterization
System) probe station at the frequency of 10K Hz.

3. Results and Discussions

3.1 Comparison of OLED characteristics between
phosphorescent and pTSF bottom-emitting
devices

Firstly, we prepared a series of bottom-emission devices, these
devices share common functional layers and identical anode and
cathode structures. The differences lie in their emitting layer
compositions. Device A is a phosphorescent device with an
emitting layer composed of host material and phosphorescent
dopant PD1, which is currently a commercial mass production
phosphorescent device with DCI-P3 color gamut. Device B is also
a phosphorescent device, but its emitting layer consists of host
material and phosphorescent dopant PD2. Device C is a pTSF
(Phosphor-assisted TADF sensitized fluorescence) device, As
shown in Figure 1, which emitting layer consists of host material,
phosphor assistant sensitizer dopant PD1, and narrow spectrum
fluorescent material FD1, compared to Device A, the key difference
is the introduction of the narrow spectrum fluorescent material FD1
into the emissive layer, these three materials are evaporated into the
emissive layer using a three source co evaporation method. Through
the pTSF energy transfer mechanism, phosphorescent material is
used as phosphor assistant sensitizer to transfer energy to narrow
spectrum fluorescent material, sensitized fluorescent materials
emission is achieved, which can achieve 100% exciton utilization.
Using the fluorescent material for emission fundamentally
improves the issue of broad spectral shoulder peaks caused by the
inherent large stokes shift of phosphorescence material. Device D
is also a pTSF device. Compared to Device B, Device D
incorporates a narrow-spectrum dye FGD1 into the emissive layer,
with host material and phosphorescent material PGD2. The device
structures and main OLED characteristics of four devices are
represented in Figure 2a-2d and Table 1, the driving voltages (at
10 mA/cm?) of pTSF devices (Device C and Device D) are basically
consistent with the phosphorescent device (Device A and Device
B), which indicates that the FD material does not exhibit significant
carrier trapping in he pTSF devices. Device B exhibits a narrower
emission spectrum, decreasing from 53 nm to 29 nm compared to
Device A additionally with the emission peak is blue-shifted by
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Figure 1 Diagram of the exciton transfer process in the pTSF
system

(a) Cathode

1 — Dewi
ML [ Device A: Host+PD1 DevicaA
ET:LiQ ?:o.a —Device B
® .
HBL Device B: Host+PD2 06 —Device €
EML 4 e —Device D
EBL Device C: Host+PD1+FD1 £oa |
HTL i o2
Device D; Host+PD2+FD1
HIL .
ITo 430 480 530 580 630 680
Wavelength(nm)
{c) 20 (d) 120%
—Dev!:e A 100%
15 —Device B

; 0

—Device A

10 —Device D

—Device B

Current eff.(CdiA)

~ 3 o =]
S & & &
= 8 & 2

—Device C

Current

—Device D

0%
20 25 30 35 40 45 50 1.E-03 1.E-02 1.E-01 1.E+00 1.E+01 1.E+02
Voltage(V) CGurrent density(mAicm2)

Figure 2 (a) Bottom-emission device structure of series
devices, (b) Normalized bottom EL spectra of Device A,
Device B, Device C and Device D, (c) Current density-voltage,
(d) Normalization current efficiency-current density.

Table 1 Main performance of Bottom Device A, Device B, D
evice C and Device D at current density of 10 mA/cm?

: Main
i (nm)
Device (0.334, R
A 0.628) 524 53 3.90 100%
Device (0.297, .
B 0.650) 521 29 3.85 88.3%
Device (0.283, )
C 0.676) 526 27 3.96 85.9%
Device (0.256, .
D 0.699) 526 26 3.80 74.1%

3 nm. However, the efficiency and lifetime of Device B are
somewhat reduced compared to those of Device A. As can be seen,
Device C shows a significant narrowing of the emission spectrum
compared to Device A, decreasing FWHM from 53 nm to 27 nm.
Additionally, there is a marked improvement in the right trailing
part of the EL spectrum. And Device C exhibits a narrower
emission wavelength and better suppression of the shoulder peak of
the EL spectrum compared to Device B. When comparing Device
B with Device D, Device D demonstrates a narrower FWHM and a
better right shoulder peak profile. Additionally, when comparing
Device C and Device D, it is evident that using different
phosphorescent materials PGD2 to sensitize the same fluorescent
material FGD1 results in a further reduction in the FWHM of
Device D. This is because the PGD2 material used in Device D has
a bluer and narrower spectrum, leading to more efficient energy
transfer to FGD1 under the pTSF sensitization mechanism. This
improved energy transfer further suppresses the intrinsic emission
of the phosphorescent material, resulting in more light being
emitted by the fluorescent material FGD1. This is crucial for
achieving wide color gamut pTSF device systems. The excellent
bottom-emission performance of Device C and Device D also
suggests superior performance top-emission devices for wide color
gamut.

3.2 Comparison of OLED characteristics between
phosphorescent and pTSF top-emitting devices

To study the characteristics of the materials and device
configurations, we further fabricated top-emission Devices E, F, G,
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and H. The device structures are shown in Figure 3a. Devices E
and F are phosphorescent devices, while devices G and H are pTSF
devices. It can be observed that the emissive layer materials of
devices E, F, G, and H are identical to those of Devices A, B, C,
and D, respectively. Figure 3b-3d show the normalized EL spectra,
current density-voltage curves, normalization current efficiency-
luminance curves of Device E, F, G and H, and the key performance
metrics are collected in Table 2, it can be observed that the
phosphorescent Device E and Device F have relatively broad full
widths at half maximum (FWHM). And Device E has the largest
FWHM and shoulder peak among the four devices. Device E uses
phosphorescent material PD2 for emission, exhibiting DCI-P3
chromaticity with a color point CIEx of 0.245 and FWHM of 28
nm. In comparison, Device F which uses phosphorescent material
PD2 for emission, shows a blue-shifted emission peak with FWHM
of 25 nm and a color point CIEx of 0.207 which meet Adobe
chromaticity. The current efficiency and lifetime of device F are
lower than those of device E, which due to along with the emission
wavelength blue-shifts of phosphorescent materials, the further
increase in the T1 energy level will lead to more severe triplet-
triplet annihilation (TTA) and triplet-polaron annihilation (TPA)
quenching issues, which are detrimental to achieving high color
purity and high-performance OLED devices. Device G is a pTSF
device, the emission spectrum of Device G is significantly
narrowed compared to Device E, and the device performance is
markedly improved. The emissive layer of Device G employs the
pTSF mechanism, transfer energy to the narrow spectrum
fluorescent material for emission. As we can see, we used
phosphorescent material PD1 with DCI-P3 chromaticity to sensitize
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Figure 3 (a) Top-emission device structure of series devices,
(b) Normalized top EL spectra of Device E, Device F, Device
G and Device H, (c) Current density-voltage, (d)
Normalization current efficiency-luminance.

Table 2 Main performance of Device E, Device F, Device G
and Device H at luminance of 12000 nit.

Device | e | peut | FWHM | Vd | Ef. (L@leg
Ne- (m) | @™ V) | Gy | €5
Device (0.245, R )
E 07200 | 3! 28 317 | 100% | 100%
Device (0.207, \ .
F 0743 | 26 25 313 | 93.8% | 75%
Device (0.208, R .
G 0.748) | %7 23 321 | 101% | 132%
Device (0.175, \ ]
H 0.769) | %6 21 311 | 98.8% | 109%

the narrow spectrum fluorescent material FD1, achieving an Adobe
chromaticity emission with a color point CIEx of 0.208.
Additionally, the current efficiency and lifetime of Device G are
significantly enhanced compared to Device E, in particular with the
lifetime improving by over 30%. This improvement is attributed to
the pTSF energy transfer mechanism, where the emission occurs in
the excited state of the fluorescent material, which can significantly
reduce the exciton lifetime in the emissive layer compared to
phosphorescent emission, allowing exciton to return to the ground
state and emit light quickly, and the reduction in emitting molecular
excited state lifetime also contributes to improved device lifetime.
Furthermore, when comparing Device G with Device F, both
devices exhibit similar color points. However, in terms of efficiency
and lifetime, Device G shows substantial improvements over device
F. Which highlights the performance advantages of pTSF devices
over phosphorescent devices. Device H is also a pTSF device which
shows further optimization in color purity compared to Devices G.
Device H achieves a color point CIEx of 0.175 with a FWHM of 21
nm, demonstrating high color purity that nearly meets the BT2020
requirements. This improvement is due to the use of a bluer
phosphorescent material GD2 in the emitting layer of Device H,
which serves as a phosphor assistant sensitizer, the phosphorescent
material GD2 and the fluorescent material FDI have better
absorption and emission spectra overlap, leading to more efficient
energy transfer between each other and reduce unnecessary
phosphorescent self-emission, further enhancing the color purity of
the device. Additionally, the current efficiency and lifetime of
Device H are significantly better than phosphorescent Device F,
even comparable with the commercial mass production
phosphorescent Device E with DCI-P3 chromaticity. From the
above performance comparisons, it is clear that pTSF devices have
better color purity, higher efficiency, and longer lifetimes compared
to phosphorescent devices which are obtained by combining the
molecular design optimization of narrow spectral materials and
device structure optimization.
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Figure 4 Efficiency-CIEx mapping of series top-emitting
devices at the luminance of 12000nits.

The EBL thickness in top-emission OLED devices of the four series
of devices (phosphor-1 device with Host+PD1, phosphor-2 device
with Host+PD2, pTSF-1 devices with Host+PD1+FD1 and pTSF-2
devices with Host+PD2+FD1) were adjusted to fine-tune the CIEx
values, and the efficiency-CIEx mapping is depicted in Figure.4.
As shown in Figure 4, the phosphor-1 series devices exhibit a
central efficiency color point around 0.250, meeting the
chromaticity requirements of DCI-P3. The phosphor-2 series
devices have a central efficiency color point around 0.21, with a
noticeable decrease in efficiency compared to the phosphor-1 series
devices. The pTSF-1 series devices have a central efficiency color
point around 0.205, which satisfies the Adobe color gamut display
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requirements. The pTSF-2 series devices have a central efficiency
color point around 0.178, representing the best chromaticity
performance among this four series devices and potentially meeting
the BT2020 chromaticity requirements. The efficiency performance
of both the pTSF-1 and pTSF-2 series devices is also favorable,
performing on par with or even exceeding the commercial mass
production DCI-P3 phosphorescent devices. It is evidently the
optimized pTSF devices show superior performance compared to
commercial phosphorescent devices by distribution trend at
CIEx<<0.21, This makes pTSF devices particularly advantageous
for wide color gamut OLED applications.
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Figure 5 Capacitance-Voltage diagrams of Device E, Device
F, Device G and Device H.

The capacitance of OLED devices has received widespread
attention as it is considered to be related to device reliability and
some aspects of panel image quality. To investigate the impact of
introducing new narrow spectrum fluorescent material on the
capacitance of pTSF devices, we tested the capacitance of Device
E, Device F, Device G, and Device H. As shown in Figure 5, it can
be observed that the peak capacitance of Device E and Device F is
close. When comparing the peak capacitance of Device E to 100%,
the peak capacitance of Device F is 105.3%, slightly higher than
that of Sevice E, the capacitance onset of Device F occurs slightly
carlier than that of Device E, which may be attributed to the strong
carrier trapping characteristics of phosphorescent material PD2,
facilitating charge injection into the emissive layer. When
comparing Device E and Device G, the capacitance peak shape and
value are essentially consistent, and the capacitance characteristics
of devices F and H are also similarly. This indicates that the
introduction of the narrow spectrum fluorescent material FD1 in
Device G and Device H has minimal impact on the device
capacitance. Combined with the previous current-voltage
performance, it can be inferred that the introduced FD1 material
does not exhibit significant carrier trapping compared to the
original phosphorescent devices, there are no significant changes in
turn on voltage, operating voltage, or capacitance. Beyond the
performance metrics we discussed before, we have also evaluated
other tests for the mass production feasibility of pTSF technology,
includes assessments of device temperature dependent IV stability,
high temperature operational stability, view angle characteristics,
and the stability of doping concentration variations in the
production line evaporation sources. pTSF technology performs
well in all these aspects evaluations, indicating that pTSF
technology is ready for mass production applications.

3.3 Exploration of wide color gamut pTSF devices

Currently, pTSF technology has demonstrated significant
performance advantages over existing phosphorescent technology.
We have also investigated a variety of pTSF material combinations
in device, optimizing the host materials, phosphorescent materials,

and narrow spectrum fluorescent materials to further refine series
devices of pTSF-3, pTSF-4, and pTSF-5. As shown in Figure 6,
compared to the reference phosphorescent devices phosphor-2, the
pTSF series devices exhibit excellent wide-color-gamut OLED
performance, with central CIEx color points reaching the level of
0.17 or even lower than it, matching even exceeding the BT2020
color gamut requirements, which is difficult to achieve by
phosphorescent devices. Additionally, the efficiency of the pTSF
devices is notably higher than that of the reference phosphorescent
devices. These findings further indicate promising applications of
pTSF technology in the wide color gamut display field.
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Figure 6 Efficiency-CIEx mapping of series pTSF top-
emitting devices at the luminance of 12000nits.

4. Conclusions and Outlook

In summary, we have fabricated a series of pTSF devices and
compared characteristics with corresponding phosphorescent
devices, the pTSF devices exhibit comparable or even higher
current efficiency compared to phosphorescent devices, represent a
significant improvement exceeding more than 30% in device
lifetime. The color purity of pTSF devices have been extended from
DCI-P3 to Adobe and BT2020 color gamuts. Moreover, the turn-on
voltage, operating voltage, and capacitance of the pTSF technology
have not been significantly affected. These results demonstrate that
pTSF technology offers advantages such as narrow spectrum
emission, high color purity, high efficiency, long device lifetime.
Therefore, this technology shows great technical advantages and
good application potential, especially for the development of high
performance and high color purity OLED system to meet the wide
color gamut requirements.
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