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Abstract

We report on white-light polymer light-emitting diodes based on the blue polymer poly(dibenzothiophene-S§,S-dioxide-
co-dioctyl-2,7-fluorene) (PFSO10) and poly[bis(4-phenyl)(4-butylphenyl)amine](Poly-TPD). Through incomplete energy
transfer from the blue polymers to low-energy exciplex, we realized a white-light emission based on two high-energy blue
polymers, which proved a simple and effective method to appreciate the white-light emission. The exciplex device presented
a white-light emission with a color rendering index (CRI) of 49 and Commission Internationale de L’ Eclairage (CIE) coor-
dinates of (0.38, 0.41) by optimizing the blended ratio of PFSO10 and Poly-TPD. In order to obtain a broader white-light
emission, the red phosphorescent material, Ir(piq); , was doped into an emissive layer to improve the red light emission.
The maximum luminous efficiency of 1.7 cd/A was realized after optimizing the device process. Compared to the exciplex
device using PFSO10:Poly-TPD = 70:30 as the emissive layer, a 40% improvement from the maximum luminous efficiency
was achieved. Through optimizing the thermal temperature, the CRI of 89 and CIE coordinates of (0.38, 0.41) were obtained
when the thermal temperature was 140°C. These observations demonstrate that utilizing incomplete energy transfer from
a high-energy emitter to a low-energy exciplex can be an effective strategy to realize a high-quantity white-light emission.
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Introduction

White polymer light-emitting diodes (WPLEDs) based on
solution processing technology have attracted scientific and
industrial attention due to their great potential for applica-
tions in flat-panel displays and solid-state light sources.'™®
To obtain an efficient white-light emission, the emissive
layer needs to be comprised of certain proportions of two
complementary colors (blue with orange or yellow) or three
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primary colors (blue, green, and red), simulta11eously.7‘14

Therefore, different approaches have been employed to
realize white-light emissions, such as chemically grafting
light-emitting units into polymer chains, or physically blend-
ing monochromic polymer materials.'>° It is worth not-
ing that the intermolecular excited state (exciplex), which is
formed between the hole-dominant emitter and the electron-
dominant emitter, can realize a broad emission profile.?!>*
Therefore, exciplex can be worked as a low-energy emis-
sive species to compensate for high-energy blue emissions
to obtain a high color rendering index (CRI) of white-light
emission.”*?

Recent progress in exciplex presents a range of novel
sorts, which was focused on developing highly effective
luminous material and their light-emitting mechanism.?¢~28
Wang et al. reported a series of highly efficient green-emis-
sion TADF exciplex systems based on an benzimidazole-
triazine-based electron acceptor, PIM-TRZ and di-[4-(N,N-
ditoly-amino)-phenyl]cyclohexane (TAPC), which showed
low V¢ (2.3 V), and high efficiencies of 39.7~60.1 cd A~
for CE, 53.2 ~ 80.1 Im W~! for PE, and 12.5~18.4% for
EQE.?” Subsequently, Zhao et al. successfully developed
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efficient solution-processed ternary exciplex emitters by
incorporating a novel triphenylamine derivative, 4-(9-(per-
fluoropyridin-4-yl)-9H-fluoren-9-yl)-N,N-diphenylaniline
(TPA-3), as electron donor. The OLED device based on the
TPA-3:9PhFDPhTz/PO-T2T ternary exciplex successfully
achieved a higher EQE of 24%.%* The previous results indi-
cated that exciplex emissions have achieved significant pro-
gress. However, most of the reported exciplex were focused
on developing monochromatic light emitters.>! There is rare
investigation about white-light exciplex emitters which can
be a simple and effective method to realize high-quality
white-light devices.?>** Therefore, exploiting new white-
light exciplex can promote the development of white-light
devices.

In this study, we have realized a high CRI white-light
emission by using an exciplex emission, which is format-
ted between the blue polymer poly[(dibenzothiophene-
S,S-dioxide)-co-(dioctyl-2,7-fluorene)] (PFSO10) and
poly[bis(4-phenyl)(4-butylphenyl)amine] (Poly-TPD). The
electron-withdrawing moiety of the dibenzothiophenen-
S,S-dioxide(SO) unit from the PFSO10 and the electron-
donating moiety of the triphenylamine (TPA) unit from the
Poly-TPD have been used to realize exciplex by physical
blending, due to their appropriate frontier molecular orbital
energy levels. Therefore, the complementary white-light
emission was achieved from incomplete energy transfer
from high-energy blue polymers to the low-energy exciplex.
The prepared WPLEDs based on such exciplex emissions
as low-energy band exhibited a maximum luminous effi-
ciency of 1.01 cd/A and the CIE coordinates of (0.35, 0.40).
After introducing red phosphorescent material Ir(piq);, the
WPLED:s achieved a CRI of 89 and the CIE coordinates of
(0.38, 0.41) by optimizing the annealing temperature.

Experimental

The PLEDs were made by a well-established procedure.
An ultrasonic bath was used to refresh ITO glass substrates
(sheet resistance of 15-20 €/sq) with acetone, detergent, de-
ionized water, and isopropanol. Then, a vacuum at 80°C was
employed to dry the ITO substrates. After oxygen plasma
treatment, a 40-nm-thick PEDOT:PSS was spin-coasted on
an ITO substrate, then dried on a hot plate at 120°C for
20 min. The PFSO10, Poly-TPD, and PFSO10:Poly-TPD
blending were deposited from p-xylene to give a uniform
film. The emissive layer (EML) was thermally annealed fr
10 min on a hot plate at different temperatures. Finally, the
cathode of CsF (1.5 nm)/Al (100 nm) was thermally evapo-
rated at a pressure of about 2 x 10~* Pa. The active area
was 0.16 cm? , which was defined with a shadow mask. The
thickness of the cathode was monitored by an STM-100/MF
Sycon quartz crystal.
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Photoluminescence (PL) spectra of the PLEDs device
were measured on a spectro-fluorimeter. Atomic force
microscopy was employed to examine the morphology of
the blended film. The descriptions were verified in tap-
ping mode on a Seiko SPA 400, provided with an SPI 3800
probe station. A Keithley 236 source measurement unit and
a calibrated silicon photodiode were used to log the lumi-
nous efficiency—current density (LE-J) luminance charac-
teristics of the PLEDs. The brightness was calibrated by a
PR-705 Spectra Scan spectrophotometer (Photo Research),
with simultaneous acquisition of the electroluminescence
(EL) spectra and Commission Internationale de 1’Eclairage
(CIE) coordinates, driven by a Keithley model 2400 volt-
age—current source. The device fabrication process has been
described previously. The PLEDs were encapsulated with a
UV-cured epoxy resin.

Results and Discussion

Figure 1 shows the chemical structure of PFSO10, Poly-TPD
(see in Fig. 1a), the device structure, and the energy lev-
els of WPLEDs based on an exciplex-emissive layer (see
Fig. 1b). It was noted that the Poly-TPD has a very low high-
est occupied molecular orbital level of — 5.03 eV, which
traps the holes from the anode and resists the electrons from
the cathode.’* The PFSO10 shows the lowest unoccupied
molecular orbital level of — 2.95 eV, which can efficiently
trap the electrons from the cathode and block the holes.*
It is worth pointing out that there is a comparatively high
barrier for both hole and electron injection between these
polymers.*® Such a large barrier can efficiently restrict the
holes and electrons in the interface between the PFSO10 and
Poly-TPD, which is favorable for the formation of exciplex.

To identify the formation of exciplex between the poly-
mers PFSO10 and Poly-TPD, we first recorded the PL spec-
tra of the blended film of PFSO10 and Poly-TPD. Figure 2a
shows the PL spectra of PFSO10, Poly-TPD, and the blended
film based on PFSO10:Poly-TPD, with the weight ratio of
50:50. It can be found that the maximal emission peaks of
PFSO10 and Poly-TPD were, respectively, at 448 nm and
426 nm, and showed pure blue emissions. In contrast, a fresh
low-energy emission sign at 475 nm appeared from the PL
spectrum of the blended film, presenting broad spectra dual
peaks. The high-energy emission peak at 426 nm from Poly-
TPD has been wiped out. These results indicate that the exci-
plex was effectively obtained from the blended film, and that
the incomplete energy transfer from the blue polymer to the
exciplex realizes a broad emission band, which is favorable
for high-quality white-light emissions.

Figure 2b shows the EL spectra of PFSO10, Poly-TPD,
and the blended polymer of PFSO10 and Poly-TPD with
different ratios in film. It can be seen that there is a fresh
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Fig. 1 Molecular structures of Poly-TPD and PFSO10 (a); device structure and energy level of the PLEDs (b).
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Fig.2 PL spectra (a) of PFSO10, Poly-TPD, and PFSO10:Poly-TPD in film; EL spectra (b) of the PLEDs with the structure of ITO/

PEDOT:PSS/EML/CsF/AL

low-energy emission peak at 525 nm from the EL spec-
trum of the blended film, which achieves a broad emission
and realizes white-light emission. Also, the blended ratio
of PFSO10:Poly-TPD play s an important role in energy
transfer between the high-energy blue polymers and the
low-energy exciplex. The emissions originating from
PFSO10 and Poly-TPD were obviously quenched after
formatting the low-energy exciplex state, which proved
the incomplete energy transfer from high-energy PFSO10

and Poly-TPD to the exciplex state. Furthermore, the emis-
sion intensities of PFSO10 and Poly-TPD were gradually
decreased with increasing the ratio of the exciplex. These
discoveries indicate that the EL spectra of exciplex can be
adjusted by tuning the mixture ratios. The exciplex devices
exhibited effective white-light emissions, which embraced
the high-energy and low-energy emissions correspond-
ing to the PFSO10 and the formed exciplex, respectively.
This observation indicates that incomplete energy transfer
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occurred between the PFSO10 and the formed exciplex,
which provides a novel approach to achieving white-light
emissions.’’

The investigation of the EL performance of the blended
films was carried out by fabricating devices with the archi-
tecture of ITO/PEDOT:PSS (40 nm)/EML (80 nm)/CsF
(1.5 nm)/Al (100 nm), where the EML is the PFSO10, Poly-
TPD, and PFSO10:Poly-TPD blended film with blend ratios
of 50:50, 70:30, or 90:10. The recorded luminance—voltage
(L-V) characteristics and LE-J characteristics are illustrated
in Fig. 3, and the related device properties are set out in
Table I. It can be seen that the turn-on voltage (V,,,, symbol-
ized as the device with a luminance of 1 ¢cd m~2) of the exci-
plex devices are slightly decreased from 3.7 V for PFSO10
and 5.2 V for Poly-TPD to 3.3 V. The current density was
decreased with increasing the blend ratio of PFSO10 due
to its higher injected barrier (see Fig. S1). The device per-
formances based on the blended films as EML depends on
the blend ratio of PFSO10 and Poly-TPD, which showed a
maximum luminous efficiency (LE,,,,) of 1.01 cd A~' and a
maximum luminance (L,,,) of 2029 cd m~2. The EL profiles
of the blended film achieved a broadened emission due to
the incomplete energy transfer of the blue polymer to the
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low-energy exciplex, which is similar to the PL spectra of
the blended films.

To comprehend the influence of the operating voltages
on the emissions from the exciplex, the EL spectra at vari-
ous driving voltages of the device based on PFSO10:Poly-
TPD = 70:30 as the emissive layer were recorded. It is worth
noting that the relative intensity of the low-energy exciplex
emission was decreased with increasing the driving bias.
Considering that the blended film is processed from solution,
the potential phase separation with relatively large domain
size may occur due to the dissimilar polarity of the two poly-
mers.*® This phase separation may be unfavorable for the
immigration of excitons and the energy transfer from bulk
excitons to the restricted exciplex formed at the heterojunc-
tion interface, thus resulting in the visible voltage-dependent
EL spectra of the blended film (Fig. 4).%

Although the exciplex device shows a broad emission
band to realize the white-light emission, this emission
is not a relatively ideal white light due to the lack of a
red-light emission.**> In order to achieve a more ideal
white-light emission, the red phosphorescence mate-
rial ,Ir(piq); , was doped into the blended film as EML.
Figure 5 shows the EL spectrum of WPLEDs based on
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Fig.3 L-V characteristics (a) and L-J characteristics (b) of the PLEDs with the device architecture of ITO/PEDOT:PSS (40 nm)/EML (80 nm)/

CsF (1.5 nm)/Al (100 nm).

Tablel Th ti L

of the PLECDEYQ?;rth Emitting layer Vo2 (V)  LE,, (cd/A) L., (cdm? CIE®(x,y) CRI CCT(K)

device architecture of ITO/ PFSO10 3.7 3.34 4506 (0.16,0.15) - -

PEDOT:PSS (40 nm)/EML

(80 nm)/CE (1.5 nmY/Al Poly-TPD 5.2 0.53 871 0.14,0.14) - -

(100 nm) PFSO10:Poly-TPD = 50:50 3.3 0.62 1501 (0.38,041) 49 6214
PFSO10:Poly-TPD = 70:30 3.3 1.01 2029 (0.35,0.40) 45 6478
PFSO10:Poly-TPD =90:10 3.3 0.85 2022 (0.36,038) 57 6437

a4y is symbolized as the device with a luminance of 1 cd m™>

PCIE color coordinates are recorded at J = 12.5 mA/cm?

@ Springer



Single-Layer Blending White-Light Polymer Light-Emitting Diodes via Exciplex Emission 5017

1'2 T T T T T

—
I

o
o

Normalized EL intensity
=] =]
E ) o
1 )

e
N
T

0
400 450 500 550 600 650 700

Wavelength(nm)

Fig.4 EL spectra of the blended exciplex device with PFSO10:Poly-
TPD = 70:30 under different voltages.
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Fig.5 EL spectra of the devices with PESO10:Poly-TPD = 70:30,
Ir(piq);, and PFSO10:Poly-TPD:Ir(piq); = 70:30:0.1.

PFSO10:Poly-TPD:Ir(piq); = 70:30:0.1 as EML (see Fig. 5).
It is noted that the EL spectrum of the exciplex device with
Ir(piq); shows a white-light emission with the maximum
emission peak at 615 nm, which is attributed to the Ir(piq);.
The EL spectrum with doping of Ir(piq); became much
broader than that of the PFSO10:Poly-TPD blended film,
indicating that effective energy transfer has occurred from
the PFSO10:Poly-TPD blended film to the Ir(piq);, which
improves the white-light quality.*?

To explore the influence of the operating voltages on the
emissions from the exciplex, the EL spectra of devices based
on PFSO10:Poly-TPD:Ir(piq); = 70:30:0.1 were investigated
under different voltages. It can be seen that the relative inten-
sity of the exciplex emission was increased with improving
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Fig.6 Normalized EL spectra WPLEDs with PFSO10:Poly-
TPD:Ir(piq); = 70:30:0.1 as EML under different voltages.

the operating bias. Considering the lower energy-level of
Ir(piq)s, it can be realized that the Ir(piq); would preferen-
tially trap the carrier through the trap effect in this blended
system. With increasing the operating voltages, the trapping
carrier of the Ir(piq); easily reached saturation due to its low
doping ratio. Therefore, the excess carrier would be trapped
in the exciplex, leading to increasing the relative intensity
of the exciplex with increasing the work voltage (Fig. 6).
To investigate the EL properties of the devices upon
incorporation of the red phosphorescence material, Ir(piq),,
WPLEDs with the device construction of ITO/PEDOT:PSS
(40 nm)/EML (80 nm)/CsF (1.5 nm)/Al (100 nm) were fab-
ricated, in which the EML is the PFSO10:Poly-TPD:Ir(piq),
blended film with a blended ratio of 70:30:0.1. Figure 7
shows the L-V and LE-J characteristics of the devices under
different thermal annealing temperatures. We noted that the
thermal annealing temperature slightly influenced the V
and luminance of the exciplex WPLEDs. However, there
is a distinct impact on the luminous efficiency, CRI, and
CIE, and the results are summarized in Table II. The current
density was increased with improving the annealing tem-
perature from 100°C to 160°C, then the current density was
obviously decreased with further enhancing the annealing
temperature to 180°C (see Fig. S2). The device with ther-
mal annealing at 100°C exhibited the maximum efficiency
(LE,,0) of 1.7 cd/A. The LE,,, was slightly decreased with
increasing the thermal annealing temperature from 100°C to
180°C. Through optimizing the thermal annealing tempera-
ture, the exciplex devices achieved the best excellent CRI of
89 and CIE of (0.38, 0.41), which is near to the ideal white-
light emission. It is worth noting that the EL spectra of the
high-energy region attributed to PFSO10 is increased with
increasing the work voltage, which is favorable for obtaining
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Fig.7 L-V characteristics (a), LE-J characteristics (b), and EL spectra (c) of WPLEDs with PFSO10:Poly-TPD:Ir(piq); = 70:30:0.1 as EML

under different thermal annealing temperature.

Tablell Results of WPLEDs

with PFSO10:Poly- Annealed term- V,*(V)  LE,, (cd/A) L, (cd/m®  CIE®(x,y) CRI  CCT(K)
. perature (°C)

TPD:Ir(piq); = 70:30:0.1 as

EML under different thermal 100 33 1.7 2073 (0.44,042) 45 2831

annealing temperatures 120 32 1.37 2004 0.41,041) 67 3505
140 33 1.21 2437 (0.38, 0.41) 89 4268
160 32 1.05 2428 (0.35, 0.40) 86 5080
180 35 0.94 2513 (0.36, 0.38) 82 5475

aVon is symbolized as the device with a luminance of 1 cd m™>

PCIE color coordinates are recorded at J = 12.5 mA/cm?

a high CRI. This phenomenon is similar to the PESO10:Poly-
TPD blended film. The phase separation phenomenon from
PFSO10:Poly-TPD:Ir(piq); becomes more significant with
the increasing thermal annealing temperature, thus resulting
in the visible voltage-dependent EL spectra of the blended
film.*

In order to obtain insights into the effects of the ther-
mal annealing temperature on the film morphology, tap-
ping mode atomic force microscopy (AFM) measurements
were conducted for the blended film of PFSO10:Poly-
TPD:Ir(piq); = 70:30:0.1. The film was fabricated by spin-
coating on the top of the PEDOT:PSS-modified ITO elec-
trode, which was thermally annealed under 100°C, 120°C,
140°C, 160°C, and 180°C. As shown in Fig. 8, the root mean
square (RMS) roughness of the blended films with 100°C,
120°C, 140°C, 160°C, and 180°C thermal annealing were
1.59 nm, 1.52 nm, 1.46 nm, 1.23 nm, and 1.16 nm, respec-
tively. The RMS value of the blended films was slightly
decreased with increasing the thermal annealing tempera-
ture. Furthermore, the pores of the blended film were obvi-
ously decreased and the size of the pores grew with increas-
ing the thermal annealing temperature. These phenomena
may be attributed to the different polarity between PFSO10
and Poly-TPD. With increasing the thermal annealing

@ Springer

temperature, the polymer chain of the blended film was rear-
ranged and phase separation appeared. The adjacent pores
of the blended film became fused, which led to a decrease in
the pore numbers of the blended film and increased its size.
These phenomena were favorable for the phase separation
phenomenon of the blended film, resulting in significantly
dissimilar EL spectra with different annealing temperatures.

Conclusions

We have developed white-light emissions by employing
exciplex formatting from the blue polymers PFSO10 and
Poly-TPD. Of particular interest is that broadened emis-
sions were realized with incomplete energy transfer from
the high-energy blue polymers to the low-energy exciplex.
The WPLEDs based on the blended exciplex material real-
ized the maximum luminous efficiency of 1.7 cd A~! with
CIE color coordinates of (0.44, 0.42). The device achieved
a high color rending index of 89 and a CIE of (0.38, 0.41)
by optimizing the annealing temperature, which is close to
the CIE (0.33, 0.33) of an ideal white-light source. These
observations indicate that development of incomplete
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(a) RMS=1.59 nm

(d) RMS=1.23 nm

(b) RMS=1.52 nm

(e) RMS=1.16 nm

(¢) RMS=1.46 nm

10.0 nm

0.0 nm

Fig.8 AFM images (5 X 5 ym) of PFSO10:Poly-TPD:Ir(piq); = 70:30:0.1 in film under 100°C (a), 120 °C (b), 140 °C (c), 160 °C (d), and 180

°C (e) thermal annealing.

energy transfer exciplex emitters can be a novel and prom-
ising strategy to attain broad white-light emissions.
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