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The conductivity of poly(3,4-ethylenedioxythiophene)-poly(styrene sulfonate) (PEDOT:PSS) film is
improved by simply mixing PEDOT:PSS solution with ethanol for the film deposition, and the
performance of quantum-dot light-emitting diodes (QD-LEDs) is significantly enhanced with ethanol
treated (ET- treated) PEDOT:PSS as the hole injection layer (HIL). Comparing with the pristine PEDOT:PSS
based device, the current density of device with ET-treated PEDOT:PSS as the HIL is increased by 18%,
from 50 to 59 mA/cm?, at operating voltage of 5V, and the maximum current efficiency is enhanced by
12.5%, from 10.4 to 11.7 cd/A, which is due to the improved conductivity of ET-treated PEDOT:PSS film.
With atomic force microscopy (AFM) measurements, we demonstrate that the improvement of the
conductivity of PEDOT:PSS film is due to the decreased PSSH amount after solvent treatment, reducing
the thickness of PSSH insulating shell, leading to an efficient charge transport across the PEDOT chains.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Due to unique optoelectronic properties and high emission
quantum yield, which are strongly dependent on their size,
semiconductor II-VI quantum dots have been paid extensively
attention to the potential applications in flat panel displays and
solid-state lighting sources [1-6]. Especially, quantum dot light-
emitting devices (QD-LEDs) with near 100% internal quantum
efficiency was reported by Shirasaki et al. [6], offering significant
advantages over organic LEDs [7,8]. Many efforts were devoted to
the QD-LED field to improve the device performance, closing to
that of organic LEDs [9,10]. To date, the most efficient device is
achieved through a hybrid structure, consisting of organic carrier
transport layers combined with an inorganic metal oxide electron
transport layer (ETL), such as poly(3,4-ethylenedioxythiophene)-
poly(styrene sulfonate) (PEDOT:PSS) hole injection layer (HIL), CBP
hole transport layer (HTL), poly[-bis(4-butylphenyl)-bis(phenyl)
benzidine] (poly-TPD) HTL, ZnO nanoparticle ETL, and TiO,
electron transport layer [9-16]. Recently, an efficient QD-LEDs
with an external quantum efficiency (EQE) of 20.5% was reported
by employing ZnO nanoparticle as the ETL combined with organic
HTLs [10], benefitting from the outstanding properties of ZnO ETL,
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including high electron mobility, matched energy level with QDs
and good stability. Meanwhile, the QDs/ZnO interface was
modified by a thin poly(methylmethacrylate) layer to suppress
the exciton quenching induced by the ZnO, which plays an
important role in improving the device efficiency. So far the ZnO
nanoparticle film is demonstrated the best candidate as the ETL
and highly efficient QD-LEDs have been fabricated [10-18].
Enlightened from the effect of efficient electron injection and
interface engineering achieved by the ZnO ETL on the device
performance [10], optimizing HTL/HIL to achieve efficient hole
injection must be a feasible strategy to improve the QD-LED
performance.

In common QD-LEDs, the PEDOT:PSS is often used as the HIL to
enhance the ITO work function and hole injection from ITO to HTL.
It has been widely accepted that high resistivity of the PEDOT:PSS
film could lead to a higher average electric field across the device,
and more Joule heating, which would substantially deteriorate the
device performance [19]. Therefore, increasing the conductivity of
PEDOT:PSS is beneficial to improve device performance. It is well
known that the conjugated polymer PEDOT is positively doped,
and the sulfonate anionic groups of PSS are used as the counterions
to balance the doping charges. PEDOT:PSS films after secondary
doping with some inert solvents, such as sorbitol [20,21],
N-methylpyrrolidone [22], (poly)-ethylene glycol and other
alcohols [19,23,24], dimethyl sulfoxide (DMSO), N,N-dimethylfor-
mamide, and tetrahydrofuran [25], lead to a conductivity increase
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of 2-3 orders of magnitudes to reach up to 80S/cm. A methanol
treated high conductivity PEDOT:PSS film has been used in the
organic LEDs [26], which results in an improvement in the device
performance, including lower operating voltage, higher luminance
and efficiency. However, there are not any reports on optimizing
the PEDOT:PSS film to improve QD-LED perfromance.

In this work, we demonstrate that the performance of QD-LEDs
with ethanol-treated (ET-treated) PEDOT:PSS as the HIL is
improved dramatically. The device luminance, current density,
and efficiency are all higher than that of pristine PEDOT:PSS based
device, which is attributed to the improvement of conductivity of
ET-treated PEDOT:PSS film due to the formation of continuous
conducting PEDOT:PSS domains and reduced PSS component.

2. Experiments and characterizations

QD-LEDs with a structure of ITO/PEDOT:PSS (30 nm)/poly-TPD
(40nm)/QDs (25nm)/Zn0O (45nm)/Al (100nm) were built. The
PEDOT:PSS, poly-TPD, QDs, ZnO, and Al were used as HIL, HTL,
emission layer, ETL, and cathode, respectively. Before use, all the
ITO substrates with a square resistance of 12{)/square were
ultrasonically cleaned in acetone, ethanol, deionized water, and
isopropanol in sequence and followed by an ex situ UV ozone
treatment in air for 5min. PEDOT:PSS (Clevios™ P Al 4083) was
spin-cast at 3000 rpm for 60 s to form a film of 30 nm thickness. In
order to investigate the effect of ethanol on the device perfor-
mance, the PEDOT:PSS diluted with ethanol (the volume rate of
PEDOT:PSS to ethanol is 1:1) and deionized water (the rate of
PEDOT:PSS to water is 8:1) were used for device A and B,
respectively. The PEDOT:PSS films were annealed at 120°C for
30 min in air to obtain a highly conductive layer. Subsequently, the
HTL of poly-TPD was spin-coated onto the HIL at 2500 rpm from a
0.8 wt% chlorobenzene solution and dried at 100°C in a glove box
(MBRAUN) for 30 min to give a high quality, homogeneous layer of
approximately 40 nm. Then, the QD layer was deposited onto the
poly-TPD by spin-coating at a speed of 2000 rpm from toluene
solutions of QDs (12 mg/ml) and then annealed at 70°C for 30 min
in the same glove box. The thickness of QD layer was ~25nm
estimated from cross-section scanning electron microscopic (SEM)
image. The ZnO nanoparticles were then deposited onto the QDs by
spin-coating process at a speed of 2000 rpm from a 30 mg/ml ZnO
ethanol solution and then annealed at 120°C for 30 min in the
same glove box. The thickness of ZnO layer is around 45 nm. Finally,
the cathode of Al (100nm) was thermally evaporated in high
vacuum at pressure below 4 x 10~® Torr. The Al cathode lines with a
width of 2.5 mm were deposited orthogonally to the ITO anode
lines to form a 5mm? pixel. The ZnO nanoparticles and red
CdSe/ZnS core-shell QDs were synthesized with a method
proposed in previous reports [12,27].

Detailed measurement processes for QD-LEDs have been
described in our previous report [11]. The spectra of the devices
were measured with an Ocean Optics Maya 2000-PRO spectrometer.
The room temperature absorption spectrum was measured with an
ultraviolet/visible spectrometer (UV 1700, Shimadzu) and the PL
spectrum was collected by a Hitachi F-4500 spectrophotometer
under an excitation wavelength of 400 nm. Note that the absorption
and PL spectra were obtained from the QD toluene solution. The
transmission electron microscopy (TEM) images were recorded
on a Philips TECNAI G2 and SEM images were measured with
by a Hitachi S4800. Atomic Force Microscopy (AFM) images were
recorded in the tapping mode by Bruker Multimode-8.

3. Results and discussion

Fig. 1a shows the absorption and photoluminescence (PL)
spectra of CdSe/ZnS QDs in toluene. The emission peak is 600 nm

with a full-width at half maximum of 42 nm. The PL spectrum
exhibits a good Gaussian profile and not any defect emission is
observed, which indicate an efficient exciton recombination and
confinement in CdSe core. It is worth noting that the characteristic
exciton absorption peaks are not distinct in these QDs, which
should be attributed to the formation of alloy transition layer at
CdSe core and ZnS shell interface in the QD. The uniformity and
monodispersion of QDs synthesized in this work is characterized
by TEM measurements and the results are shown in Fig. 1b. We can
see that the QDs exhibit high monodispersion and the diameter of
QDs is around 9 nm. The inset of Fig. 2b shows a high resolution
TEM image of single QD. Noting that not any distinct boundary
between the core and shell is observed, which is attributed to the
continuous composition gradient and alloy transition interface
inside the QDs, in accordance with the absorption data exhibited in
Fig. 1a. Fig. 1c shows a photo of a vial of CdSe/ZnS QD solution
exited under 365 nm light, exhibiting a vivid red emission from the
QDs. The quantum yield of CdSe/ZnS QDs is 50% in solid powder
form measured through an integrating sphere. QD-LEDs based on
red CdSe/ZnS were fabricated with the typical device structure via
all solution processes for the constituent layers as shown in Fig. 2a.
The QD emission layer is sandwiched between poly-TPD HTL and
ZnO nanoparticle ETL. The Al cathode is deposited by thermal
evaporation technique and all the devices are measured without
any encapsulation. The flat energy levels of the materials used in
our study are shown in Fig. 2b. The highest occupied molecule
orbital (HOMO) and the lowest unoccupied molecule orbital
(LUMO) energy levels are cited from the literatures [28,29]. Based
on the energy level alignment between QDs and poly-TPD, it can be
inferred that the excitons must be formed at QD/poly-TPD interface
due to the large barriers to electrons (~2.0 eV) and holes (~1.0eV).
Therefore, the QD/poly-TPD interface becomes very crucial to the
device performance. Moreover, it is well known that the quality of
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Fig. 1. (a) Absorption and PL spectra of QDs in toluene; (b) TEM image of the
CdSe/ZnS core/shell QDs; (c) the representative UV-illuminated photo of QDs
dispersion in toluene.
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Fig. 2. (a) The structure schematic diagram of the QD-LEDs in our work; (b) energy
level diagram for the various layers; (c¢) SEM images of CdSe/ZnS QDs on ITO/poly-
TPD/ PEDOT:PSS; (d) absorption and PL spectra of ZnO nanoparticles in ethanol.
Inset is TEM image of ZnO nanoparticles.

QD film plays a key role in QD-LED performance. The morphology
of QD film on the ZnO layer is characterized by the SEM image
shown in Fig. 2c. We can see that a homogeneous and close-packed
QD layer is obtained, which ensures the successive fabrication and
reproduction of efficient QD-LEDs. The thicknesses of QD is
~25nm obtained through the cross-section SEM images of ITO/
ZnO and ITO/ZnO/QDs samples, and data are not shown here. The
ZnO nanoparticles were synthesized according to the method
reported previously, [12] with a diameter of 3-5 nm and PL peak at
530 nm as shown in Fig. 2d. The exciton absorption peak is about
335 nm, according to an estimated bandgap of 3.7 eV.

As we know, the thickness of each layer dramatically influences
the electrical properties of QD-LEDs. In all the devices, the QD and
ZnO layers were deposited under the same conditions. Therefore,
their thicknesses will be identical with each other within the
experimental error range. In order to eliminate the effect of
thickness variation of PEDOT:PSS and poly-TPD films on the device
electrical properties, we carefully adjust the concentration of
PEDOT:PSS with and without ethanol to achieve identical layer
thicknesses. The thicknesses are measured for single layer PEDOT:
PSS and bilayer PEDOT:PSS/poly-TPD films fabricated under the
same conditions to that of device A and B as described in Section 2,
which is 30 nm for PEDOT:PSS layers (with and without ethanol
treating) and 70 nm for PEDOT:PSS/poly-TPD films. In other words,
the thicknesses of HILs and HTLs in device A and B are the same,
which ensures a fair comparison for the device performance
between device A and B. The current density-voltage-luminance
curves of QD-LEDs are shown in Fig. 3a. As can be seen, the current
density of ET-treated device is increased by 18%, from 50 to
59 mA/cm? at operating voltage of 5V, compared with that pristine
PEDOT:PSS based device. Considering the discussed above, the
enhancement for the current density must originate from the
ET-treated PEDOT:PSS layer and the mechanism will be exploited
later in detail. In addition, we can see that the device luminance is
also enhanced dramatically for the ET-treated device compared to
that of a device based on pristine PEDOT:PSS in whole operation
voltage range. For example, the luminance is 3326, and 2675 cd/m?
for devices A and B, respectively, at the operation voltage of

4.5V. And an enhancement factor of 24% is obtained. However,
the maximum luminance of these two devices is 40,520 and
39,050 cd/m? respectively, achieved at 7.5 V. It is very strange that
the corresponding enhancement factor is decreased to only 4%.
The decreased enhancement factor with increased current density
reveals that the charge carriers injected into the QDs should be
saturated under high applied current densities. Therefore, the
effect of charge carrier mobility of PEDOT:PSS becomes rather
weak and exciton quenching processes dominates the device
performance. As a result, these two devices exhibit similar
performance due to the same electroluminescence mechanism
and environment (exciton formation interface) for excitons in both
devices A and B under high operation voltages. As reported
previously, the current density of 100 mA/cm? is high enough to
excite all the QDs at the exciton formation interface considering
the exciton lifetime (on the order of tens of nanoseconds) [30]. In
other words, the most efficiently radiative decay for the excitons
should be achieved at low current density in order to prevent
nonradiative decay processes, such as Auger recombination and
QD charging quenching processes. This hypothesis is confirmed by
the efficiency-current density characteristics shown in Fig. 3b that
the maximum efficiency is obtained at low current density near
20mA/cm?. However, the current efficiency of the ET-treated
PEDOT:PSS based QD-LED is higher than that of device with
pristine PEDOT:PSS as the HIL at whole applied current density
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Fig. 3. (a) The current density-voltage-luminance and (b) efficiency-current
density curves of QD-LEDs.
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Fig. 4. Topography (a and c) and phase images (b and d) of the without solvent treated (a and b) and with ET-treated (c and d) for the PEDOT:PSS films on ITO substrates.

range, indicating the important role of ET-treating process in
improving the device performance. For the ET-treated PEDOT:PSS
based device, the maximum efficiency is increased from 10.4 cd/A
to 11.7 cd/A and an enhancement factor of 12.5% is achieved.

In order to investigate the effect of ethanol on the properties of
PEDOT:PSS film, we carefully implement AFM measurement with
a tipping-mode. Fig. 4a and c¢ shows the topography of 0.5 wm
x 0.5 wm of PEDOT:PSS film without and with ET-treating. Grains
are observed on the surface of both films. But more elongated
structures are observed for ET-treated film as can be seen from
Fig. 4c. Consequently, the pristine PEDOT:PSS film has a surface
roughness of 0.28 nm and after treating with ethanol, the surface
roughness increases to 0.34 nm. The rougher surface caused by
ethanol treatment should originate from the swelling and
softening of the PEDOT:PSS film by the ethanol solvent as
reported by Wang et al. [26]. In addition, the added ethanol thus
induces a phase separation on the nanometer scale characterized
by a segregation of the excess PSS in domains surrounded by a
PEDOT-PSS phase. The corresponding phase images of PEDOT:PSS
films without and with ethanol treating confirm this hypothesis
as shown in Fig. 4b and d. It has been demonstrated that, for
polymer systems, a lower phase angle means a softer material,
whereas a higher phase angle can be identified with a harder
material. This means that the bright regions in Fig. 4b and d could
be attributed to the PEDOT-PSS domains, while the dark regions
appeared dark ascribed to the excess PSS domains. After treating
with ethanol solvent, the phase image shows a phase separation
characterized by segregation of the excess PSS domains

surrounded by a continuous PEDOT:PSS phase, i.e. the dark area,
is greatly reduced, which is consistent with the results reported
by Wang et al. [26]. It has been revealed that the neat PEDOT:PSS
solid film exhibits the core-shell structure, in which the core is
rich in conducting PEDOT surrounded by the insulating PSS [31].
The continuous conducting PEDOT:PSS domains and reduced PSS
component ultimately improve the conductivity of PEDOT:PSS
film. Therefore, the conductivity enhancement of PEDOT:PSS is
responsible to the improvement of device performance and
stability.

Fig. 5a shows the electroluminescence (EL) spectra of the
devices at a driving voltage of 5V. As can be seen, a pure and
saturated red emission completely originating from QDs is
observed for all the QD-LEDs, and not any emission at the low-
energy region in the EL spectra is occurred. The full-width at half
maximum of EL spectrum is 46 nm, similar to that of PL spectrum
(42 nm). All the results indicate a highly radiative recombination
efficiency originating from QD band emission. The emission
stability of QD-LED with ET-treated PEDOT:PSS as the HIL is
demonstrated by characterizing the EL emission profile at different
operating voltages as shown in Fig. 5b. As can be seen, the EL
emission is very stable with almost the same emission peak and
profile at different operating voltage range from 4 to 7V. The EL
spectra of QD-LED with pristine PEDOT:PSS HIL were also
measured at different voltages and the same trend was observed.
These results indicate that the exciton recombination zone in
QD-LEDs should not be changed at different electric field applied
to the devices.
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Fig. 5. (a) EL spectra of QD-LEDs with and without ET-treated PEDOT:PSS HIL at
voltage of 4.5V; (b) EL spectra of QD-LEDs based on ET-treated PEDOT:PSS HIL at
different voltages.

4. Conclusion

The conductivity of PEDOT:PSS film was enhanced through
simple ET-treating process, directly mixing PEDOT:PSS solution
with ethanol solvent. The added ethanol induces a phase
separation on the nanometer scale characterized by a segregation
of the excess PSS in domains surrounded by a PEDOT-PSS phase,
which leads to an efficient charge transport across the PEDOT
chains. The device performance of QD-LEDs was improved by
introducing an ET-treated PEDOT:PSS as the HIL. The overall
performance of device containing ET-treated PEDOT:PSS was
improved compared with the pristine PEDOT:PSS based device, the
current efficiency was increased by a factor of 12.5%, from 10.4 cd/A
to 11.7 cd/A. The solvent treatment process for the HIL is simple,
efficient, cost-effective and easy to be adopted in mass production.
We believe that our work provides a feasible and reliable approach
to construct efficient QD-LEDs for both display and solid-state
lighting technologies.
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