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Insoluble electrochemically cross-linked thin film is
successfully applied as interface layer between PEDOT:PSS
and light emitting layer in solution-processed polymer light-
emitting diodes for enhanced device performance.

1 Introduction

To improve the device performance of polymer light-emitting
diodes (PLEDs), sandwich-like multilayer device structure is
usually applied by integrating different functional layers,'
including the active light-emitting layer and charge carrier
injecting/blocking and transporting layers. Polyethylene
dioxythiophene-polystyrene sulfonate (PEDOT:PSS), which is a
water-soluble conducting material and was successfully
introduced in PLEDs by Cao et al,> is now commonly used as the
hole injection layer (HIL) in solution processible PLEDs, due to
its reasonable work function (5.2 eV), good transparency in
visible region, variable conductivity, good hole injection ability,
flattening effects, and excellent air-stability.> Even though
PEDOT:PSS really reduces the hole injection barrier between
indium tin oxide (ITO) anode and emitting layer (EML), many
problems still exist. Firstly, it is acidic* and may quench the
excitons.” Secondly, the redundant electrons can pass through the
EML to attack the PEDOT:PSS, resulting in byproduct, which
may cause the degradation of the active materials, and thus is bad
for the devices stability.® However, it is quite difficult to find a
better material as HIL to completely replace the PEDOT:PSS for
the moment. So it is suggested that a thin interface layer can be
used to isolate the EML from PEDOT:PSS to increase the device
performance.” The prerequisite for the interface layer should be
insoluble in the spin-coating of the subsequent light-emitting
layer in PLEDs. To meet above requirement, a series of thin film
was utilized, involving in situ chemical cross-linking layers,®’
solvent-selective insoluble layers,'®'""'? and the thermal bake-out
layers."

In this work, we uniquely deposited a thin layer by in situ
electrochemical polymerization (ECP) method from 2,7-bis(9,9-
bis(6-(9H-carbazol-9-yl)hexyl)-9H-fluorene-2-yl1)-9,9'-spirobiflu-
orene TCPC (Scheme 1), a kind of material synthesized in our
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Scheme 1 Schematic of electrochemical polymerization of multiple

carbazole functionalized monomer to form a cross-linked structure.

group,' on PEDOT:PSS as an interface layer to increase the

performance of solution processible PLEDs. Compared to the
above mentioned processes preparing a thin interface layer, such
as in situ chemical cross-linking, our ECP method has a few
advantages. Firstly, the thickness of the thin film can be easily
modulated through controlling the amount of charge passed
through the cell."'® Secondly, the ECP thin film is completely
cross-linked through electrochemical coupling reaction between
electro-active groups (i.e. carbazole in this work);'” thus it is
insoluble in common solvents used to dissolve the light-emitting
polymer, and is convenient for the spin-coating of subsequent
functional layer. Thirdly, the surface of the ECP film is rather
smooth with surface roughness similar to that of spin-coated film,
which is favorable to the performance of devices.

2 Experimental section

TCPC and P-PPV were synthesized in our laboratory as previous
reported.'* " Caesium fluoride (CsF) was purchased
commercially and was used without purifying. The PLED devices
were fabricated using the procedures as follows: indium tin oxide
(ITO) coated glass substrates were cleaned prior to device
fabrication by sonication in acetone, detergent, distilled water,
and isopropyl alcohol in sequence, and finally dried in an oven.
After treated with an oxygen plasma for 4 min, a 40 nm thick

polyethylene dioxythiophene-polystyrene sulfonate (PEDOT:PSS)
(Bayer Baytron 4083) layer was spin-coated on the ITO-coated
glass substrates at 2500 rpm for 30 s, the substrates were
subsequently dried at 120°C for 20 min in air and then transferred
to a N2-glovebox. Then the electrochemical polymerization was
performed using a standard one-compartment, three-electrode
electrochemical cell attached to a CHI 760D Electrochemical
Workstation. An Ag/Ag" non-aqueous electrode was used as a
reference electrode, ITO/PEDOT:PSS (40 nm) was used as the
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working electrode, and titanium metal was used as the counter
electrode (area: ~3 cm?). A mixture of TCPC and TBAPF (0.1 M)
with CH,Cl, and acetonitrile was used as the electrolyte solution.
The electrochemical polymerization was processed by CV mode
and after the electrochemical polymerization process, the
resulting ECP layer was washed with a mixture of CH,Cl, and
acetonitrile (3:2, V:V), to remove any unreacted precursors and
supporting electrolytes, and then dried with nitrogen. The whole
ECP process was conducted in the glove box. After the ECP thin
layers with different thickness were deposited on PEDOT:PSS,
the P-PPV was spin-coated from p-xylene solution on the ECP
thin layer at 1000 r/min for 30 s with the thickness of about 80
nm. And then the CsF and Al layer were deposited by the vacuum
evaporation method. The background pressure of the chamber
was under 10" Pa during the deposition process.

The layer thickness of the deposited material was monitored in
situ using an oscillating quartz thickness monitor. The current
density—brightness—voltage ~ (J-B-V)  characteristics  were
measured by a Keithley 236 source measurement unit. The
electroluminescent (EL) spectra were measured using a PR-705
Spectroscan spectrometer. The device fabrication, except
PEDOT:PSS coating, was carried out in a nitrogen atmosphere
dry-box (Vacuum Atmosphere Co.) containing less than 10 ppm
oxygen and moisture. The atomic force microscopy (AFM) image
was recorded on a Seiko SPA 400 with an SPI 3800 probe station
in tapping mode (dynamic force mode).

3 Results and discussion

TCPC is a kind of wide band-gap electro-polymerizable precursor
(3.0 eV), which is suited as interface materials in multiple
PLEDs. Firstly, we investigated the electrochemical behavior of
TCPC using PEDOT:PSS coated ITO as the working electrode.
As shown in Figure S1, the onset oxidation potential is at 0.79 V
(vs Ag/Ag"), and there are three oxidation peaks located in 0.92
V, 1.07 V, 1.25 V, assigned to the oxidation of carbazole and
trifluorene backbone, respectively. A reduction peak appears at
0.49 V assigned to the reduction of dimeric carbazole cation.
These results indicate that the redox behavior of TCPC on the

Current (a.u.)

T T T
0.4 0.0 -0.4 +
Potential (V vs. Ag/Ag")

Fig. 1 Cyclic voltammogram for electrochemical polymerization under
conditions such as: 1 mg mL" TCPC, 0.1 M TBAPF,, scanning potential
region — 0.8 V to + 0.83 V, mixtured solvents Vcmci:Vemen = 2:3,
scanning rate 200 mV/s. The inset shows the electrochemical couple of
carbazole.

working electrode of ITO/PEDOT:PSS was almost the same as
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that on bare ITO as shown in our reports.'” Thus the ECP process
was conducted within the potential range of - 0.8 V to + 0.83 V.
The high potential was set as + 0.83 V that is high enough for
oxidation of the carbazole groups to form the carbazyl radical
cations, but still lower than the oxidation potential of trifluorene
backbone in order to keep the electronic structure of TCPC. The
dimeric carbazole cation is formed through the coupling reaction
of carbazyl radical cation, and is reduced to dimeric carbazole,
indicated by the reduction peak at + 0.49 V during the inverse
scan from positive to negative potential. As shown in Figure 1,
the appearance of a new oxidation peak at + 0.69 V during the
second cyclic voltammogram scanning confirms the forming of
dimeric carbazole on ITO/PEDOT:PSS substrate. The increasing
of peak current in subsequent scanning shows that more and more
dimeric carbazole units are formed on PEDOT:PSS substrate.
Owing to four reactive carbazole groups in a TCPC molecule, a
cross-linked layer was deposited successfully on PEDOT:PSS
layer, as illustrated in Scheme 1. The ECP layer is insoluble in
common organic solvents due to the highly cross-linked structure,
which is demonstrated by the identical absorption spectra (Figure
S3) of ECP layer before and after rinse with p-xylene (that is used
to dissolve P-PPV for fabrication of the EML layer through spin-
coating method). So it is a stable interface to avoid the re-
dissolution in solution-processible multiple layer PLEDs.

The atomic force microscopy height images of PEDOT:PSS and
the ECP thin film on PEDOT:PSS with different thickness are
shown in Figure 2 and Figure S2. The root-mean-square
roughness (R,) values were 1.2 nm for PEDOT:PSS and 1.7 nm
for ECP thin film of about 12 nm, indicating that the ECP thin
film is a smooth interlayer, comparative to the spin-coated film
which is favorable to fabricate stable multilayer PLEDs.

30 nm

RMS=1.2nm 0 nm

RMS=1.7 hm .

Fig. 2 AFM height images of (a) ITO/PEDOT:PSS and (b)
ITO/PEDOT:PSS/ECP thin films. The thickness of the ECP thin layer for
(b) is about 12 nm. The size of the images is 5x5 pm. The ECP film is
prepared under conditions such as: 1 mg mL" TCPC, 0. M TBAPF,,
scanning potential region — 0.8 V to + 0.83 V, mixtured solvents Vcmcn:
Vemsen = 2:3, scanning rate 200 mV/s.

The PLEDs were then fabricated based on the device
configuration of ITO/PEDDOT:PSS (40 nm)/ECP thin film (x
nm)/P-PPV (80 nm)/CsF (1.5 nm)/Al (120 nm), where poly[2-(4-
(3',7-dimethyloctyloxy)-phenyl)-p-phenylenevinylene] (P-PPV)
acted as a classical light-emitting layer.'® ECP thin film was used
as the interface layer and its thickness is tuned by controlling the
scanning cycles, namely X for different devices. Here X=0 nm
means that there was no ECP layer between PEDOT:PSS and P-
PPV, which was actually a control device to compare with others.
The reason why the P-PPV was selected as the light-emitting
material is that a specific chemical interaction may occur between
PPV and PEDOT:PSS, creating defect states in interface region
which would partly quench PPV photoluminescence.'’
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Fig. 3 (a) Current density—brightness—voltage (J-B—V) and (b) Luminous
efficiency—current density (LE-J) characteristic of ITO/PEDOT:PSS (40
nm)/ECP thin film (x nm)/P-PPV (80 nm)/CsF (1.5 nm)/Al (120 nm), x =
0,6,12, 15 nm.

The thickness of ECP thin layer for fabricating PLEDs and the
detailed performance data for different devices, including turn-on
voltage, maximum brightness, maximum luminous efficiency, are
included in Table 1. The J-B-V and LE-J characteristic are
depicted in Figure 3. As a result, the ECP thin layer as interface
layer enhances the performance of device effectively. The
optimal performance comes from the device with ECP thin layer
of about 12 nm as interface layer. The maximum luminous
efficiency of device incorporating ECP layer is improved from
12.3 cd/A (X=0 nm) to 16.2 cd/A (X=12 nm), about an increase
of 32%. Furthermore, the maximum brightness keeps nearly the
same as the control device (~12000 cd/m?), although the turn-on
voltage becomes slight higher from 2.8 V to 3.9 V, which may be
ascribed to the increased film thickness. As for the enhancement
of performance, it is speculated that there are two factors about it.
On one hand, the ECP thin layer indeed plays a role in isolating
the PEDOT:PSS from the emissive P-PPV, as we had expected.
The fluorescence quantum yield of ITO/PEDOT:PSS (40 nm)/P-
PPV (80 nm) is 16.6%, while that of ITO/PEDOT:PSS (40
nm)/ECP Layer (=12 nm)/P-PPV (80 nm) is 17.9%, showing an
increasing of 7.9% and demonstrating the isolation effect of ECP
thin layer. On the other hand, in view of the fact that conductivity
of ECP thin layer is lower according to the electrochemical
impedance spectroscopy (EIS) measurement,” it is speculated
that the ECP thin film also acts as a hole blocking layer. As we
know, P-PPV is a typical p-type semiconductor in which the
holes are the majority carrier. So the insertion of low conductive

ECP thin layer can cause the most easily injected holes to partly
35 accumulate at the PEDOT:PSS/ECP layer interface until efficient
injection of electrons becomes favorable, reducing leakage
currents and promoting the balance of positive and negative
carrier injected into the device, which is crucial to the
performance of device.! We also prepared the hole only device
40 of ITO/PEDOT:PSS (40 nm)/ECP thin film (x nm)/P-PPV (80
nm)/MoQO; (10 nm)/Al (100 nm), the decreasing of current
density in J-V characteristic of Figure 3a and current in I-V curve
of hole only device, as shown in Figure S4, demonstrates the
above-mentioned speculation on hole blocking effect of ECP thin
45 layer. In addition, the insertion of ECP thin layer has not changed
the peaks position of electroluminescence of devices, as is shown
in Figure S5.
Table 1. The performance of PLEDs device of ITO/PEDOT:PSS (40

nm)/ECP thin film (x nm)/P-PPV (80 nm)/CsF (1.5 nm)/Al (120 nm), x=
50 0, 6,12, 15 nm.

ECPlayer  Turn-on

thickness Voltage cd/cmf&ajoltage] cd/AIEStr?/?)Ttage]
[nm] [V]
Control 2.8 12056 (6.6 V) 123 (3.8V)
6 33 12725 (7.8 V) 143 (4.6 V)
12 39 12734 (8.2 V) 16.2 (5.6 V)
15 4.1 12199 (8.8 V) 13.8(5.8V)

4 Conclusion

In summary, we developed a new way to deposit an insoluble,
neat thin film on PEDOT:PSS through the electrochemical
coupling reaction of the electro-active groups. The ECP thin film

ss successfully isolates the PEDOT:PSS from the light-emitting
layer, avoiding the negative effect of PEDOT:PSS on the
performance of PLEDs. Meanwhile, the ECP thin layer also acted
as a hole blocking layer, balancing the carriers injected into the
device. The combination of isolation effect and blocking effect

¢ improved the performance of solution-processible PLEDs, which
promises electrochemically deposited isolation layer for using in
the development of high performance organic optoelectronic
devices.
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