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DOI: 20.1039/x0xx00000% We demonstrate the significance of ions with an ordered arrangement for enhancing the

electron injection in polymer light-emitting diodes (PLEDs) and the electron extraction in
polymer solar cells (PSCs) by using tetraoctylammonium bromide (TOAB) as a model
compound. The spin-coated films of TOAB are prepared on the active layers of both PLEDs
and PSCs without any annealing (TOAB-No) as well as with the annealing at 60°C (TOAB-60)
and 100°C (TOAB-100). Subsequently, they are investigated by atomic force microscopy
(AFM) and synchrotron X-ray diffraction (XRD) as well as simultaneously employed as the
interfacial layers in PLEDs and PSCs. The AFM results show that the active layers are well
covered with TOAB-No and TOAB-100, but poorly covered with TOAB-60 due to the
formation of large islands. The XRD results show that TOAB-No and TOAB-60 are
polycrystalline with the (002) lattice planes parallel to the surface of the active layers while
TOAB-100 presents amorphous. Of note, the electron injection in PLEDs and the electron
extraction in PSCs are significantly enhanced using TOAB-No and TOAB-60, but both are
worsened using TOAB-100. Evidently the enhanced electron injection/extraction is mainly
attributed to the ordered arrangement of ions in the TOAB crystals. This study prompts us that
with an order arrangement of ions, all ionic compounds should be excellent for enhancing the
electron injection/extraction in polymer optoelectronic devices.

www.rsc.org/

the active layer and the Al cathode.'® On the other hand, the ion
motion in CPEs leads to a redistribution of the internal electric

Introduction

Polymer light-emitting diodes (PLEDs) and polymer solar cells
(PSCs) have attracted considerable attention due to their
potential for realizing lightweight, flexible, and large-area
devices."? To achieve high-performance PLEDs and PSCs, the
energy level alignment at the active layer-electrode interface is
necessary for efficient charge transfer.** Conventionally, low
work function metals such as Ca and Ba are used as cathodes to
ensure the efficient electron injection in PLEDs and the
efficient electron extraction in PSCs. However, they are
sensitive to moisture and oxygen, which undermines their use
for practical applications. Stable metals such as Al, Ag, and Au
have been used as cathodes, but their high work function
mismatches with the lowest unoccupied molecular orbital
(LUMO) of the active layer. Therefore, an interfacial layer
must be employed to decrease the energy level difference
between the LUMO of the active layer and the work function of
the metal cathode for efficient electron injection/extraction.’ 6
Conjugated polyelectrolytes (CPEs) are promising materials
as solution-processed interfacial layers in PLEDs and PSCs.®®
Their ionic pendant groups ensure the solubility in polar
solvents, and therefore allow the solution-based fabrication of
multilayer devices. The excellent performance of PLEDs and
PSCs with CPEs is attributable to the interfacial dipole between
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field and a long response time of PLEDs.''""* Conjugated
polymeric zwitterions (CPZs) have attracted much attention due
to their chemical structure comprising immobile ions.'*'® The
CPZs significantly boost the electron injection in PLEDs, lead
to the short response time of PLEDs, and also enhance the
electron extraction in PSCs. In fact, the conjugated system of an
interfacial layer is not essential to enhance the electron
injection while the ions are important. Recently, small-
molecule zwitterions without conjugated systems are spin-
coated on electroluminescent polymers to ensure the efficient
electron injection in high-performance PLEDs.'” When they are
spin-coated on the active layer of PSCs, the electron extraction
in PSCs is not improved. The assembly of these small-molecule
zwitterions may be affected by the underlying substrate,
resulting in the different arrangement of ions. The proper
arrangement of ions within an interfacial layer should be
essential to enhance the electron injection/extraction.
Tetra-n-alkyl ammonium bromides (TAABs), commonly
used as the ionic functionalities of CPEs, have been used as
solution-processed interfacial layers in high-performance
PLEDs and PSCs.***' They significantly enhance the
performance of PLEDs with Al, Ag, and Au cathodes as well as
lead to the short response time of PLEDs. Additionally, they
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enhance the short-circuit current density (Jsc), open-circuit
voltage (Voc), and fill factor (FF), resulting in the high power
conversion efficiency (PCE) of PSCs. The TAABs crystallize
as stacked monolayers with an “ionic plane” consisting of an
array of bromide ions (Br’) and the positively charged N atoms
(N") in the middle of each layer.”? Due to the flexible n-alkyl
chains, they show a multi-step fusion behavior,”® which
provides the opportunity to change their arrangement of ions
via annealing. In this study, we demonstrate that the
arrangement of ions in an interfacial layer dramatically affects
the performance of PLEDs and PSCs. In order to directly
observe the arrangement of ions, tetraoctylammonium bromide
(TOAB) is chosen as a model compound to prepare the
interfacial layers possessing the different arrangement of ions.
The ethanol solution of TOAB (2 mg ml') was spin-coated
atop the active layer without any annealing to complete the
interfacial layer denoted as TOAB-No. Polyfluorene Green B
(G-PF) was used as the active layer of PLEDs and the blend of
poly(3-hexylthiophene) and [6,6]-phenyl-C61 butyric acid
methyl ester (P3HT:PCBM) was used as the active layer of
PSCs.?**> TOAB-No was subsequently annealed at 60°C and
100°C to complete the interfacial layers denoted as TOAB-60
and TOAB-100, respectively. The results demonstrate that the
ordered arrangement of ions makes the interfacial layer of
TOAB effective in enhancing the electron injection in PLEDs
and the electron extraction in PSCs.

Results and Discussion

The surface morphology of TOAB-No, TOAB-60, and TOAB-
100 atop G-PF was first explored by atomic force microscopy
(AFM). The results are shown in Fig. 1la. The TOAB-No and
TOAB-100 surfaces are smooth and have the root mean square
(rms) roughness of 1.79 nm and 4.84 nm, respectively. On the
other hand, the TOAB-60 surface is really rough and has the
rms roughness of 8.12 nm due to the large islands. The
corresponding AFM phase images (Fig. 1b) clearly display that
TOAB-No and TOAB-100 are continuous films fully covering
the underlying G-PF, whereas TOAB-60 is a discontinuous film
covering only a 46.8% area of G-PF. Evidently the octyl cahins
of TOAB are long enough to ensure a well adhesion with the
hydrophobic G-PF during the spin-coating process. The
different surface morphology is attributable to the reassembly
of TOAB molecules occurring at the transition temperature (50
°C) and the melting point (101°C).*

(a)

50.0 °

(b)

25.0 °

0.0 °

Fig. 1 (a) AFM topography images and (b) AFM phase images
of i ) TOAB-No, ii) TOAB-60, iii) TOAB-100 atop G-PF.
Scale: 10 um x 10 pm.
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Fig. 2 Synchrotron XRD patterns of the samples with

configurations as ITO/PEDOT:PSS/G-PF/TOAB-No ( Il ),

ITO/PEDOT:PSS/G-PF/TOAB-60 ( A), ITO/PEDOT:PSS/G-

PF/TOAB-100 (¥). Inset: the rocking curves for the (002) peak

of TOAB.
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In order to further understand the molecular assembly of
TOAB-No, TOAB-60, and TOAB-100 atop G-PF, samples
were examined by synchrotron X-ray diffraction (XRD). The
corresponding results are shown in Fig. 2. Crystals in the
TOAB powder show the Ilamellar structure where the
preferential arrangement of TOAB molecules is the C2/c
symmetry along (002) lattice planes with an interplanar spacing
of 18.6 A?**? In the XRD pattern of indium tin oxide
(ITO)/poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
(PEDOT:PSS)/G-PF/TOAB-No, the peak originates from the
(002) lattice planes of TOAB crystals and corresponds to a d-
spacing of 19.8 A. This larger d-spacing than that observed in
TOAB powder is attributable to the residual stress originated
from the out of equilibrium chain conformation in the spin-
coated film.?® The average grain size of crystals, which is
estimated by the full width at half maximum (FWHM) of a
peak, is 16.0 nm. Based on the smooth surface of TOAB-No,
we speculate that TOAB-No is thick enough (at least 10.0 nm)
to accommodate the crystals with average grain size of 16.0
nm. In the XRD pattern of ITO/PEDOT:PSS/G-PF/TOAB-60,
the peak corresponds to a smaller d-spacing (19.0 A) as well as
has a narrower FWHM and a higher intensity than that in the
XRD pattern of ITO/PEDOT:PSS/G-PF/TOAB-No. The small
d-spacing may be due to the relaxation of residual stress
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induced Fig. 3 (a) The ordered arrangement between Br” and N*
in TOAB-No and TOAB-60. (b) The disordered arrangement
between Br” and N* in TOAB-100.
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Table 1 The detailed performance parameters of PLEDs with Al, TOAB-No/Al, TOAB-60/Al, and TOAB-100/Al cathodes

Cathode Vion [V] Vion[V] Current Density” [mA cm™?] Luminance’ [cd m?] Luminance Efficiency” [cd A™"]
Al 1.5 34 47.8 129.7 0.4

TOAB-No/Al 1.9 2.1 375.5 35289 13.8

TOAB-60/A1 1.9 2.1 308.8 25341 10.9

EA TOAB-60/A1 1.9 2.1 659.8 54147 10.9

TOAB-100/A1 - - 0.9 16.4 -

@ At the bias of 7.0 V. ? At 20.0 mA cm™. EA: Effective Area.

by the reassembly of TOAB molecules. The narrow FWHM
clearly shows that the average grain size of crystals is increased
from 16.0 nm to 19.6 nm via the annealing at 60°C. The
increase in the average grain size of crystals is responsible for
the high peak intensity. To further confirm the orientation of
crystals in TOAB-No and TOAB-60, the peak intensity is
monitored with two samples tilted in a few degrees along the
chi dimension. In the corresponding rocking curves (the inset of
Fig. 2), the maximal peak intensity is located nearly at y = -90".
It demonstrates that there is a preferential orientation of crystals
in TOAB-No and TOAB-60: the (002) lattice planes of TOAB
crystals are parallel to (the d-spacing are normal to) the
hydrophobic surface of G-PF (Fig. 3a). In this preferential
arrangement of TOAB molecules, the ordered arrangement
between Br” and N provides the net interfacial dipole pointing
toward G-PF. The rocking curve for ITO/PEDOT:PSS/G-
PF/TOAB-60 has the narrower FWHM than that for
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Fig. 4 (a) J-L-V characteristics of PLEDs with Al, TOAB-
No/Al, TOAB-60/Al, and TOAB-100/Al cathodes. (b) The
luminance efficiency vs. current density for devices with Al,
TOAB-No/Al, and TOAB-60/Al cathodes.
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ITO/PEDOT:PSS/G-PF/TOAB-No. It indicates that the
ordering of TOAB crystals also become more converged
toward the preferential orientation via the annealing at 60°C,
besides the increase in the average grain size of crystals.
Therefore, we expect that TOAB-60 provides the larger
interfacial dipole pointing toward G-PF than TOAB-No. On the
other hand, there is no Bragg diffraction peak in the XRD
pattern of ITO/PEDOT:PSS/G-PF/TOAB-100. It depicts that
the annealing at 100°C ruins the TOAB crystals and results in
the amorphous TOAB-100 where Br and N' are disorderly
arranged and consequently the molecular dipoles offset each
other (Fig. 3b).

PLEDs with Al, TOAB-No/Al, TOAB-60/Al, and TOAB-
100/Al cathodes were used to explore the relationship between
the arrangement of ions and the electron injection. Fig. 4a
shows the current density-voltage-luminance (J-V-L)
characteristics of four devices. Owing to the very low current
density and luminance for the device with the TOAB-100/Al
cathode, Fig. 4b only shows the luminance efficiency vs.
current density for devices with Al, TOAB-No/Al, and TOAB-
60/Al cathodes. Table 1 summarizes their detailed performance
parameters. In the device with an Al cathode, the current turn-
on voltage (V,,,) is 1.5 V and the light turn-on voltage (V;_,,) is
3.4 V. The energy level difference between the LUMO of G-PF
(-3.0 eV) and the work function of Al (-4.3 eV), the electron
injection barrier, is much larger than that between the highest
occupied molecular orbital of G-PF (-5.5 eV) and the work
function of PEDOT:PSS (-5.1 eV), the hole injection barrier.>*’
Accordingly, holes can be injected from the ITO/PEDOT:PSS
anode into G-PF at 1.5 V, whereas electrons cannot be injected
from the Al cathode into G-PF and then recombine with holes

Interfacial Dipole
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n

Fig. 5 Energy level diagram for the PLED with the electron
injection layer of TOAB.
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to emit the light until 3.4 V. This unbalanced injection of holes
and electrons is responsible for both the low current density and
the luminance (47.8 mA cm™ and 129.7 ¢cd m™ at the bias of 7.0
V) as well as the low luminance efficiency (0.4 cd A" at 20.0
mA cm?). Devices with TOAB-No/Al and TOAB-60/Al
cathodes show the much higher current density, luminance, and
luminance efficiency as well as the lower V;_,, than the device
with an Al cathode. Notice that the large islands of TOAB-60
do not adversely affect the device performance. These
improvements are attributable to the interfacial dipole toward
G-PF introduced by TOAB-No and TOAB-60. The interfacial
dipole is presumed to elevate the vacuum level of the Al
cathode, and therefore decreases the energy level difference
between the LUMO of G-PF and the work function of the Al
cathode (Fig. 5).%” Consequently, the electron injection from the
Al cathode to G-PF is significantly enhanced. The difference
between V,,, and V;_,, is only 0.2 V in devices with TOAB-
No/Al and TOAB-60/Al cathodes. It indicates that the balanced
injection of holes and electrons is accomplished and contributes
to their high luminance efficiency. Recall that TOAB-60 only
covers the 46.8% area of G-PF so that it cannot entirely protect
G-PF from the formation of metal-induced quenching sites
during thermal evaporation of the Al cathode.?® Thus the device
with the TOAB-60/Al cathode shows the lower luminance
efficiency than the device with the TOAB-No/Al cathode.
Notice that both the V;_,, and the V,,, in the device with the
TOAB-60/Al cathode are the same as those in the device with
the TOAB-No/Al cathode. Since the G-PF surface is fully
covered with TOAB-No, we suppose that the electron injection
in the device with the TOAB-60/Al cathode occurs only in the
46.8% area of G-PF in contact with TOAB-60. Therefore, the
current density and the luminance in the device with the
TOAB-60/Al cathode are calibrated by considering the
effective area and shown in Table 1. Interestingly, the effective
values are much higher than those in the device with the
TOAB-No/Al cathode. It is attributable to the larger interfacial
dipole introduced by TOAB-60 than TOAB-No. It also
suggests that the electron injection can be further enhanced by
improving the preferential arrangement of TOAB molecules.
The four alkyl chains in the tetra-n-alkyl ammonium cation
prevent an anion from approaching closely to N', which
provides quaternary ammonium salts the large dipole (= 11
D).’ Accordingly, we infer that the multilayer structure of
TOAB-No and TOAB-60 introduces the interfacial dipole large
enough to ensure the ohmic contact between G-PF and the Al
cathode. It is the possible reason that the same V;_,, and V.,
are observed in the devices with TOAB-No/Al and TOAB-
60/Al cathodes. On the other hand, the device with the TOAB-
100/Al cathode doesn’t show the diode characteristics and has a
very low current density (0.9 mA cm™ at the bias of 7.0 V).
Evidently TOAB-100 just acts an insulating layer to block the
electron injection since it cannot provide any interfacial dipole.
Although TOAB-No and TOAB-100 have the similar surface
morphology, they have the opposite effect on the electron
injection. It clearly demonstrates that the ordered arrangement
between Br and N' make the interfacial layer of TOAB
effective in enhancing the electron injection.

Several small molecules containing ions are used to
improve the electron injection in PLEDs.**** However, they
have not been used to enhance the electron extraction in PSCs.
In our previous study, we demonstrate that TOAB significantly
enhances the electron extraction in the PSCs with Al, Ag, and
Au cathodes.”' Herein we also show the ordered arrangement
between Br” and N is necessary for the efficient electron
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Fig. 6 (a) AFM topography images and (b) AFM phase images
of i ) TOAB-No, ii ) TOAB-60, iii ) TOAB-100 atop
P3HT:PCBM. Scale: 10 pm x 10 pm.

extraction between PCBM and an Al cathode. The behavior of
TOAB molecules on the P3HT:PCBM surface is similar to that
on the G-PF surface (Fig. 6a and 6b). The P3HT:PCBM surface
is well covered with TOAB-No and TOAB-100, but it is poorly
covered with TOAB-60 due to the formation of large islands.
Fig. 7 shows the synchrotron XRD patterns of three samples. It
is clear that TOAB molecules nucleate on the P3HT:PCBM
surface and grow into the crystals with the average grain size of
66.1 nm via the spin-coating process. Moreover, the average
grain size of TOAB crystals is increased from 66.1 nm to 88.1
nm via the annealing at 60°C. Furthermore, the corresponding
rocking curves (the inset of Fig. 7) indicate that the (002) lattice
planes of these TOAB crystals are parallel to (the d-spacing are
normal to) the hydrophobic surface of P3HT:PCBM. The
rocking curve for ITO/PEDOT:PSS/P3HT:PCBM/TOAB-60
has the broader FWHM than that for
ITO/PEDOT:PSS/P3HT:PCBM/TOAB-No. It indicates that the
ordering of TOAB crystals become more diverged from the
preferential orientation via the annealing at 60°C . Therefore, the
peak shows a lower intensity even though the average grain size
of TOAB crystals is increased. Consequently, TOAB-60

provides the smaller interfacial dipole pointing toward
TOAB -
\ 3
<
>
= 2
. £
S
-~ TETE T O
2] %
g P3HT
3 ”
£
1 1 1 1 1
27 30 33 36 39 4.2

20 (degree)
P3HT:PCBM than TOAB-No. On the other hand, TOAB-100
Fig. 7 Synchrotron XRD patterns of the samples with
configurations as ITO/PEDOT:PSS/P3HT:PCBM/TOAB-No (
[ ] ), ITO/PEDOT:PSS/P3HT:PCBM/TOAB-60 ( A ),

This journal is © The Royal Society of Chemistry 2012

Page 4 of 8



Page 5 of 8

ITO/PEDOT:PSS/P3HT:PCBM/TOAB-100 ( \/ ). Inset: the
rocking curves for the (002) peak of TOAB.

atop P3HT:PCBM also show the amorphous character the same
as TOAB-100 atop G-PF. Another peak observed in the XRD
patterns corresponds to the interchain spacing in P3HT
associated with the interdigitated alkyl chains.>> Evidently the
crystallinity of P3HT is improved via the annealing processes,
which is the possible reason for the divergence from the
preferential orientation of TOAB crystals.

PSCs with Al, TOAB-No/Al, TOAB-60/Al, and TOAB-
100/Al cathodes were used to explore the relationship between
the arrangement of ions and the electron extraction. Fig. 8a and
8b shows the J-V characteristics of all four devices under air
mass 1.5 global (AM 1.5 G) illumination of 100 mW cm™ and
in the dark, respectively. The detailed performance parameters
are tabulated in Table 2. The energy level difference between
the LUMO of PCBM (-3.9 ¢V)*¢ and the work function of the
Al cathode (-4.3 eV) is responsible for the poor device
performance as well as the large series resistance (Rg) in the
device with an Al cathode. The interfacial dipole pointing
toward P3HT:PCBM is presumed to decrease the energy level
difference between the LUMO of PCBM and the work function
of the Al cathode, facilitating the electron extraction.?” Thus the
device with the TOAB-No/Al cathode shows the higher Vo,
FF, and Jsc as well as much lower Rg than the device with an
Al cathode. In the device with the TOAB-60/Al cathode, the
Voc is lower and the Rg is higher than those in the device with
the TOAB-No/Al cathode. Besides, the device with the TOAB-
60/Al cathode also shows the lower V., than the device with

— Al
—{+—TOAB-No/Al
—/—~TOAB-60/Al
—7/—TOAB-100/Al

1
N
1

"
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Fig. 8 J-V characteristics of PSCs with Al, TOAB-No/Al,
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TOAB-60/Al, and TOAB-100/Al cathodes (a) under AM 1.5 G
illumination of 100 mW c¢m™ and (b) in the dark.

Table 2 The detailed performance parameters of PSCs with Al,
TOAB-No/Al, TOAB-60/Al, and TOAB-100/Al cathodes

Cathode Ve Ju FF PCE Rs
[V] [mA cm?] [%] [Q cm?]
Al 0.42 10.53 048 2.14  14.04
TOAB-No/Al  0.58 10.63 0.64 3.97 1.42
TOAB-60/Al  0.56 10.44 0.53 3.10 157
TOAB-100/Al1  0.34 8.73 0.28 0.84  60.67

the TOAB-No/Al cathode (Fig. 8b). These differences are
attributable to the smaller built-in potential in the device with
the TOAB-60/Al cathode than the TOAB-No/Al cathode since
TOAB-60 provides the smaller interfacial dipole than TOAB-
No.*72% On the other hand, the amorphous TOAB-100 acts an
insulating layer to block electron extraction, resulting in the low
Voc, FF, and Jgc as well as the high Rg. This speculation is also
supported by the very poor diode characteristics of the device
with the TOAB-100/Al cathode in the dark (Fig. 8b). Although
the improved crystallinity of P3HT leads to the high Jsc and
FF,* this effect is offset by the annealing effect of TOAB.
Therefore, we observe that both the Jyc and FF are decreased
with the increase in the annealing temperature. Due to the poor
coverage of TOAB-60, the lower Jsc and FF in the device with
the TOAB-60/Al cathode than with the TOAB-No/Al cathode
should be attributable to the metal-induced quenching sites near
the P3HT:PCBM/AL interface.®

Conclusions

We clearly demonstrate the significance of ions with an ordered
arrangement for enhancing the electron injection/extraction in
polymer optoelectronic devices by using the model compound
of TOAB. The active layers of PLEDs and PSCs are well
covered with TOAB-No and TOAB-100, but poorly covered
with TOAB-60 due to the formation of large islands. There are
crystals possessing the (002) lattice planes parallel to the
surface of the active layers in TOAB-No and TOAB-60 while
the amorphous TOAB-100 is observed. Despite the very
different surface morphology of TOAB-No and TOAB-60, the
electron injection in PLEDs and the electron extraction in PSCs
are significantly enhanced using TOAB-No and TOAB-60. On
the other hand, the amorphous TOAB-100 acts an insulator to
block the electron injection/extraction at the active layer-
cathode interface. Accordingly, the origin of the enhanced
electron injection/extraction is attributable to the interfacial
dipole introduced by the ordered arrangement between Br™ and
N*. The interfacial dipole shifts the vacuum level at the active
layer-cathode interface, therefore decreasing the barrier height
for electron injection/extraction. Accordingly, we reason that
with an ordered arrangement of ions, all ionic compounds
should be excellent for enhancing the electron
injection/extraction in polymer optoelectronic devices.

Experimental

ITO-coated glass substrates (RITEK Corp., 15 Q o) were
cleaned ultrasonically in detergent, deionized water, acetone,
and isopropanol, sequentially, for 20 min each. Subsequently,
they were treated with UV ozone for 25 min. PEDOT:PSS
(Clevios™ P VP AI 4083) was spin-coated on each substrate at
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4000 rpm for 60 s and then baked at 150°C for 30 min. To
prepare the active layer in PLEDs, the toluene solution of G-PF
(Dow Chemical Corp.) with a concentration of 10 mg ml™" was
spin-coated atop PEDOT:PSS at 2500 rpm for 60 sec and then
baked at 65°C for 30 min. On the other hand, the active layer in
PSCs (P3HT:PCBM) was obtained by the slow-growth process
without any heat treating.”” P3HT (Rieke Metals, Inc.) and
PCBM (Nano-C, Inc.) were used as received. The P3HT:PCBM
blend with the ratio of 1:1 w/w was dissolved in 1,2-
dichlorobenzene (20:20 mg ml™") with a stir at least for 24 h in a
nitrogen-filled glove box. After spin-coating the P3SHT:PCBM
solution atop PEDOT:PSS, the samples were dried in covered
glass petri dishes. The annealing temperature was calibrated
atop the TOAB layer by using a thermometer (YFE, YF-160A
Type-K, Taiwan). The Al cathode of each device (80 nm) was
thermally evaporated at a pressure about 10° torr. The area of
each device was 0.06 cm® defined by a shadow mask during
thermal evaporation of the Al cathode.

The J-V characteristics of PLEDs were measured by using a
Keithley 2400 source-measure unit. The luminance of PLEDs
was measured by using a calibrated Si-photodiode along with a
Keithley 2000 digital multimeter and then calibrated by using a
Minolta LS-100 luminance meter. The J-V characteristics of
PSCs under an AM 1.5 G illumination of 100 mW c¢cm? and in
the dark were measured by using a Keithley 2400 source-
measure unit. The AM 1.5 G illumination was simulated by
using an Oriel 91160A 300 W Solar Simulator and calibrated
by a standard Si photodiode detector with a KG-5 color filter
(Hammastau, S1133).*° The Rg values were calculated from the
reciprocal slope at 2.0 V in the dark J-V characteristics of
devices.*' The measurement for PLEDs and PSCs was carried
out in a nitrogen-filled glove box.

XRD experiments were performed using the X-ray with a
wavelength of 1.0252 A at the superconducting wiggler
beamline BL13A1 of the National Synchrotron Radiation
Research Center (NSRRC), Taiwan. The grain sizes of TOAB
and P3HT were estimated by the full width at half maximum of
the diffraction peak. AFM topography/phase images were
obtained by a NanoScope IIla (Digital instrument Inc.)
operating in the tapping mode. The coverage of TOAB-60 atop
G-PF was estimated by Image].
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The ordered arrangement of ions contributes to the enhanced electron injection/extraction in polymer
optoelectronic devices and can be manipulated by adequate thermal annealing treatment.
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