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An ideal conducting polymer anode (CPA) in organic and perovskite light-emitting diodes (LEDs) requires high
electrical conductivity «, high work function WF, and prevention of exciton quenching between an anode and an
overlying emitting layer. However, increasing the x and WF at the same time has been a very challenging
unsolved issue due to their trade-off relationship: previous approaches to increase the WF have reduced the films’
x and vice versa. Therefore, delicate molecular scale control of the conducting polymer compositions are re-

quired to solve this fundamental issue. Here, we introduce an effective molecular scale control strategy to de-
couple the WF with x in a CPA while maintaining blocking capability of exciton quenching. This change resulted
in a high current efficiency up to 52.86 cd A~! (10.93% ph el ~!) in green polycrystalline perovskite LEDs. Our
results provide a significant clue to develop effective CPAs for highly-efficient organic and perovskite LEDs.

1. Introduction

Organic and perovskite optoelectronic devices including solar cells
and light-emitting diodes [1-3] require at least one transparent elec-
trode to allow light to penetrate for applications to solar energy panels,
solid-state lightings, and panel displays; flexible devices further require
flexible transparent electrodes. Indium tin oxide (ITO) anode is not only
brittle but also detrimental to perovskite light-emitting diodes (PeLEDs)
because the In and Sn species can be migrated from the ITO anode and
acts as a charge-trapping or luminescence quenching center in the de-
vices [4]. Conducting polymers are good candidates to avoid the issue
of the ITO and realize flexible devices. The most widely-used con-
ducting polymer is poly(3,4-ethylenedioxythiophene):poly(4-styr-
enesulfonate) (PEDOT:PSS) (Fig. 1a and b); it is also flexible, and it has
possible applications in stretchable electronic devices [5-8]. Recently,
highly-efficient organic light-emitting diodes (OLEDs) and PeLEDs with
a simple structure without a hole injection layer have been fabricated
using a modified PEDOT:PSS anode which has high work function WF
even though some electrical conductivity x was sacrificed [9]. Until
now, chemical or molecular approaches to increase the WF in con-
ducting polymer compositions have reduced the films’ x and vice versa

[4,10-14]. Achieving high x and high WF simultaneously is very chal-
lenging, especially to realize highly-efficient simplified OLEDs and Pe-
LEDs without a hole injection layer that operate at low voltage because
the organic or perovskite emitting layer with a deep-lying valence band
maximum (VBM) level gives a high hole injection barrier from the
conventional anode.

Conventional methods to increase the « of conducting polymers to
be used in electrodes can be classified into two categories: (i) addition
of polar organic solvent additives (e.g. dimethyl sulfoxide (DMSO),
ethylene glycol) to control the morphology of conducting polymers
[15-18], and (ii) chemical post-treatment with solvents and liquid acids
to remove extra PSS [19-26]. All these post-treatments entail an ad-
ditional step and the processes are not suitable for mass production
with reliable control of the film.

Previously-reported methods to increase x in PEDOT:PSS always
reduce WF, and the resulting high-x conducting polymer films provide
severe exciton quenching pathway between the anode and the over-
lying emitting layer. These traits of the films severely reduce their us-
ability as anodes for simplified OLEDs and PeLEDs. The reported post-
treatment methods after formation of PEDOT:PSS films decrease the
surface WF by intentionally removing insulating PSS chains [21]. The
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Fig. 1. Chemical structure of (a) PEDOT and (b) PSS™. (c¢) PL lifetime curves of MAPbBr; layers on top of various PEDOT:PSS films. (d) Schematic illustration of
weakening of Coulombic interaction between PEDOT and PSS by DMSO, MABr, and MAI additives. Sheet resistance and conductivity of PEDOT:PSS films with

varying ratios of (¢) MABr and (f) MAI in DMSO.

decreased WF is too low to make ohmic contact with overlying organic
emitter (usually the highest occupied molecular orbital > 5.5eV) and
metal halide perovskite (MHP) layers (VBM level ~5.9 eV for methy-
lammonium lead bromide (MAPbBr3) [11], so to achieve devices that
have high efficiency, additional hole injection layers are required
[27-30].

Exciton quenching between anodes and MHP layers by conventional
PEDOT:PSS also seriously impedes use of PEDOT:PSS especially in an-
odes of polycrystalline PeLEDs in which the polycrystalline MHP with
grains > 100nm has fundamental limitations of a long exciton

diffusion length (> 100 nm) and low exciton binding energy unlike
quasi-2D and quantum dots or nanoparticles < 20nm [14,31-33].
Compared to organic emitting materials, polycrystalline MHPs have
low exciton binding energy (76 or 150 meV for MAPbBr3) [34], so
diffusing excitons can be easily quenched between metallic PEDOT:PSS
and MHP layers. Therefore, overcoming the trade-off relationship
among parameters (i.e. WF, k, and ability to prevent exciton quenching)
especially by decoupling the WF and exciton-quenching-blocking cap-
ability with the « is a difficult task. Therefore, an effective conducting
polymer material system must be developed to overcome those
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problems.

In this work, we developed a systematic molecular scale decoupling
strategy to realize an ideal conducting polymer anode (CPA) for organic
and perovskite LEDs; this CPA has high « (> 1400 Scm ™), high WF
(~5.85eV), and good ability to prevent exciton quenching. For con-
ducting polymers, we developed effective co-additives composed of
alkylammonium halides, polar solvent, and perfluorinated ionomer
(PFI) to increase those three parameters simultaneously. The addition
of fluoropolymer in the CPA composition increases WF and enhances
exciton-quenching blocking capability in the devices and but reduces
the « of the CPA. The alkylammonium halides were added to increase
the « of the conducting polymer compositions with a PFI, while they do
not change the WF of the compositions. We used Raman spectroscopy,
time-resolved photoluminescence, density functional theory calculation
and softness parameter analysis to understand this synergetic simulta-
neous improvement of the WF, x and exciton-quenching-blocking cap-
ability. The alkylammonium halides additives in the PEDOT:PSS:PFI-
based CPAs were used to weaken the coulombic interaction between
PEDOT and PSS, decouple the WF with the «, and thereby to increase
the x due to improved interaction of conducting PEDOT domains. We
suggest that this approach is effectively used to achieve a high current
efficiency up to 52.86 cd A~' (10.93% ph el ~ 1) in green polycrystalline
perovskite LEDs.

2. Experimental section
2.1. Preparation of conducting polymer films

Various molar ratios of methyl ammonium bromide (MABr)/DMSO
or methyl ammonium iodide (MAI)/DMSO were added to PEDOT:PSS
(Clevios™ PH 1000). The solution was purified by passing it through a
filter (0.45-um pore size, Whatman), then spin-coated at 1000 rpm for
90 s. The resulting films were annealed at 200 °C for 10 min.

2.2. Film characterization (atomic force microscope (AFM)/Raman
spectroscopy/XRD/Kelvin probe)

The surface morphologies of PEDOT:PSS films were measured using
an AFM (NanoScope” IIla, Digital Instruments). The Raman spectra of
PEDOT:PSS films were measured using an Raman spectroscopy
(Renishaw co.) equipped with a 633-nm diode laser. The XRD patterns
of PEDOT:PSS films were obtained by using a Rigaku D/max-2500
diffractometer (with Cu-Ka radiation (A = 1.540593 A) at 40kV and
100 mA). The WF of PEDOT:PSS films was measured using a Kelvin
probe (SKP-5050, KP technology).

2.3. Fabrication of PeLEDs

We also added PFI (Sigma Aldrich) as a WF-tuning material, because
PFI has high ionization potential. Then 80-nm-thick anode films with
the different additives were fabricated using spin-coating, then an-
nealed at 200 °C for 10 min in air. The films were moved to a nitrogen
glove box and MAPbBrj; solution was spin-coated on them at 3000 rpm
for 60s. During spin-coating, a nanocrystal pinning process using
2,2’,2”-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi) in
chloroform [11] was used. The samples were annealed at 90 °C for
10 min. A 50-nm-thick TPBi layer was deposited as an electron-trans-
porting layer by wusing a high-vacuum thermal evaporator
(<5 x 1077 Torr), then LiF (1nm)/Al (100nm) were sequentially
deposited as cathode layers. Fabricated PeLEDs were encapsulated with
a glass lid by using an epoxy resin in a nitrogen glove box.

2.4. I-V-L characterization of PeLEDs

The I-V-L characteristics were measured using a Keithley 236
source measurement unit and a Minolta CS2000 spectroradiometer.
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3. Results and discussion

First, we quantified how PSS concentration affects exciton-
quenching in glass/PEDOT:PSS (Clevios™ P VP AI4083, PH 500 or PH
1000)/MAPDBr; films. We measured the photoluminescence (PL) life-
time (Fig. 1c) of MAPbBr3 layers on top of various commercially-
available PEDOT:PSS films (Table S1). MAPbBr; layers on top of high-x
PEDOT:PSS (Clevios™ PH 500, PH 1000) for electrodes showed much
shorter PL lifetime than did MAPbBr; layers on low-« PEDOT:PSS
(Clevios™ P VP AI4083, 102 - 10~ *S ecm ™ ') with high ratio of PSS to
PEDOT which has been commonly used for a hole injection layer
(Fig. 1c; Table S2).

The short PL lifetime of MAPbBr; layers on top of PEDOT:PSS is a
result of the lack of PSS chains on the surface of the PEDOT:PSS film.
PSS chains are electrically insulating and therefore prevent charge
transfer between PEDOT chains; to reduce this effect, PEDOT:PSS for
electrodes (Clevios™ PH 500, PH 1000) has a low ratio of PSS to
PEDOT. In contrast, the PEDOT:PSS used for hole-injection layers
(Clevios™ P VP AI4083) has a high ratio of PSS to PEDOT, to increase
the WF (Table S1) [35]. The surface of PEDOT:PSS films was enriched
in insulating PSS chains, which have wide energy band gap and
therefore block electrons at the interface between anodes and overlying
semiconducting layers; as a result, recombination of electrons at the
anodes is impeded (Fig. S1). Therefore, the lack of PSS chains causes
direct contact between metallic PEDOT chains and semiconducting
layers, and as a result, causes severe exciton dissociation.

We introduced two new co-additives composed of a PFI and an al-
kylammonium halide, which increased « to > 1400 S cm ™! without any
damage to PEDOT:PSS films and the WF to make a high-WF polymeric
anode (HWFPA) composed of PEDOT, PSS, and PFI. The PFI also take a
role to effectively prevent exciton quenching between the polymeric
anode and the overlying emitting layer.

We used aqueous solution of PEDOT:PSS (Clevios™ PH 1000), which
can give a high « and is widely used in electrodes. To it, we added 5 wt
% of solutions with various molar ratios of MABr or MAI in DMSO
(Fig. 1d). PEDOT:PSS film with only-DMSO additive showed
x = 868.31 = 51.08Scm™!; when 0.07 M MABr was added, the film
had x = 1269.81 * 45.69Scm™ !, and when 0.07 M MAI was added,
the film had « = 1408.47 + 116.77Scm ™! (Fig. 1e and f; Tables S3
and S4), which is the highest « yet achieved using only chemical ad-
ditives without post-treatment (Fig. S2; Table S5). Regardless of the
additives, the PEDOT:PSS films showed similar high transmittance in
the entire visible range (Fig. S3); this result implies that the additives
did not affect the film thickness after spin-coating at the same speed. In
the X-ray photoelectron spectra (XPS), the S(2p) peaks were at binding
energies of 167.69 and 163.9 eV, which correspond to the sulfur from
the sulfonate and thiophene of PSS and PEDOT, respectively (Fig. S4)
[21]. The S(2p) peaks were not affected by the MAI/DMSO or MABr/
DMSO additives; this result means that these additives did not affect the
ratio of PSS to PEDOT.

To identify the effect of MAI/DMSO or MABr/DMSO additive, we
used an AFM to visualize the changes in surface morphology of
PEDOT:PSS films after the addition of DMSO, MAI/DMSO or MABr/
DMSO (Fig. 2). In AFM force modulation images (Fig. 2e-h), bright
regions indicate PEDOT-rich grains, and dark regions indicate PSS-rich
grains [36]. The pristine PEDOT:PSS films showed disconnected con-
ducting PEDOT-rich grains; this morphology indicates weak phase se-
paration between PEDOT and PSS chains. In contrast, the PEDOT:PSS
films with DMSO or MABr/DMSO had granular domains and better
connections between PEDOT-rich grains than pristine PEDOT:PSS films
did (Fig. 2f and g). Especially, the film with MAI/DMSO showed a long,
stretched network of PEDOT-rich grains like nanofibrils (Fig. 2h).

To investigate the crystallinity of PEDOT chains after adding the
MABr/DMSO or MAI/DMSO, we performed x-ray diffraction (XRD)
measurement (Fig. 3a). PEDOT:PSS films with added MABr/DMSO or
MAI/DMSO showed larger and sharper XRD peaks than the pristine
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Fig. 2. AFM surface images of PEDOT:PSS films. (a, e) Pristine, (b, f) DMSO, (c, g) 0.07 M MABr/DMSO, and (d, h) 0.07 M MAI/DMSO-added PEDOT:PSS films. a, b, ¢
and d are height images; e, f, g and h are force modulation images.
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Fig. 3. (a) XRD patterns and (b) Raman spectra of the four types of PEDOT:PSS film. (c) Two resonance structures of thiophene rings in PEDOT chains. (d) Localized
s-electrons in PEDOT chain with coil conformation and (e) delocalized m-electrons in PEDOT chain with linear-like coil conformation. Schematic illustrations of
PEDOT* and PSS~ chains (f) before and (g) after addition of alkylammonium halide/DMSO additives.
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PEDOT:PSS film. Among the several peaks, the peak around 26° is a
result of the st-it stacking of PEDOT chains [20,37]. After the addition of
MABr/DMSO or MAI/DMSO, a large and sharp peak around 26° ap-
peared, which is an indication of strengthened m-w stacking of thio-
phene rings in the PEDOT chains.

To determine at the molecular level why « increases, Raman spec-
troscopy was performed. Raman spectra (Fig. 3b) were obtained for a
pristine PEDOT:PSS film, and for PEDOT:PSS films amended with
DMSO only, with MABr/DMSO, or with MAI/DMSO. The spectra dif-
fered between 1400 and 1500 cm ™ '. As the x of the PEDOT:PSS films
increased, the peak values were red-shifted (1432.06 cm ™! for Pristine,
1428.43cm ™! for DMSO, 1424.78 cm ™~ * for 0.07 M MABr/DMSO, and
1422.05 cm ™! for 0.07 M MAI/DMSO). This trend can be explained by
the resonant structure transformations between the benzoid and qui-
noid structures of the thiophene ring on the PEDOT chains (Fig. 3c)
[38,39]. When the quinoid resonant structure becomes dominant, the
shoulder of the Raman spectrum at the low position disappears [40].
The transformation of the resonance structures of PEDOT chains is at-
tributed to a conformational change of conjugated chains. Presumably,
PEDOT chains can have coiled or linear conformations. After the ad-
dition of DMSO, MABr/DMSO or MAI/DMSO, the linear-like coiled
conformations become dominant. In the coiled conformation, the
neighboring thiophene ring planes on the PEDOT chains deviate
(Fig. 3d), so the conjugated m-electrons are not sufficiently delocalized.
However, in the linear conformation, the neighboring thiophene rings
are coplanar so the m-electrons can be relatively delocalized (Fig. 3e).
As a result, the quinoid structure is favored, so « increases [41].
Therefore, the increase in « after addition of MAI/DMSO or MABr/
DMSO is a result of a weakened electrostatic interaction between
PEDOT and PSS chains, and of improved mt-it stacking of PEDOT chains
(Fig. 3f and g).

The high dipole moment of DMSO caused by charge delocalization
can effectively screen the Coulombic interaction between positive
charged PEDOT and negative charged PSS chains [18]. The strong di-
pole-dipole or dipole-charge interaction between DMSO molecule and
PEDOT:PSS chains causes formation of conducting PEDOT-rich domains
by inducing phase separation between the PEDOT and PSS chains.

The additional effect of alkylammonium halides can be explained by
using the softness parameter o of ion species. o is related to how well
ion species can associate with other ion species. Especially, cations that
have o0 > 0 can strongly associate with the PSS~ chains, whereas an-
ions that have ¢ > 0 can strongly associate with the PEDOT™* chains
[42,43]. MA™" has o +10.7, Br~ has o +0.17 and I~ has
0 = +0.5 [44]. Therefore, MA™ can strongly interact with the PSS~
chains, and Br~ and I~ can strongly interact with PEDOT ™ chains. The
MA™, Br™ and I~ ions exert a screening effect that weakens the Cou-
lombic interaction between the PSS~ and PEDOT™* chains, so the PSS
chains can aggregate and the PEDOT chains can separate.

To determine the electrostatic interaction between the ions, the
molecular binding energy (AE) for each combination was calculated
using density functional theory (DFT) (Fig. 4). AE between positively-
charged PEDOT and negatively-charged PSS was —306kJmol ™!
(PEDOT *:PSS ™), while AE between MA cation and negatively-charged
PSS was —493 kJmol ~?, indicating that the exchange of counter ions,
PEDOT* and MA™, is energetically favorable when MABr or MAI is
added into PEDOT:PSS films. Furthermore, compared to MA™*:PSS~
combination (AE = —493kJ mol ™), MABr shows a slightly more ne-
gative binding energy value (AE = —500kJ mol ') and contrarily MAI
has a much lower binding energy (AE = —470kJ mol~?). Therefore,
we expect that MAI can exchange much more counter ions with PED-
OT:PSS than MABr to form the more stable combination MA*:PSS™.
The binding energy calculation combined with the softness parameters
analysis showed that methyl ammonium halides can selectively in-
crease the molecular interaction of PEDOT domains separately from
PSS. Therefore, effective decoupling of x with WF can also be achieved
to increase the x and WF at the same time by separating the PEDOT
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domains from PFI chains.

We first fabricated polymeric organic light-emitting diodes (PLEDs)
on the high WF polymeric anodes (HWFPAs) that incorporate a PFI,
tetrafluoroethylene-perfluoro-3,6-dioxa-4-methyl-7-octenesulfonic acid
copolymer (Fig. S5) [9,11]. The addition of MABr or MAI resulted in an
increase in the x of the anode (Table S6), without affecting its WF
(~5.85¢eV) (Fig. S6). The device structure of PLED was HWFPA with
5wt% of different solutions (80 nm)/green-emitting fluorene copo-
lymer (Dow LUMANTION Green B, Dow Chemical Co.) (80 nm)/LiF
(1 nm)/Al (100 nm) (Fig. S7a). As « of the anodes increased, the current
densities at the same voltages increased (Fig. S7b) and operating vol-
tages at the same luminance decreased (Fig. S7c). Also, the current
efficiencies CEs increased up to 11.53cd A~ ! for 0.01 M MAI/DMSO-
added HWFPA-based PLED (9.70 cd A~! for DMSO and 11.11cdA~}
for 0.01 M MABr/DMSO) (Fig. S7d).

We used the reported structures of PeLEDs to quantify how the in-
creased x of our HWFPA affected the device characteristics [9,11]. The
device structure was HWFPA with different solutions (DMSO-only,
0.01M MABr/DMSO, or 0.01M MABr/DMSO) (80 nm)/MAPbBr3
(400 nm)/TPBi (50 nm)/LiF (1 nm)/Al (100 nm) (Fig. 5a). Maximum
current efficiency CE,.x Was only 41.01 cd A~ in the device that used
HWFPA with added DMSO, but 51.82cd A~ ! in the device that used
HWEFPA with added MABr/DMSO, and 52.86 cd A~ " in the device that
used HWFPA with added MAI/DMSO (Fig. 5b). As « of the anodes in-
creased, the current densities at the same voltages increased (Fig. 5c¢)
and operating voltages at the same luminance decreased (Fig. 5d). The
turn-on voltages of OLEDs and PeLEDs are mostly determined by the
energy level offsets at charge injecting contacts. In our case, the dif-
ference in WF of anodes and VBM of overlying MAPbBr; would de-
termine the turn-on voltages of devices. According to our previous re-
sults, as the o of ions in the added organic salts increased, PEDOT and
PSS chains could be more separated into each domain. The PSS-rich
domains have higher WF [35], which facilitate hole injection through
the PSS-rich domains and thus reduce the turn-on voltages. Therefore,
the CPAs with MAI, which have the well-separated PEDOT-rich and
PSS-rich domains, can have the lowest turn-on voltage. The electro-
luminescence (EL) spectrum of PeLEDs was very narrow, with a full
width at half maximum of ~20 nm (Fig. 5e). The calculated maximum
external quantum efficiencies (EQEs) were 8.54% ph el™! in the
HWFPA-based PeLED with only DMSO added, 10.63% ph el ! in the
device with DMSO and MABr, and 10.93% ph el ! in the device with
DMSO and MAI (Fig. 5f). We measured the EL degradation of our de-
vices during operation (Fig. S8). The initial luminance of all devices was
fixed at 100 cdm™2, and the measurement was conducted until the
initial luminance decreased to half. As MABr and MAI were additionally
added, the overshoot, which means the rapid increase in luminance at
the early stage of lifetime measurement, decreased, and the half-
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lifetime of devices increased (~1.6h for DMSO, ~3.2h for MABr/
DMSO and ~5.0h for MAI/DMSO). The decreased overshoot and
prolonged lifetime can be attributed to lowered operating voltages of
PeLEDs. It has been reported that the overshoot in the luminance-time
curves of PeLEDs is caused by ion migration in MHP layers during
operation, causing instability in PeLEDs [45]. The lowered operating
voltages can alleviate the ion migration and result in decreased over-
shoot and increased lifetime.

In PeLEDs, the device efficiency tends to increase as the operating
voltage increases [46]. Therefore, decreasing the operating voltage by
increasing the « of the CPA enables the device to survive at high voltage
and to have increased maximum device efficiency. To determine whe-
ther the increased efficiency of PeLEDs with MABr/DMSO and MAI/
DMSO additives could be caused by a factor other than the increase in «,
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we quantified the photoluminescence (PL) lifetime (Fig. S9; Table S7).
The MAPbBr; on top of the HWFPA with the DMSO, MABr/DMSO and
MAI/DMSO showed similar PL lifetime despite the increased x. The
composition of the underlying anodes did not affect the XRD patterns,
and the MABr and MAI in the HWFPA did not affect the crystallinity of
the MAPbBr3 layer (Fig. S10). Also, the scanning electron microscope
(SEM) images of the MAPbBr3 layers on top of the CPAs did not show
any big difference in the morphologies depending on the additives in
the CPAs (Fig. S11). Therefore, we attributed the improved maximum
efficiency in PeLEDs to the increase in x that was caused by the MABr/
DMSO and MAI/DMSO additives.
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4. Conclusion

In this study, we developed ideal CPA with the effective co-additive
system to increase the x, WF, and blocking capability of exciton
quenching; use of this CPA yielded highly-efficient polycrystalline
PeLEDs that operate at low voltages. The new co-additive was com-
posed of organic polar solvents, organic ammonium halide salts, and
PFI; use of the DMSO/MAI additive increased « to
1408.47 + 116.77 Scm™ !, which is currently the highest among ad-
ditive-incorporated PEDOT:PSS films without post-treatments on the
films. The increased x was attributed to reduced st-;t stacking distance,
to change in the preferred resonance structure from benzoid to quinoid
in conducting PEDOT chains, and to the change of PEDOT chain con-
formation from coiled to linear. Use of the co-additive (DMSO/MAI/
PFI) to make the HWFPA increased its x without any loss of WF due to
the effective decoupling of WF with the «. The high « of anodes in the
PeLEDs increased their CE... The HWFPA with only DMSO had
CEmax = 41.01 cd A", whereas the HWFPA with added MABr/DMSO
had CEpax = 51.82cd A~ ", and the HWFPA with added MAI/DMSO
had CE.x = 52.86 cd A™1. This use of co-additive without post-treat-
ments may increase the possibility that PEDOT:PSS anodes can be de-
veloped for the industrial applications.
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