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ARTICLE INFO ABSTRACT

Keywords: In this work, we propose a simple and effective approach to modify the optoelectronic properties of the
Triphenylsulfonium salt commonly used poly(3,4-ethylenedioxylthiophene):poly(styrene sulfonate) (PEDOT:PSS) and consequently to
PEDOT:PSS

improve hole injection and transport in organic light emitting diodes (OLEDs) using emissive layers based on a
fluorescence copolymer. In particular, two triphenylsulfonium (TPS) salts that consist of the same TPS cation and
two different counter anions, in particular, hexafluoroantimonate (SbFg) and trifluoromethane sulfonate (Tri-
flate) were added in the PEDOT:PSS solution in various concentrations and the composite films were fully
characterized for surface and optoelectronic properties and subsequently we employed as hole injection layers
(HILs) in OLEDs. It is demonstrated that both, the counter anion and the concentration of TPS-salts in the PEDOT:
PSS matrix play significant role in the optoelectronic properties of the composite and thus in the device per-
formance. Although all TPS-salt modified PEDOT:PSS films exhibited higher work function (Wg) values relative
to the undoped one thus resulting in more efficient hole injection than pristine PEDOT:PSS, the PEDOT:PSS:TPS-
Triflate with the lower concentration (10:1 v/v) showed the highest luminous (LE) and power efficiency (PE)
values of 27.04 cd A™! and 6.26 Im W1, respectively. This extraordinary performance was ascribed to a sig-
nificant increase in the conductivity of the composite film combined with the formation of an interface exciplex
between the TPS-Triflate (acceptor) and the emissive copolymer (donor). This interfacial electroplex strongly
confines the generated excitons and prevents their diffusion towards aluminum cathode which acts as exciton
quencher.

Hole injection layer
Organic light emitting diodes
Interface engineering

1. Introduction However, they still attract extensive research interest aiming to further

improvements in the device performance such as high brightness and

Since the first publication on organic electroluminescent devices by
Tang and Van Slyke in 1987 [1], organic light-emitting diodes (OLEDs)
have emerged as a mature technology, and nowadays OLED displays and
lighting panels are constantly gaining significant market penetration.
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low operation voltage combined with high operational stability and
inexpensive fabrication [2,3]. Solution-processing is a promising
approach to low-cost OLEDs fabrication using easily implemented ma-
terials with facile deposition methods.
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Fig. 1. Chemical structures of the materials used in this study. Copolymer F8BT and PEDOT:PSS was the emissive and HIL of the fabricated OLEDs, respectively,
while TPS-salts consisting of TPS cation and/or SbFe and triflate counterions used as PEDOT:PSS dopants and also employed as HILs.

The structure of an OLED is based on the multi-layered architecture,
where the emissive layer (EML) and the charge carrier transport mate-
rials are sandwiched between two electrodes. The role of the hole and
electron transport materials (HTM/ETM) is crucial as they facilitate
balanced charge carrier injection/transport within the emissive layer
and thus improve the exciton generation rate and device efficiency [4,
5]. These charge injection and transport materials have to meet several
requirements in order to reduce charge injection barrier and facilitate
carrier transport from the electrode toward the EML, such as good car-
rier mobility, high-transparency in the visible region when inserted at
the light extraction interface, well-matched energy levels with the
organic semiconductor used in the emissive layer and smooth film for-
mation [6-10].

Hole injection layers (HILs), in particular, such as p-type organic
semiconductors (OSCs) and high Wr transition metal oxides (TMOs)
have been effectively incorporated in OLEDs to modify the optoelec-
tronic properties of the widely used indium-tin oxide (ITO) transparent
anode [11-21]. Among them, PEDOT:PSS, which is a p-type OSC with
high hole mobility, is the most commonly used HIL in OLEDs with the
conventional architecture (that is, anode/HIL/EML/EIL/cathode, where
EIL refers to the electron injection layer whereas the bottom anode
usually consists of ITO) due to its high Wg value of 5.2 eV [22]. It is also
highly-transparent in the visible region, thermally stable and forms a
smooth film via aqueous solution-processing [23,24]. Despite these
excellent properties, PEDOT:PSS suffers from low conductivity and is
extremely hydroscopic which might be detrimental for the device sta-
bility [25].

One strategy to improve the conductivity of PEDOT:PSS is the
addition of dopants such as organic small molecules [26], nanoparticles
[27], ionic liquids [28] and carbon nanotubes [29,30].
Highly-conductive PEDOT:PSS films are also reported through
post-treatment with HySO4, hexafluoroacetone or methanol solvents
[31]. Moreover, the addition of TMOs in the PEDOT:PSS solution im-
proves the conductivity of the HILs used in highly-efficient OLEDs.
Recently, Yadav et al. [32], studied the vanadium oxide (V20s) doping

effect of PEDOT:PSS HIL on the device performance demonstrating
lower turn-on voltage and higher efficiency for the V,05-doped PEDOT:
PSS-based OLED compared with the device with the pristine PEDOT:PSS
HIL. Also, Jeong et al. [33], proposed an effective molecular scale
control strategy to improve the properties of PEDOT:PSS though the
implementation of effective co-additives composed of alkylammonium
halides, polar solvent, and perfluorinated ionomers. With their method,
the authors managed to simultaneously increase the conductivity and
WF of the polymer anode while maintaining its exciton blocking capa-
bility, thus demonstrating highly efficient perovskite LEDs. More
recently, Zeng et al. [34], reported that the addition of dopamine hy-
drochloride into PEDOT:PSS enhanced its conductivity along with the
Wr leading to improved performance of organic solar cells.

Triphenilsulfonium (TPS) salts are a widely studied class of ionic
compounds, commonly used as photoacid generators (PAGs) in litho-
graphic processing and photoresist technology [35-37]. The incorpo-
ration of TPS salts in polyfluorene-based OLEDs has been previously
investigated by our group [38]. It was demonstrated that the addition of
TPS salts in the polyfluorene-based EML significantly enhanced the de-
vice performance, ascribed to the TPS anions movement towards the ITO
anode and their accumulation therein that lead to the formation of a
local electric field that improved the hole injection efficiency. Conse-
quently, the devices with the optimum TPS salt concentration showed
high luminous efficiency along with low turn-on and operating voltages.
In a further work [39], we studied the effect of the counter anion on the
optoelectronic properties of TPS-based OLEDs using four TPS salts with
the same cation and different counter anions. Interestingly, the size and
the nature of the anion played a critical role in the charge injection and
transport, as well as, the emission profile of the OLED based on TPS salts.
The photochemical tuning of the emission color of a single polymeric
layer defining the three primary colors was also demonstrated via the
addition of a TPS salt in the emissive layer of the OLED [40]. Moreover,
improved device characteristics were exhibited attributed to the facile
charge injection and transport in the TPS salt-based OLED.

In the current work, motivated by the attractive properties of TPS
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Fig. 2. X-ray photoelectron spectroscopy (XPS) spectra of the (a) F 1s and (b) S 2p peak of TPS-SbF¢ and TPS-Triflate films deposited on ITO. XPS C 1s peaks of (c)
TPS-Triflate and (d) TPS-SbFs. (€) XPS O 1s peaks of TPS-SbFg and TPS-Triflate and (f) XPS O 1s and Sb 3d of the TPS-SbFg spin-coated on ITO substrates.

salts, we investigate the influence of doping the PEDOT:PSS HIL with
two different TPS salts on the OLED performance. These TPS salts consist
of different counter anions namely hexafluoroantimonate (termed
hereafter as TPS-SbFg) and trifluoromethane sulfonate (termed as TPS-
Triflate). They were added in the PEDOT:PSS solution and employed
as HILs in a poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(1,4-benzo-{2,1’,3}-
thiadiazole)] (F8BT) based green emissive OLED. It was demonstrated
that the type of the counter anion as well as the concentration of the TPS-
salt in the PEDOT:PSS play crucial role in the OLED performance. The
addition of these TPS-salts in the PEDOT:PSS matrix induces an increase

in the Wy of the composite HIL, thus improving hole injection at the
F8BT/anode interface. Furthermore, TPS-Triflate significantly increases
the conductivity of the composite HIL while also induces the formation
of an interface exciplex that effectively confines excitons at the anode
interface, thus preventing their diffusion towards the cathode interface
when they can be quenched by aluminum. Consequently, OLEDs using
the TPS-Triflate-doped PEDOT:PSS HIL exhibit a 50% improvement in
the device luminance and over 12-fold enhancement in the luminous
efficiency compared with the reference device with the pristine PEDOT:
PSS HIL. They also demonstrated reduced efficiency roll-off and
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Fig. 3. (a) Ultraviolet photoelectron spectroscopy (UPS) spectra of TPS-SbFe and TPS-Triflate deposited on ITO substrates. The whole spectra are presented in the
middle, the high BE cut-off and the HOMO region are shown in detail in the left and right parts respectively. (b) Schematic representation of the OLEDs with TPS-salt-
doped PEDOT:PSS HIL. (c) Illustration of energy levels of the materials used in the OLED, considering the vacuum level alignment of the OLED layers before physical
contact. (d) Water contact angle measurements taken in pristine and TPS-salt doped PEDOT:PSS films. (e) Current versus voltage measured in hole only devices (ITO/

HTL/F8BT/MoOx/Al).

improved lifetime compared to both the reference and the TPS-SbF¢-
modified OLEDs.

2. Experimental section

Device Preparation. Coated glass substrates of ITO with sheet
resistance 20 Q/square were used for OLED devices fabrication. The
substrates were cleaned in acetone, 2-propanol, and deionized water for
10 min under sonication subsequently and dried with N5 gas after each
bath respectively. PEDOT:PSS solution supplied from Sigma Aldrich was
filtered using 0.45 pm PVDF filters. Afterwards, the following organic
sulfonium salts, TPS-Triflate and TPS-SbFe, supplied from Midori
Kagaku Co., were dissolved in methanol at a concentration of 10 mg
mL ™! and stirred for 2h without heating. Then, the PEDOT:PSS and TPS
salts solutions were mixed in various concentrations (0 v/v, 1:10 v/v
and 1:5 v/v) and vigorously stirred for 1 h. Note that, concentration of
0 v/v corresponds to the reference sample. Next, the solutions were spin
coated on the substrates in ambient conditions to form approximately a
40 nm thin layer (spinning for 40 s at 6000 rpm) and annealed on a
hotplate at 100 °C for 1h. Note that the thickness of the prepared HIL
films was estimated using a profilometer. The emissive layer was the
green-yellow copolymer F8BT, supplied from American Dyes Source. It
was processed by a 10 mg mL ™! solution in chloroform. Firstly filtered
through a 0.22 pm pore size PTFE filter, it was then spin coated (at 1200
rpm for 40 s to form an 80 nm thin layer) atop HIL in ambient conditions.
After deposition, the F8BT film was annealed at 95 °C for 10 min on a
hotplate. The devices were completed with a 150 nm aluminum, which
served as the cathode electrode, deposited through a shadow mask in a
dedicated chamber.

Characterization techniques. Absorption spectra measurements
were extracted using a PerkinElmer Lambda 40 UV/Vis spectropho-
tometer. X-ray photoelectron spectra (XPS) and ultraviolet photoelec-
tron spectra (UPS) were recorded by a Leybold EA-11 electron analyzer.
The contact potential difference (CPD) was determined with a single-
point Kelvin Probe system (KP010). Photoluminescence spectra in
steady-state were extracted by means of a PerkinElmer LS-50B fluores-
cence spectrometer upon excitation at 380 nm. Normalization of the PL
spectra was obtained at the main peak of 540 nm. Field emission

scanning electron microscopy (FE-SEM) measurements were performed
on the JEOL JSM-7610FPlus that integrates a full set of detectors for
secondary electrons, backscattered electrons, energy dispersive X-ray
spectroscopy (EDS). The samples were visualized without any sputtering
process. The surface morphology of composite HILs and F8BT films
deposited on top of them was recorded with an NT-MDT AFM system in
tapping operation mode. Current density-voltage characteristics were
measured using a Keithley 2400 source-measure unit. Luminance and
electroluminescence spectra were recorded with an Ocean Optics USB
2000 fiber optic spectrophotometer, assuming a Lambertian emission
profile (for luminance measurements). All measurements were per-
formed in air at room temperature. Note that all the electroluminescence
spectra were measured at 15 V and normalized according the main peak
at 530 nm.

3. Results and discussion

The chemical structure of the materials used as the emissive and HILs
in this work, including the copolymer F8BT, the p-type semiconductor
PEDOT:PSS, and the two sulfonium salts (TPS-SbFg and TPS-Triflate)
acting as dopants of PEDOT:PSS are presented in Fig. 1. The TPS-salts
are composed of the same TPS cation and two different counter anions
hexafluoroantimonate and trifluoromethane sulfonate with main dif-
ferences in the size of the anion, the organic part content, the presence of
Sb, and the number of fluorine (F) atoms therein. In order to evaluate the
optoelectronic properties of TPS-salt films, X-ray photoelectron spec-
troscopy (XPS) was performed. Fig. 2a depicts the F 1s peak of the XPS
spectra taken on TPS-SbF¢ and TPS-Triflate films coated on ITO sub-
strates. For the TPS-SbFg sample, the F 1s peak is located at 685.2 eV
attributed to the F-Sb bond [41], while in the case of TPS-Triflate the
peak is shifted in higher binding energy located at 688.9 eV ascribed to
the F-C bond. In Fig. 2b, the XPS spectra of S 2p are presented for both
TPS-salts. It is observed that the S 2p peak is located in different binding
energies, where a peak at 165 eV is appeared in the spectrum of
TPS-SbF¢ and another peak at 169.2 eV is present in the TPS-Triflate
sample, originated by the S-C bonding and SOs, respectively, due to
the different ionic nature of S cation. Moreover, the XPS spectra of C 1s
for TPS-Triflate and TPS-SbFg samples are presented in Fig. 2c and d,
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Fig. 4. SEM topographic images of (a,f) PEDOT:PSS, (b,g) PEDOT:PSS:TPS-
Triflate 10:1 v/v, (c,h) PEDOT:PSS:TPS-Triflate 5:1 v/v, (d,i) PEDOT:PSS:TPS-
SbFg 10:1 v/v, and (e,j) PEDOT:PSS:TPS-SbF¢ 5:1 v/v.

respectively. The main C 1s peak of TPS-Triflate is located at 285.1 eV
attributed to the C-C bonds, while the other two peaks appeared in the
spectrum correspond to the C-O bonds. The contribution of C-C and
C-O bonds is also observed in the XPS spectrum of TPS-SbF¢. Further-
more, the XPS spectra of O 1s for both TPS-salts are presented in Fig. 2e.
The O 1s spectrum of TPS-SbFg is different from that of TPS-Triflate due
to the overlap of the Sb 3d and O 1s peaks. Therefore, the spectrum of
TPS-SbFg is further analyzed, as shown in Fig. 2f. The peak Sb 3d is a
doublet, where the Sb 3ds,; is located at 532.7 eV and the Sb 3dg/2 at 9
eV higher binding energy (BE). Consequently, the O 1s peak, which is
probably associated to the ITO substrate, as well as, the interaction
between oxygen and carbon atoms at the surface of the sample, is
located at 531.4 eV with a width of 2.8 eV. Note that the peak refers to
the satellite peak of Sb 3d3» due to MgKay 3 radiation. In the

Organic Electronics 93 (2021) 106155

TPS-Triflate sample, the O 1s peak appeared in the XPS spectrum is
derived by the contribution of two constituents located at 530.8 eV and
532.5 eV attributed to oxygen atoms of ITO and O-S bonds, respectively.
In addition, the electronic properties such as Wg and highest occu-
pied molecular orbital (HOMO) of the TPS-salt films on ITO substrate
were investigated using ultraviolet photoelectron spectroscopy (UPS).
The corresponding high-binding energy cut-off (left), the full UPS
spectra (middle), and the near Fermi level region of the UPS spectra
(right) are presented in Fig. 3a. The TPS-Triflate and TPS-SbF films
possess a typical Wg value of 4.6 + 0.1 eV and 4.5 £ 0.1 eV, respectively,
while from the UPS onset (3.3 + 0.1 eV for the TPS-Triflate and 3.2 +
0.1 eV for the TPS-SbF¢) their HOMO levels were estimated about 7.9 +
0.2 and 7.7 + 0.2 eV, respectively. Such a deep HOMO level of these
materials could be beneficial for hole injection as it could induce an
upward shift of the vacuum level during the device fabrication thus
creating a large positive interfacial dipole (i.e., with its positive pole
showing towards the anode) [42], that facilitates hole injection.
However, we used those TPS salts as HILs not in their pristine form,
as they couldn’t form compact, smooth and pinhole-free films, but as
dopants in PEDOT:PSS to form composite HILs for OLEDs with the
conventional architecture illustrated in Fig. 3b. The energy level dia-
gram of the materials used in the OLED structure is shown in Fig. 3c
(assuming vacuum level alignment before contact). The Wg values of
ITO anode and Al cathode, as well as, the HOMO and LUMO levels of
F8BT and PEDOT:PSS were taken from our previous work [43]. It is
observed that the HOMO levels of both salts are quite deep. The high
HOMO levels of TPS-salts are indicative of the formation of a large local
electric field at the anode/F8BT interface that reduces the hole injection
barrier. However, the LUMO of TPS-Triflate is lower than that of F8BT. A
high lying LUMO of the hole injection/transport materials is desired as it
ensures efficient electron blocking at the anode interface. We also
investigated the properties of the composite material by measurements
of the contact potential difference (CPD) of pristine and TPS-salt doped
PEDOT:PPS samples using the Kelvin probe technique (Fig. S1, Sup-
porting Information). A pronounced increase in the CPD of PEDOT:PSS
was observed upon TPS-salt doping. The influence of the TPS-salts
concentration in the PEDOT:PSS solution on the electronic properties
of the modified films was also studied. In particular, a significant in-
crease of 0.64 V in the CPD of PEDOT:PSS:TPS-Triflate with concen-
tration of 10:1 v/v with respect to pristine PEDOT:PSS was observed
while the CPD difference was further increased for higher TPS-Triflate
concentration (CPD of +0.87 V for the PEDOT:PSS:TPS-Triflate with
concentration 5:1 v/v). Moreover, a similar but not so pronounced trend
in the CPD measurements for the pristine and TPS-SbFg doped PEDOT:
PSS was observed. The CPD of the PEDOT:PSS was also increased upon
the TPS-SbF¢ doping. The higher CPD of TPS-salt-doped PEDOT:PSS
samples is indicative of higher surface Wg of the composite layers
compared to pristine PEDOT:PSS. In addition, the intrinsic hydrophi-
licity of pristine PEDOT:PSS was significantly reduced as shown in
Fig. 3d. Through the addition of the TSP-salts the water contact angle
was significantly increased (especially upon the addition of TPS-Triflate)
which indicates that the composite film became less hydrophilic, a
property that might have beneficial effect on the OLED performance and
stability. Notably, the TPS-salts are highly transparent (Fig. S2) and had
no obvious interference with the absorption (Fig. S3) and photo-
luminescence (Fig. S4) of F8BT films deposited on the composite HILs.
To confirm the beneficial role of the TPS-salt-doped PEDOT:PSS on
the improvement of hole injection, hole only devices (HODs) with the
structure ITO/undoped and/or TPS-salt-doped PEDOT:PSS/F8BT/mo-
lybdenum oxide/Al were prepared. Note that the MoOy/Al was intro-
duced to the device in order to block electron transport from the cathode
to the emissive layer. The current-voltage (I-V) characteristic curves of
the fabricated HODs in a semi-logarithmic scale are shown in Fig. 3e.
Obviously, a significant increase in the hole current density is observed
for the devices with PEDOT:PSS:TPS-Triflate and PEDOT:PSS:TPS-SbFg
HILs (irrespective to the concentration of doping), which can be
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emissive layer with pristine and TPS-salt-doped PEDOT:PSS HILs.

attributed to the improved hole injection due to the increased Wr of the effect on the morphology of the composite films, as revealed by the
composite films and the reduced hole injection barrier. scanning electron microscopy (SEM) measurements. Fig. 4a and f show
Moreover, the addition of TPS-salts in the PEDOT:PSS had a clear the topographic images of the PEDOT:PSS films demonstrating a
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Table 1
Performance characteristics of OLEDs based on pristine and TPS-salts-doped
PEDOT:PSS HIL as derived from J-V-L curves presented in Fig. 6.

HIL Jmax (A Linax (Cd Viurn- Voperation LEmax  P.E.max
m?) m™?) on (V) (V) [at (cd (Im

[at10 1000 Cd A™h wh
cd m?] [at V] [at V]
m’z]

PEDOT: 4804.31  10,492.24  6.42 10.34 2.18 0.75

PSS [15.0] [7.5]

PEDOT: 868.85 18,716.78  6.47 10.25 27.04 6.26

PSS: [14.0] [13.0]

TPS-

Triflate

10:1 v/

v

PEDOT: 1871.05  20,022.21  5.07 9.14 15.47 4.64

PSS: [12.0] [10.0]

TPS-

SbFe

10:1 v/

v

PEDOT: 712.91 10,713.72  7.04 11.28 15.02 3.14

PSS: [15.0] [15.0]

TPS-

Triflate

5:1v/v

PEDOT: 1657.55  20,179.97  5.58 9.5 15.67 3.64

PSS: [13.5] [13.5]

TPS-

SbFs

5:1v/v

homogeneous surface. On the other hand, the formation of aggregates
on the TPS-salt doped PEDOT:PSS films is clear evident, which is more
pronounced upon the increase in TPS-salt doping (Fig. 4b,g and c,h for
PEDOT:PSS:TPS-Triflate with concentration of 10:1 v/v and 5:1 v/v,
respectively, and Fig. 4d,i and e,j for the PEDOT:PSS:TPS-SbF¢ samples
with concentration of 10:1 v/v and 5:1 v/v, respectively). The nano-
morphology of the different HILs, as well as, the surface morphology of

(@)

00

PEDOT:PSS F8BT

(c)

1 3

oo | '[!

F8BT

00

PEDOT:PSS:TPS-Triflate
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the emissive layer deposited on top of them was further investigated
using atomic force microscopy (AFM) measurements. Fig. 5a—e and f-j
show the 5 x 5 pm? AFM height and phase images, respectively, of
pristine and TPS-salt doped PEDOT:PSS. Rougher surfaces compared
with the pristine PEDOT:PSS was observed for the PEDOT:PSS:TPS-SbFg
films with larger root mean square (RMS) surface roughness (RMS of
1.79 nm for the PEDOT:PSS sample, and 5.60 nm and 6.09 nm for the
TPS-SbF¢ doped PEDOT:PSS with concentration of 10:1 v/v and 5:1 v/v,
respectively). It is also seen that small particles are dispersed within the
composite layer which indicate that TPS-SbF¢ forms aggregates and does
not uniformly incorporates into the PEDOT:PSS matrix. For the TPS-
Triflate doped PEDOT:PSS samples with concentration of 10:1 v/v and
5:1 v/v, the RMS values were 2.67 nm and 2.19 nm, respectively,
revealing smoother surfaces compared with the composite films based
on TPS-SbFg which may improve the F8BT film formation atop, as well.
However, no significant effect on the morphology of F8BT films coated
on top of TPS-doped-PEDOT:PSS was observed, as shown in Fig. 5k-o
(Fig. 5p-t is referred to the 5 x 5 pm? AFM phase images of the same
samples). The slight RMS reduction of the F8BT deposited on the com-
posite HILs may improve interfacial contact between the anode and the
emissive copolymer. Furthermore, the addition of TPS-Triflate in
PEDOT:PSS (1:5 v/v) increased the conductivity of a PEDOT:PSS for
nearly one order of magnitude; only a small conductivity enhancement
was obtained upon the addition of TPS-SbFg in PEDOT:PSS.

The effect of counter anion as well as the concentration of TPS salts in
the PEDOT:PSS HIL on the device performance was then investigated.
Fig. 6a presents the current density—luminance-voltage (J-L-V) (J-V at
linear scale and L-V at semilog-scale) characteristic curves of the
fabricated OLEDs. The devices operational characteristics are also
summarized in Table 1. It is observed that all devices based on TPS-salt
modified PEDOT:PSS HIL exhibit a large decrease in current density and
higher luminance values with respect to the reference device using the
unmodified PEDOT:PSS as HIL. The highest luminance values were
obtained for the OLEDs with the PEDOT:PSS:TPS-SbFg (20,179.97 cd
m~2 and 20,022.21 cd m ™2 for the TPS-SbF¢ modified PEDOT:PSS with
concentration 5:1 v/v and 10:1 v/v, respectively). The device using the

b
(k) 000000

DO

F8BT

00

PEDOT:PSS:TPS-Triflate

(d) | ,r'l\‘
OO | F8BT

PEDOT:PSS:TPS-Triflate

Fig. 7. Proposed EL mechanisms in the OLEDs with (a) pristine PEDOT:PSS and (b-d) composite PEDOT:PSS:TPS-salt HIL. The interface exciplex formation and its

emission at longer wavelengths are also illustrated.
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Fig. 8. Plot of normalized luminance versus time for continuously operating OLEDs at an initial luminance of 1000 cd m~2 using (a) PEDOT:PSS, (b) PEDOT:PSS:TPS-
Triflate 10:1 v/v, and (c) PEDOT:PSS:TPS-SbF 10:1 v/v hole injection layers. The estimated lifetimes are also shown.

PEDOT:PSS:TPS-Triflate 5:1 v/v as HIL exhibited a high L value of
18,716.78 c¢d m~2, while the OLED with the PEDOT:PSS:TPS-Triflate
10:1 v/v showed a luminance of 10,713.72 cd m™—2, which was compa-
rable with that of the reference device (10,492.24 cd m_z). Moreover,
reduced turn-on voltage (Viym.on) Values were observed for both devices
based on TPS-SbFg modified PEDOT:PSS, while in the case of PEDOT:
PSS:TPS-Triflate OLEDs the Viym-on Was nearly similar to the reference
one. The significant drop in Viym.on of the TPS-SbFg including devices
can be attributed to a lower hole injection barrier as its HOMO level is
closer to that of F8BT compared to TPS-Triflate. The luminous (LE) and
power (PE) efficiencies, however, were significantly increased upon
PEDOT:PSS modification with TPS-salts, as presented in Fig. 6b (in
linear scale) and Table 1. In particular, PEDOT:PSS:TPS-Triflate with the
concentration of 10:1 v/v represents an increase by a factor of more than
12 for the LE and 8 for the PE with respect to the reference device. The
latter can be explained on the basis of more balanced carrier transport
within the device using the composite HIL, especially in the case of TPS-
Triflate doped PEDOT:PSS. However, the extraordinary charge balance
in the TPS-Triflate embedding device cannot be explain if we take into
account the reduced electron blocking capability of this material (since
its LUMO level is lower than that of F8BT). On the other hand, the
PEDOT:PSS:TPS-SbF¢ based OLEDs presents lower LE and PE values
compared to that using the TPS-Triflate doped PEDOT:PSS, even though
it exhibits enhanced electron blocking ability (its LUMO lies above that
of F8BT). Furthermore, Fig. 6¢ shows the external quantum efficiency
(EQE) versus luminance characteristic curves of the prepared OLEDs (in
a semi-log scale). It is observed that high and stable EQEs are achieved
for all devices based on the TPS-salt doped PEDOT:PSS hole injection
layer. Especially, the maximum efficiency of 8.1% at 11,000 cd m~2 was
reported for the device using the PEDOT:PSS:TPS-Triflate with the
concentration of 10:1 v/v HIL, representing an enormous EQE
improvement compared with the efficiency of the reference device
(0.66% at 10,500 cd rn’z). It is noteworthy that our champion device
also exhibited a low efficiency roll-off: achieved EQE of 7.6% at 17,000
cd m™2, corresponding to 6.17% efficiency’s decrease at the pointed
luminance values.

Moreover, the normalized electroluminescence (EL) spectra of the
OLEDs based on the unmodified and TPS-salts modified PEDOT:PSS are
shown in Fig. 6d. The EL peak at 530 nm corresponds to the HOMO-
LUMO difference of F8BT. However, a small broadening towards
higher wavelengths in the EL spectra of the TPS-salt-modified PEDOT:
PSS OLEDs is observed. This broadening is not seen in the normalized PL
spectra of F8BT films deposited on TPS-Triflate modified PEDOT:PSS,
Figs. S5 and S6. This broadening is due to the appearance of a second
peak at the EL spectrum at around 564 nm, which corresponds to the
energy difference between the F8BT’s HOMO and TPS-Triflate’s LUMO
(2.2 eV) and is indicative of the formation of an interface exciplex that is
an excited state complex between the TPS-Triflate (acting as the donor
constituent of the excited state complex) and F8BT (that acts as the

acceptor in the exciplex. Exciplex formation under electrical excitation
is easier to be identified as the molecular local excited states are more
pronounced in the donor:acceptor spectrum taken under optical exci-
tation [44]. This, along with the small degree of exciplex formation as it
is formed at the TPS-salt/F8BT interface, can explain the lack of exciplex
emission in the PL spectrum. The proposed mechanism for interface
exciplex formation is as follows: upon forward bias in the PEDOT:PSS
based device, hole and electron injection occurs to form excitons within
the F8BT. These excitons are uniformly formed within the EML due to
the ambipolar charge transport of F8BT. However, excitons formed near
the cathode interface are quenched thus reducing the device EL effi-
ciency (Fig. 7a). In the TPS-Triflate embedding device, the lower LUMO
level of this salt compared to that of F8BT results in electron leakage
towards the HIL (Fig. 7b). These electrons, instead of leaking towards
the anode, they form interface exciplexes with holes already present at
the HOMO of F8BT (Fig. 7c). The interfacial exciplexes have been
recently considered as extremely advantageous for the device perfor-
mance as they have found to exhibit thermally activated delay fluores-
cence (TADF) character, thus spatially confining excitons and enhance
radiative recombination by preventing excitons from reaching the
aluminum contact where they are quenched as illustrated in Fig. 7d
[45]. Moreover, they have also shown to reduce the efficiency roll-off
and, importantly, to enhance the device lifetime [46-48]. Fig. 8 dem-
onstrates improved lifetime, in particular, Tgq (attributed to the time
where 80% loss of initial luminance is observed) and Tsq (representing
the time corresponding to loss of half of the initial luminance) is ob-
tained for the TPS-Triflate modified device compared to the reference.
This observation explains the best performance of the TPS-Triflate salt
based OLED which exhibits the stronger interfacial exciplex formation.
The small decrease in device lifetime of OLEDs based on TPS-SbFg might
be related to the large current density exhibited by this device; however,
further investigation is needed which is beyond the scope of the present
work.

4. Conclusion

This work reports the application of triphenylsulfonium salts as
dopants of the commonly used PEDOT:PSS HIL to enhance hole injec-
tion/transport as well as radiative recombination through the formation
of an interface exciplex. The type of the counter anion (Triflate or SbFg)
and the concentration of the TPS-salt in the PEDOT:PSS HIL play a
crucial role in the device performance. TPS-Triflate-doped sample ex-
hibits much higher luminous and power efficiency than the reference
devices attributed not only to a lowering in the W but also to a signif-
icant increase in conductivity of the composite HIL. The enhancement in
radiative recombinations can also be explained on the basis of the for-
mation of an interface exciplex between TPS-Triflate and F8BT, which
can also explain the reduced efficiency roll-off and the elongated device
lifetime. This work demonstrates a simple and efficient solution-
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processed strategy to modify the interfacial energy level alignment and
hole injection in OLEDs by using appropriately triphenylsulfonium salts,
illustrating the feasibility for their implementation in other organic and
perovskite optoelectronic devices.
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