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Circularly polarized electroluminescence (CP-EL) from a blend system of chiral small-molecule additives
and device optimised achiral n-conjugated polymers (z-CPs) is of great interest for next-generation
display technologies. However, CP polymer light-emitting diodes can suffer from unbalanced charge
transport and unfavorable energetics between chiral additives and achiral polymers, which can limit the
efficiency of charge injection and device performance. Herein, we demonstrate the use of a small
amount of chemcially modified electrochemical doping agent (EDA, 1.5 wt%) to control such limitations.
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The EDA with a long cationic alkyl chain enables strong hydrophobicity and stable electrochemical doping
of achiral n-CP F8BT in F8BT:azal6]H blends, which allows for better charge injection and balance. This
leads to improved device performance while maintaining highly dissymmetric electroluminescence (gg. ~
0.50@580 nm) and an inverted dissymmetry factor (ggg = —0.65@525 nm). These findings indicate that
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Introduction

Ionic liquids consisting of two ions of opposite charges have
been demonstrated as additives that improve the optoelectronic
performance of various devices, including solar cells,"” polymer
light-emitting diodes (PLEDs)>* and organic gas sensors.>® Only
small quantities of ionic liquids are required to enhance the device
performance while maintaining the original film morphology. For
example, Snaith and coworkers recently reported a highly efficient
planar perovskite solar cell with markedly improved long-term
stability and power conversion efficiency after the incorporation of
only 0.3 mol% 1-butyl-3-methylimidazolium tetrafluoroborate
((BMIM]'[BF,] ") ionic liquid in the perovskite active layer."
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EDAs may provide a simple approach to improve the performance of CP optoelectronic devices.

We have demonstrated that the incorporation of a chemically
modified ionic liquid (0.5 wt%), 1-dodecly-3-imidazolium
hexafluoro-phosphate ([C,C;,IM]'[PF¢]7), into the active layer
of PLEDs can improve device performance.® The long alkyl chain
of the cations in [C;C1,IM][PFs]” was shown to have a strong
interaction with the light-emitting polymer (here, poly(9,9-
dioctylfluorene-alt-benzothiadiazole), F8BT), which resulted in
a reduction in the current turn-on voltage (V;) and luminous
turn-on voltage (V1) values (from 20 V to 12 V, 1200 nm-thick
F8BT) and extension of the device lifetime (by 37%) due to
efficient charge injection and balance.*” Employing in situ
electric field-dependent Raman spectroscopy we revealed that
the improved device performance is due to the strong electro-
chemical interaction between F8BT and [C,C;,IM]'[PFe]” (here-
after referred to as the electrochemical doping agent, EDA).® To
further explore the potential of this approach, we questioned
whether the addition of an EDA may benefit more advanced
optoelectronic devices with complex blend systems, such as the
achiral polymer - chiral additives used in circularly polarized
PLEDs (CP-PLEDs).’

The direct CP electroluminescence (CP-EL) emission from
CP-PLEDs has been proposed to be a simple, cost-effective way to
improve the performance of state-of-the-art display technologies
and has attracted interest for use in 3D displays, spintronics and
optical data storage.” In such devices, the extent to which the
emitted light is CP is defined by the dissymmetry factor, g, defined
as g =2 (i, — R)/(I. + ), where I, and I are the intensities of
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lefthanded and right-handed CP light, respectively.'">*® Fuchter,
Campbell and coworkers have demonstrated that annealed
thin films of blends consisting of a conventional (achiral) electro-
luminescent polymer and a chiral small molecule additive, 1-
aza[6]helicene (hereafter, aza[6]H), can exhibit a considerable chir-
optical response due to the induction of a chiral phase within the
polymer.>**® One of the challenges in developing high-
performance CP-PLED:s is to identify chiral small molecule additives
that (i) have appropriate energy levels to facilitate efficient charge
injection and transport and (ii) induce the chiral phase.

The first F8BT:aza[6]H CP-PLEDs (gg;, ~ 0.2) exhibited a
higher Vi of 6.2 V at 1 cd m~> and a lower luminous efficiency
(K < 2 ¢d A™") than neat F8BT PLEDs (V, ~ 5V, K ~ 4cd A™").”
In these early devices, the origins of high turn-on voltages
and poor efficiencies might be associated with hole injection
problems and a shifted electron-hole recombination zone
(closer to the anode).'®"? After carefully optimizing the solution
concentration and active layer thickness, the performance of
F8BT:aza[6]H devices has improved considerably (gg, ~ 1.0,
K~ 4cd A", v, ~ 52 V)" The use of an inverted device
architecture and sublimable charge transport layers has
since been shown to enhance performance even further (K ~
16.4 ¢d A", ¥, ~ 2.3 V)."?° Despite these advances, the
performance of achiral polymer - chiral additive blend systems
can still be inferior to their neat achiral polymer counterparts.
Highly dissymmetric CP emission has also been observed in
PLEDs where the active layers comprise of related materials,
such as (i) conjugated polymers with chiral side chains or (ii)
achiral polymer - chiral additive blends with liquid crystal
alignment layers.*** Such devices still exhibit high v (>10 V)
and poor luminance, with |gg; | that is sensitive to the position of
the recombination zone.>"®821,22

Considering the benefits of the EDA in non-CP PLEDs, we
questioned whether a combination of three components (i.e., an
achiral polymer, a chiral small-molecule additive and the EDA)
may present an alternate approach to improve the performance of
CP-PLEDs. The key challenge is to maximize the ternary synergetic
effect for improved device efficiencies while maintaining the chiral
polymer phase that gives rise to high |gg;.|. Herein, we demonstrate
that the EDA (1.5 wt%), F8BT and aza[6]H (10 wt%) can form a
homogeneous ternary blend system that enables CP-PLEDs to
exhibit efficient charge carrier injection and balance whilst main-
taining a high |ggL|. Through the use of advanced spectroscopic
probes (in situ Raman spectroscopy and Ambient Photoemission
Spectroscopy, APS), we attribute this improved performance to
electrochemical doping of F8BT by the EDAs. We show that EDAs
can improve device performance, even in a ternary blend system,
and demonstrate them as a simple approach to improve the
performance of CP optoelectronic devices.

Results and discussion

Optical characterizations of materials and device architecture

The chemical structures of F8BT, right-handed [P] aza[6]H and
EDA are shown in Fig. 1(a). A conventional device architecture
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was used (ITO/PEDOT:PSS/TFB/FSBT or F8BT:aza[6]H/Ca/Al,
where ITO is indium tin oxide, PEDOT:PSS is poly(3,4-ethylenedi-
oxythiophene)polystyrene sulfonate, and TFB is poly[(9,9-dio-
ctylfluorenyl-2,7-diyl)-co-(4,4"-(N-(4-sec-butylphenyl) diphenylamine))])
(Fig. 1(b)).>° For all devices the active layer thickness (£) was 190 nm.
In the case of annealed (140 °C, 10 min) neat F8BT and
F8BT:EDA(1.5 wt%) blend films, there is negligible circular
dichroism (CD) close to the F8BT absorption band (see ESL#
Fig. S1). The same is not true for the F8BT:aza[6]H or F8BT:
aza[6|H:EDA blends. Interestingly, the introduction of 1.5 wt%
EDA does not appear to diminish the chiroptical response
(Fig. 1(c) and (d)). In fact, the photoluminescence (PL) of
F8BT:aza[6]H:EDA had a slightly higher degree of dissymmetry
than that of F8BT:aza[6]H (gp. = 0.08 vs. 0.05) (see detail
information in the ESLi Fig. S2). These results indicated that
EDA mixes well with F8BT:aza[6]H and does not interfere with
the formation of the chiral phase.

To study the energy levels of each component in the ternary
blend system, we performed APS.**>® The highest occupied
molecular orbital (HOMO) levels of neat FSBT, F8BT:aza[6]H,
F8BT:aza[6]H:EDA and neat aza[6]H films (all annealed, ¢ =
190 nm on top of an Au substrate) were extracted by the
extrapolation of the photoemission signals (Fig. 2). The HOMO
levels of neat F8BT, F8BT:aza[6]H and F8BT:aza[6|H:EDA were
determined to be ~5.71 eV. The same HOMO levels measured
for the neat and blend samples indicated that the energetics of
the blend films were not disturbed by the aza[6]H nor EDA.'?
The HOMO level of neat aza[6]H is measured to be ~5.9 eV
using an extrapolation of the photoemission signals in the
linear regime, as used in other organic molecules. Interestingly,
it is often observed that below the HOMO threshold, there is an
additional area (shaded area down to ~5.7 eV for aza[6]H) in
which measurable photoemission signals still exist. These
signals indicate energetic disorder of aza[6]H small molecules in
a neat thin film, possibly originated from different orientations of
aza[6]H molecules in the thin film leading to energetic inhomo-
geneity. Such orientation dependent HOMO energy levels are
also observed in other small molecules such as a-6T (see ESL:
Fig. $3).>°

To compare the performances of F8BT, F8BT:aza[6]H and
F8BT:aza[6]H:EDA PLEDs, current density-voltage-luminance
(J-V-L) characteristics were measured (Fig. 2(c)). Compared
with the neat F8BT devices, the current density and luminance
of F8BT:aza[6]H PLEDs are reduced by more than one order
of magnitude (from 102 mA cm 2 to 16 mA cm 2, and from
3723 cd m 2 to 141 cd m 2 at 12 V) with increased V; from 4.9V
to 8.3 V (see the details in ESL i Table S1 and Fig. S4), which
reduces the luminous and power efficiencies from 3.8 cd A~ to
0.8 cd A~ and from 1.4 Im W™ " to 0.2 Im W', respectively.
Interestingly, such reduced device performance in F8BT:aza[6|H
blends was partly recovered in F8BT:aza[6]H:EDA ternary blends.
With the addition of 1.5 wt% EDA, the V;, of F8BT:aza[6|H:EDA
was reduced from 8.3 V to 6.3 V with improved efficiencies from
0.8 cd A" to 3.1 cd A" and from 0.2 Im W to 0.9 Im W .
At the same current density (70 mA cm™?), the luminance
of F8BT:aza[6]H:EDA PLEDs increased from 1018 cd m™> to
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(a) and (b) Chemical structures of F8BT, EDA and [P]-aza[6]H in the conventional PLED device architecture of ITO/PEDOT:PSS/TFB/EML/Ca/Al.

(c) and (d) CD spectra and normalized photoluminescence spectra of annealed F8BT:azal6]H and F8BT:aza[6]H:EDA thin films.

2115 cd m ™2, which is comparable to that of the neat FSBT PLEDs

(2549 cd m™?) (see ESLi Fig. S4c). This indicates that residual
charge carriers exist in F8BT:aza[6]H without contributing to useful
radiative recombination. The addition of the EDA facilitates more
efficient charge carrer recombination. Notably, F8BT:aza[6]H:EDA
PLEDs exhibited clear and sharp current turn-on at 3.5 V, which
indicates efficient hole injection (discussed more below), thereby
reducing V;, (Fig. 2(c) and (d)). To establish whether the improve-
ment in device performance due to the EDA held across all FSBT
polymer molecular weights (i.e., not specific to the low molecular
weight F8BT discussed above), the same device characterization
was performed with FSBT with a higher molecular weight (My =
21 K) (see ESL} Fig. S5), and the same improvement in charge
injection, luminous and power efficiencies was observed.

Impact of the EDA on the CP emission of F8BT:aza[6]H PLEDs

Maintaining strongly dissymmetric emission (high gg;) is
essential to demonstrate that EDAs can be added to improve

9514 | J Mater. Chem. C, 2022, 10, 9512-9520

the performance of CP optoelectronic devices. As seen in Fig. 3,
the F8BT:aza[6]H and F8BT:aza[6]H:EDA PLEDs both achieve
ger, = 0.50@580 nm, compared with negiligible gg;, of the neat
F8BT PLED (see ESL Fig. $6).>*” Owing to formation of a chiral
phase in F8BT after blending with aza[6]H, the EL lineshape of
F8BT:aza[6]H is different to that of the neat F8BT, and there is a
considerable increase in the intensity of left-handed CP-EL
(IL)."*** For the F8BT:aza[6]H:EDA blend, there is a slight
broadening in the left-handed emission and a dramatic change
in the relative intensity of the emission peaks (525 nm and
580 nm) for right-handed EL. These differences lead to an
inverted dissymmetry factor (gg;, = —0.65@525 nm). To under-
stand this additional peak at 525 nm for F§BT:aza[6]H:EDA, the
thickness-dependent EL spectra for neat F8BT are shown in the
ESIL% Fig S8. The thick (¢ = 110 nm) neat FSBT PLED show
strong microcavity effects with a main emission peak at 580 nm
and a shoulder at 525 nm. Upon doping 1.5 wt% EDA, the EL
lineshape changes significantly, due to either strong enhanced

This journal is © The Royal Society of Chemistry 2022
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CP-PLEDs. (d) Comparison of the luminance efficiency and power efficiency.

Fig. 2

emission at 525 nm or quenched emission at 580 nm (ESLi
Fig S8b). These can be attributed to the shifted recombination
zone that arises due to the EDA, which results in enhanced
charge injection and balance and a weak microcavity effect.
This result might indicate a preferred interaction of EDA
molecules with neat, achiral F8BT instead of F8BT in the chiral
phase, which enhances charge injection and maintains strong
gpL, thereby changing the EL shape (see ESLi Fig. S7) and
inverting the handedness of CP light."**’

To investigate the effects of energetic disorder in blends and
the EDA electrochemical doping on charge injection, hole-only
devices ITO/PEDOT:PSS/TFB/active  layer/MoO3/Au
fabricated (detailed information provided in the Experimental
section).?**° The combination of efficient hole injection from
the ITO/PEDOT:PSS/TFB interface and effective electron block-
ing at the MoO3/Au interface resulted in the F8BT:aza[6]H:EDA

were
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devices exhibiting a sharper turn-on at 3 V and a 3-order-of-
magnitude higher current density at 10 V than
the F8BT:aza[6]H device (Fig. 4(a)). In particular, the current
turn-on voltage of hole-only device was in exact coincidence
with that of F8BT:aza[6]H:EDA CP-PLEDS (Viym.on ~ 3.5 V) in
Fig. 2(d). These features described above supports the idea that
the EDA induces strong electrochemical doping of F8BT, even
in a ternary blend system, which leads to a significant increase
in hole current and improved charge balance.?"

Proposed mechanism for improved device efficiency via
electrochemical doping in ternary electroactive blends

We have previously suggested aza[6]H acts as a hole trap as it
aggregates close to the hole injection interface.">?>*® To
further study whether the spatial distribution of aza[6]|H
throughout the active layer may influence charge -carrier

J. Mater. Chem. C, 2022, 10, 9512-9520 | 9515
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Fig. 3 Measured CP-EL spectra (a), (b) and corresponding calculated gg, values (c) (d) of F8BT:aza[6]H and F8BT:azal6]H:EDA CP-PLEDs.

650

injection, we turned to surface-enhanced Raman spectroscopy
(SERS).">***3 The localized electric field generated by surface
plasmons on the gold substrate can result in the selective
enhancement of the Raman modes of the molecules accumu-
lated at that interface. Whilst the Raman spectra are dominated
by Raman modes associated with the F8BT (e.g. 1341, 1545
and 1608 cm™ '), a vibrational signature of aza[6]H occurs at
1360 cm .'* Owing to the localized electric field generated by

9516 | J. Mater. Chem. C, 2022, 10, 9512-9520
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surface plasmons on gold substrates, the relative intensity of
the aza[6]H peak intensity (1360 cm™ ") is enhanced strongly in
F8BT:aza[6]H Au films (I1360/l134; increases from 1.1 to 1.9)
compared to those deposited on a quartz substrate. The
increase in Ij3e0/l1341 1S maintained upon annealing. This
indicates that aza[6]H is mainly accumulated at the gold/
F8BT interface for both pristine and annealed films (ESL*
Fig. S9). As the shallow tail states and HOMO of the aza[6]H

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 (a) J-V characteristics of the F8BT:aza[6]H and F8BT:azal6]H:EDA hole-only devices (ITO/PEDOT:PSS/TFB/EML/MoOs/Au).

are close to the HOMO of F8BT (see ESILi Fig. S3), holes
injected from the PEDOT:PSS/TFB anode become trapped in
this aza[6]H layer, thereby limiting direct hole injection to the
F8BT during device operation.*

To further probe the mechanisms that underpin the
improved charge injection and balance, we performed electric
field dependent Raman spectroscopy. Here, we monitored the
intermolecular interactions and/or electronic coupling in
PLEDs under applied bias (0 V to 10 V). Fig. 5(a) and 5(b) shows
the Raman spectra of the main backbone ring stretching modes of
F8BT (1545 cm ™" and 1608 cm ™" for BT and F8 units, respectively)
in F8BT:aza[6]H and F8BT:aza[6]H:EDA PLEDs.***?® For F8BT:
aza[6]H PLED, the Raman spectrum does not show any significant
changes when the applied voltage was increased from 0 to 10 V. In
contrast, the overall intensity of the main F8BT peaks of F8BT:
aza[6]H:EDA PLEDs decrease gradually as a function of applied bias.
As the applied voltage increases from 0 to 10 V, the intensities of the
1545 cm " and 1608 cm ™" peaks decrease by ~5% and ~10%,
respectively (Fig. 5(b)). Such a reduction in F8BT peak intensity is an
important signature of the formation of hole polarons in F8BT.**®
Note the larger quenching of the F8 ring mode, which indicates that
during F8BT:aza|6|H:EDA device operation, the electrochemical
doping process occurs between the F8 unit and EDA, generating
more hole polarons in F8 units.>” There is no further quenching of
the 1608 cm™* peak at high voltages (9 V and 10 V).

This journal is © The Royal Society of Chemistry 2022

Based on the results above, owing to the similar HOMO level
of aza[6]H to the F8BT, the holes injected from the PEDOT:PSS/
TFB anode can be trapped by the aza[6]H in F8BT:aza[6]H
PLEDs, which limits direct charge injection to the emissive
F8BT and reduces radiative recombination (Fig. 5(c)). However,
when an EDA is introduced, a strong electrochemical interaction
with F8BT increases charge injection and charge balance, without
sacrificing important CP-EL, and thereby considerably improving
device performance (Fig. 5(d)).

Conclusions

In conclusion, we have demonstrated a simple and efficient
approach for producing single-layer, solution-processed
CP-PLEDs based on a ternary synergetic system comprising
an achiral conjugated polymer, chiral small molecules and
electrochemical dopants. We found that the EDA with strong
hydrophobicity and ionic properties can enable the stable and
molecular-level electrochemical doping of F8BT even in F8BT:
aza[6]H blends, which improves charge injection, reduces V;,
and ultimately improves device efficiencies without compro-
mising CP-EL emission. The results demonstrate EDAs as a
simple but effective way to improve the charge injection and
transport properties of many other organic devices such as
organic solar cells, transistors and sensors.”®37-3
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(a) and (b) In situ electric-field-dependent Raman spectra of the F8BT:azal6]H and F8BT:azal6]H:EDA devices, respectively. The inset figures

indicate the changes in the selective Raman peaks at 1608 cm™* under an electric field ranging from 0 V to 10 V. (c) and (d) The proposed mechanism of
poor charge injection in F8BT:azal6]H and improved charge injection and charge balance in an EDA-doped device via the electrochemical doping by

EDA molecules (inset), respectively.

Experimental
Materials

F8BT was synthesized by Cambridge Display Technology, Inc.,
UK and used as received. The average molecular weight of F§BT
was 9 kg mol . Aza[6]H was prepared as previously reported.’
The EDA, [C;,C;,IM][PF¢]” was synthesized through a conven-
tional method described elsewhere.>®

Solution preparation

F8BT, aza[6]H and the EDA were directly dissolved in toluene.
All solutions were stirred for 10 h in the dark under ambient
conditions.

UV-vis absorption, photoluminescence spectroscopy and thin-
film characterization

Quartz substrates were cleaned using acetone and isopropyl
alcohol via sequential sonication for 5 min. F8BT:aza[6]H or

9518 | J Mater. Chem. C, 2022, 10, 9512-9520

F8BT:aza[6]H:EDA layers were spin-coated on quartz substrates
using the same solutions and were annealed at 140 °C/10 min
for both thin films and PLEDs. UV-vis absorption was measured
using a Shimadzu UV-2550 UV-visible spectrophotometer.
Photoluminescence spectra (PL) were recorded in a reflection
geometry using a Jobin Yvon Horiba Fluoromax-3 spectrofluoro-
meter (excitation wavelength: 420 nm).

Device fabrication and characterization for PLED applications

ITO-patterned glass substrates (size: 12 mm X 8 mm) were
cleaned in an ultrasonic bath using acetone, isopropyl alcohol
and detergent (15 min), followed by washing in DI water two
times and baking at 115 °C (10 min). After a 3 min UV-ozone
treatment, a 40 nm-thick PEDOT:PSS layer was spin-coated
onto the ITO substrate, which was then heated at 145 °C
(15 min). Then, a 15 nm-thick hole-transporting and electron-
blocking TFB interlayer was spin-coated on top of the PEDOT:
PSS layer, and the assembly was baked under nitrogen at

This journal is © The Royal Society of Chemistry 2022
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180 °C (1 h). Subsequently, an emissive layer of F§BT:aza[6]H or
F8BT:aza[6|H:EDA was spin-coated from a toluene solution and
annealed at 140 °C (10 min). Finally, calcium (25 nm) and
aluminum (100 nm) cathodes were deposited via thermal
evaporation under vacuum conditions (1 x 1077 Torr). For
SCLC measurements, F8BT:aza[6]H or F8BT:aza[6]H:EDA in a
40 mg ml " solution was used to obtain 190 nm-thick layers.
The thicknesses of the MoO; and Au layers deposited by
evaporation were 10 nm and 100 nm, respectively.

For the CP-PLED device measurements, the j-V-L character-
istics and efficiencies were measured using a Keithley 2400
source meter and a Minolta LS100 spot luminance meter under
dark conditions. EL spectra were recorded using an Ocean
Optics universal serial bus 2000 (USB 2000) charge-coupled
device (CCD) spectrometer equipped with a fiber light collec-
tion bundle. All PLED measurements were carried out within a
nitrogen-filled test chamber.

APS and SPV measurements

A Kelvin Probe technology APS-04 instrument was used to
evaluate the energetics of neat F8BT, F8BT:aza[6|H and F8BT:a-
za[6]H:EDA thin films. For APS measurements, the gold
substrate-based sample was illuminated with UV light from a
monochromatic deuterium lamp source (4-7 eV). Test samples
were ~ 190 nm-thick organic thin films spin-coated on SiO,/Au
substrates. The metal Au substrate ensured proper grounding
of the organic thin films so that correct values of the tip-sample
potential difference could be obtained.

In situ electric-field-dependent Raman spectroscopy
measurements

In situ Raman spectra of the PLED samples were collected using
a specially designed chamber equipped with a probe station
and a Renishaw inVia Raman microscope (50X objective lens).
Measurements were performed with a 633 nm excitation laser
source operated at 0.5 mW using an acquisition time of
2 seconds and an applied external voltage from 0 V to 10 V. A
defocused laser beam with a diameter of 8 um and flowing N,
gas were used to avoid photodegradation of the samples.
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