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The current factors stopping the up-scaled production of printed thin-film electronics are the
flammable and environmentally hazardous solvents used to dissolve the organic semiconductors.
Particularly in the case of large-area coating, the development of toxic and flammable vapour during
coating and drying poses serious health and safety risks. Processing the active materials from aqueous
nanodispersions therefore offers a highly attractive alternative. In contrast to thin-film organic
photovoltaics (OPVs), nanoparticle-based organic light-emitting diodes (OLEDs) have so far received
little attention. The very high electric field (~0.1 GV m™') poses rather “stringent” requirements
regarding the topology, integrity and chemistry of the active layer, seemingly difficult to achieve using
aqueous nanodispersions. In this work we show that it can be done. We present polymer light-emitting
diodes (PLEDs) with active layers processed from nanodispersions. Through thorough optimization of
the particle preparation and casting procedures, we obtain smooth, dense and intergral light-emitting
nanoparticle films compatible with stable PLED operation. The performance of the nanoparticle PLEDs is
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on par with that of solution-cast reference devices. The devices exhibit low leakage current and turn-on
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Introduction

Polymeric semiconductors have attracted considerable atten-
tion for application in thin film electronic devices owing to
their solubility in organic solvents, ease of processing and
compatibility with low cost, scalable manufacture." In particular,
lighting applications based on polymer light-emitting diode
(PLED) technology become feasible when using large area
coating methods allowing for drastic cost price-reduction.
However, a crucial challenge in bringing PLED production from
lab to fab is the reduction or elimination of the environmentally
hazardous, and often flammable, solvents, such as chloroform,
toluene and chlorobenzene, used to dissolve the typical semi-
conducting polymers that constitute the light-emitting layer.* As
an example, the US Occupational Health and Safety Administra-
tion allows for a maximum exposure to chlorobenzene vapour of
only 75 ppm for a period of 8 hours. For some EU countries this
exposure is even limited to 10 ppm due to possible nephrotoxi-
city and hepatotoxicity.*
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voltage, no sign of degradation through voltage cycling, no current hysteresis and similar efficiencies.

A highly attractive alternative fabrication method for poly-
mer electronic devices is, therefore, to process the active
material(s) from water, i.e. as an aqueous nanodispersion. This
fully eliminates the presence of toxic and flammable fumes
during film deposition.> An accessible and reliable route to
synthesize stable aqueous nanodispersions of apolar polymers
is mini-emulsification, as introduced by Landfester et al.® In
this process suspended polymer nanoparticles are formed by
vigorously stirring an apolar organic solution of the polymer in
water in the presence of a, commonly ionic, surfactant that
stabilizes the resulting droplets of the polymer solution. The
latter subsequently shrink upon slow evaporation of the solvent
to give the final dispersion of solid polymer nanoparticles. Of
course, the production of dispersions still requires the use of
organic solvents, but the fact that now their use is decoupled
from large area wet deposition is highly advantageous. Since
during mini-emulsification solvent evaporation is much slower,
better controlled and not occurring from a large surface area,
compliance with safety and health regulations is much more
easily achieved in a production environment.”

Besides the environmental and safety benefits, mini-
emulsification offers certain advantages in the case of processing
blends of multiple polymeric or small molecular functional
components: the imposed nano-confinement counteracts the
driving force for large scale phase separation resulting from

This journal is © The Royal Society of Chemistry 2020
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reduced translational entropy and/or repulsive interactions.
Irrespective of the miscibility between the blend components,
the upper limit for the phase separation length scale is set by
the dimensions of the particles.® For this reason, the use of
aqueous nano-dispersions has been widely explored for the
manufacture of bulk heterojunction organic photovoltaic (OPV)
devices, where the typical length scale of the phase separated
donor-acceptor blend is not supposed to exceed the exciton
diffusion length of ~15 nm.*>”>”°*? Unfortunately, the perfor-
mance of these particle-based OPV devices has so far not
matched that of their ““classical” solvent-processed counterparts,
despite decent current-voltage behaviour and low current
leakage. Hence, research in this field remains active.

In contrast to OPV, considerably less attention has so far
been given to processing the active layers of PLEDs from
aqueous nano-dispersions. The reason for this is obvious:
when driving a PLED a significantly higher voltage is put across
a ~3 times thinner active layer, in comparison to OPV. Conse-
quently, the electric field at which the devices operate is at least
an order of magnitude higher. The resulting high current
density hence makes a PLED much more susceptible to elec-
trical breakdown and short circuiting. This imposes tough
constraints on both the topological and chemical integrity of
the active layer and hence the film forming properties of the
nanodispersions. As smooth and integral films are inherently
difficult to achieve in a particulate active layer, processing a
stably operating PLED from a nanodispersion is much more
challenging than an OPV cell. Besides, ionic surfactant residues
in the active layer can lead to strongly hysteretic current-voltage
(JV) behaviour, which suppresses performance. One study dis-
cusses PLEDs prepared from nanodispersions based on the
blue emitting ladder-type poly(p-phenylene) polymer MeLPPP."*
However, no information on the leakage current, i.e. a direct
measure of the film integrity, or current hysteresis is provided.
The reported device efficiency and stability cannot be inferred
from the presented data. Besides, the efficiency of the presented
devices is comparatively low, as exciton quenching in ladder
polymers is substantial due to the high carrier mobility.">

Here, we provide the first detailed study on the fabrication,
optimization and characterization of PLEDs, prepared from
aqueous nano-dispersions of the poly(p-phenylenevinylene)
(PPV)-based polymer emitter poly[2-methoxy-5-(2-ethylhexyloxy)-
1,4-phenylenevinylene] (MEH-PPV), blended with polystyrene
(PS) to aid film formation. Although the efficiency of our devices
seems to be the highest reported so far for organic light-emitting
diodes with an active layer processed from a nanodispersion, our
main aim is to demonstrate the compatibility between aqueous
nanoparticle dispersion technology and the fabrication of stably
operating PLEDs. Through optimization of the dispersion,
casting and film-forming procedures, we achieve highly integral,
smooth and defect-free nanoparticulate light-emitting layers. We
confirm the generality of our approach by demonstrating film
formation not only for MEH-PPV:PS dispersions, but also for
Super Yellow (SY)-PPV:PS nanoparticles. Since the fabrication of
PLEDs from aqueous nanodispersions has so far been virtually
unexplored, we also provide details on the pitfalls and
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unexpected observations we encountered during film formation
and device optimization. Our final particle-based PLEDs exhibit
very low current leakage, low turn-on voltage, non-hysteretic
current-voltage characteristics and no sign of degradation upon
repeated stress.

Results and discussion

We target smooth and integral active layers for PLED devices, of
which the cross-sectional architecture is depicted in Fig. 1a,
from aqueous nanoparticle dispersions of MEH-PPV and
SY-PPV, blended in a 1: 1 ratio with atactic polystyrene. The choice
of these polymeric emitters (molecular structures in Fig. 1b and c)
as active materials is fuelled by the fact that they (i) have been well-
studied in conventional polymer-based OLEDs,'*° (ii) are readily
available, either via in-house synthesis (MEH-PPV) or through
commercial sources (SY-PPV), while showing minimal batch-to-
batch variation, (iii) exhibit good to excellent solubility in a
range of apolar organic solvents and (iv) pose no intrinsic
charge injection barriers, owing to an optimal positioning of
the HOMO and LUMO levels relative to the work function of the
used electrodes. The HOMO/LUMO levels are (relative to the
vacuum level) —5.4/—3.0 eV, and —5.2 eV/—3.0 eV, for SY-PPV'®
and MEH-PPV,*° respectively.

The fact that we have gained ample experience with PPV
chemistry,”"** and PLEDs based on PPVs and their blends with
other polymers,'”**** allows for optimal performance assess-
ment and optimization protocols amenable to future applica-
tion of more recent and better performing polymers. The
blending with polystyrene is performed for reasons of proces-
sability: we anticipate that polystyrene acts as a binder, exhibit-
ing modest flow once heated above its glass transition
temperature, thereby closing possible cracks left in the nano-
particle films after wet processing. Polystyrene is available in
many grades and molecular weights and has a polarity similar
to that of PPVs.

Based on recent results, we anticipate no detrimental
effect of the presence of the insulating polystyrene on charge
carrier transport, as long as the semiconductor content is kept

23-25

anode: gold or ITO
substrate: glass

Fig. 1 (a) Schematic cross-sectional representation of the architecture
of the nanoparticle-based (orange) PLED devices prepared in this work.
ITO stands for indium tin oxide. Molecular structures of (b) MEH-PPV
and (c) Super Yellow PPV.
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above ~10%. We have shown that the transport of positive
charge carriers (holes), which dominates the current density in
an MEH-PPV-based PLED, in a miscible 1:1 (w/w) blend of
MEH-PPV and polystyrene is similar to that in the pure semi-
conducting polymer (see Fig. 4a in ref. 24). As for the, typically
much lower, electron current in MEH-PPV, a modest increase
has been observed upon blending with polystyrene, based on
the principle of “electron trap-dilution”.>*"*® Proving the actual
trap-dilution effect requires the study of electron-only devices,
which we consider outside the scope of the present work.

The MEH-PPV:PS nanoparticle dispersions are prepared by
sonicating an emulsion of a toluene solution of the blend in
water, in the presence of the surfactant sodium dodecyl sulfate
(SDS). For SY-PPV:PS nanoparticle dispersions, chloroform is
used as the solvent. Upon evaporation of the solvent, the droplets
solidify and transform into solid polymer blend nanoparticles.
For a detailed description of the nanoparticle synthesis we refer
to the Experimental section. SDS is highly attractive from the
point of view of obtaining stable nanodispersions, but the use of
this ionic species poses a fundamental challenge if it becomes
incorporated in the emitting layer of a PLED. As is well known
from studies on light-emitting electrochemical cells (LEECs),”
and hybrid metal-organic devices,® since mobile ionic species
typically exhibit much slower transport than the electronic charge
carriers, their presence can lead to considerable performance loss
associated with hysteretic JV behaviour. Naturally, one could
instead use a non-ionic surfactant in the manufacture of the
nanodispersion. However, we refrain from doing so due to the
fact that these are significantly less effective in stabilizing
the emulsion droplets and the final solid particles.>

After emulsification and solvent evaporation, we removed
the excess of SDS by extensive dialysis®*® (see Experimental
section). Optimal PLED operation would require removing as
much SDS as possible, i.e. by applying long dialysis times. On
the other hand, removal of too much SDS destabilizes the
nanoparticle dispersion and compromises its processability
due to a rise in surface tension. In relation to this, Bag et al.*
and Janssen et al.'” also observed that, in the case of poly-
mer:PCBM nanodispersions, a too high concentration of
SDS may lead to the formation of holes in the films due to
dewetting. In order to arrive at an optimal SDS concentration, we
monitor the surface tension of the dispersion, and the equili-
brium (ionic) conductivity of the receiving phase (see Experi-
mental section for details), as a function of dialysis time. Fig. 2
shows the corresponding curves for the SY-PPV:PS nanodisper-
sion, the trends of MEH-PPV:PS being highly similar.

As revealed by Fig. 2a, the surface tension increases sub-
linearly from ~38 to ~60 mN m ™' over the course of 96 h.
Interestingly, the conductivity of the dialysis medium drops
steeply within the first 20 h and levels off at ~0.15 S cm™*
despite the ongoing rise in surface tension. This demonstrates
that beyond this point the free surfactant concentration is very
low, probably lower than the critical micelle concentration
(CMC), though still high enough to give surface tension signifi-
cantly lower than that of pure water (i.e. 72 mN m~'). Moreover,
the fact that even after 96 h of dialysis time no nanoparticle
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Fig. 2 (a) Surface tension and (b) receiving phase conductivity as a

function of dialysis time for a dispersion of SY-PPV:PS as a representative
example. The red curves are guides for the eye.

agglomeration is observed shows that the density of bound SDS
remains sufficiently high for the dispersion to remain stable.
This may indicate that SDS molecules become kinetically
trapped in the glassy polymer matrix during the final stages
of solvent evaporation. We find a surface tension of the
dispersion of around 60 mN m ™' to be an ideal compromise
between stability, good wetting behaviour and, as shown below,
minimal current-voltage hysteresis.

In the final step of the nanoparticle synthesis we concentrate
the dispersions to a total solids content of 6 wt% by centrifugation
and subsequent decantation of the supernatant. In agreement
with observations by Janssen et al.'”> we find that concentrated
dispersions exhibit improved film formation in comparison to
dilute dispersions. The resulting particle diameters are respec-
tively: d = 65 & 30 nm and d = 125 + 40 nm, as determined by DLS
(see Experimental section). These numbers are in qualitative
agreement with high-magnification top view SEM analysis
(Fig. 3) of nanoparticle films, cast onto glass slides coated with
PEDOT:PSS, ie. the hole injecting material in the final PLED
devices and relevant substrate for the emitting layer (see Fig. 1a).

As mentioned in the introduction, a major challenge asso-
ciated with preparing PLEDs from aqueous nano-dispersions is
to obtain smooth and functional layers of the semiconducting
nanoparticles, with a suitable thickness and very low defect
density at large length scales. An active layer containing cracks
and holes leads to undesired current pathways between the
cathode and anode, resulting in a high leakage current and
short-circuits.®**? Furthermore, it should be realized that
due to the finite size of the particles, the exact thickness of
the active layer may be difficult to control. Hence, prior to
fabricating the devices, we investigate film formation during
casting, this time using PEDOT:PSS-anode-glass substrates to
also study the possible influence of the anode material.

Fig. 3 High magnification top view SEM images of (a) MEH-PPV:PS and
(b) SY-PPV:PS nanoparticle films cast onto PEDOT:PSS-covered glass slides.

This journal is © The Royal Society of Chemistry 2020
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Subjecting the PEDOT:PSS substrates to hard baking and a
subsequent mild nitrogen plasma treatment (see Experimental
section) prior to casting the aqueous dispersions proves essen-
tial in obtaining good wetting, while increasing the resilience of
the relatively hydrophilic PEDOT:PSS against dissolution.

In agreement with Stapleton et al,*® we observe a strong
reduction in the defect density of the particle films upon
casting the nanodispersions in multiple consecutive casting
steps: typically three for SY-PPV:PS and two for MEH-PPV:PS,
each pass preceded by a nitrogen plasma pretreatment to
preserve wettability. Typically, we subject the final nanoparticle
films to mild annealing at 110 °C for 2 h. Interestingly, the
nature of the anode material below the PEDOT:PSS layer
influences the integrity of the nanoparticle films. When using
20 nm of gold (nominally) as a transparent anode, applied by
thermal evaporation, we observe a morphology comprising closely
packed nanoparticles (see Fig. 3 above and Fig. S1a in the ESIf).

Besides details on the level of single nanoparticles, ie.
convenient for size determination as outlined above, the SEM
images give an impression of the general integrity of spin-
coated particle films. An important observation is that macro-
scopic cracks and voids are absent. The particle layers are
devoid of macroscopic defects across a surface area of at least
multiple hundreds of square micrometers (see ESL i Fig. S1a).
The smaller dark areas discernible between the particles (Fig. 3)
likely represent lower-lying regions in the film. It is hard to say
whether these regions progress all the way through the layer or
merely represent dimples. The fact that the leakage current in
nanoparticle-based PLEDs is comparable to that of solution-
cast devices, as we show below, strongly supports the notion
that a substantial fraction of the dark areas indeed represent
dimples rather than true holes or punctures. What is more, as
we discuss below and in Section S4 of the ESIL,f films of
polystyrene-free nanoparticles do show an elevated density of
true holes and punctures.

Interestingly, with the same pretreatment and casting
procedure though using indium tin oxide (ITO) as the anode,
we obtain a characteristic pattern comprising undesirable
“horseshoe”’-shaped dimples in the nanoparticle films (see
ESI,T Fig. S1b). We speculate that ITO affects the homogeneity
of the nitrogen plasma during pretreatment, leaving distinct
areas on the surface untreated. Since the aim of this work is to
demonstrate properly functioning PLEDs based on smooth,
defect-free light-emitting nanoparticle films, we base our actual
devices on a transparent gold anode, rather than ITO.

Since the use of multiple coating passes poses the risk that
the active layer becomes too thick (i.e. significantly exceeding
100 nm), especially if the particle diameter is large, we proceed
with PLED device preparation using only the smaller (65 nm)
MEH-PPV:PS particles. We also note that in this respect
nanoparticle-based PLEDs are arguably more challenging than
OPV devices, since for the latter the optimum film thickness is
significantly higher (typically a few hundred nanometers). As
mentioned above, the MEH-PPV:PS dispersion requires only
two coating passes to yield a smooth and integral nanoparticle
film. To visualize the topological and morphological

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Cross-sectional SEM images at decreasing magnification (a)—(c) of
an MEH-PPV:PS nanoparticle film on glass-Au-PEDOT:PSS, obtained after
two consecutive spin-coating passes and subsequent annealing at 110 °C
for 2 h.

characteristics of the combined organic stack, we subject
the MEH-PPV:PS films on PEDOT:PSS to cross-sectional
SEM analysis (Fig. 4). The cross-section has been obtained by
freeze-fracture.

The images show a smooth film containing closely packed
nanoparticles with homogeneous thickness (measured to be
140 nm by profilometry). The gold anode is marked by the thin
“white” film, clearly visible on top of the extended dark region
representing the glass substrate. Unfortunately, the PEDOT:PSS
layer is not clearly discernible, possibly due to the edge serra-
tions induced by the film-fracture process. Hence, the cross-
sectional SEM analysis does not confirm that the PEDOT:PSS
indeed survives the repeated casting of the aqueous nanodispersion.

For this reason, we analysed the composition of the combined
organic stack using secondary ion mass spectrometry (SIMS)
depth profiling. The raw ion traces are depicted in Fig. S2 of the
ESL{ Various ionic fragments have been detected that can be
assigned to the individual components in the stack (see Table S1,
ESIt). Importantly, the SIMS analysis unambiguously demon-
strates that, although not clearly visible in cross-sectional SEM
images, there is a well-defined interface between the particulate
PPV:PS-rich and PEDOT:PSS-rich regions in the stack (see Section
S2 of the ESIt for a detailed argumentation). Based on the
individual sputtering yields of PPV:PS and PEDOT:PSS, and the
measured total thickness of 140 nm, we estimate the PPV:PS-rich
and PEDOT:PSS-rich regions to have thicknesses of ~85 and
~55 nm, respectively. The fact that the latter excellently agrees
with the thickness of the pristine PEDOT:PSS layer (see Experi-
mental section) demonstrates that the hole-injection layer film is
fully unaffected by the casting of the aqueous dispersion. This
confirms the robustness of our processing procedure. Although
the numbers are certainly subject to some error, the 85 nm for the
PPV:PS-rich region shows that the two coating passes do not result
in a cumulative value of twice the mean particle diameter.

Although we consider an extensive discussion of the SIMS
analysis outside the scope of this work, some notable observations

J. Mater. Chem. C, 2020, 8, 6528-6535 | 6531
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should be mentioned. First, a minor fraction of PSS seems to be
present in the upper region of the stack (indicated by the dark
blue, green and red traces in Fig. S2, ESIt), likely due to
swelling of the PEDOT:PSS layer during casting of the aqueous
dispersion. Vice versa, the magenta trace in Fig. S2b (ESIt)
suggests that a minor fraction of the PPV:PS nanoparticles
protrude into the lower lying region of the stack. This may be
a result of the softening of the PEDOT:PSS due to water-ingress.
Furthermore, the molecular ion of SDS is encountered pre-
dominantly in the top-most region, which is perhaps not
surprising due to its surface active properties.

As a last step in our thin-film characterization, prior to
studying the actual PLEDs, we investigate the surface properties
of the MEH-PPV:PS nanoparticle films using atomic force
microscopy (AFM) and compare the results with the solvent-
cast reference layers (see Fig. 5). Fig. 5a and b represent a
topography scan (a) and a peak force measurement (b) of an
MEH-PPV:PS nanoparticle film annealed at 110 °C (a), and
a drop-cast MEH-PPV:PS nanoparticle film which underwent
FIB-polishing to expose the interior of the particles. From
image (5a) we infer a root-mean-square roughness of ~4 nm,
i.e. considerably less than the dimensions of the particles
themselves (see inset of Fig. 5a) and in qualitative agreement
with cross-sectional SEM analysis (Fig. 4). The absence of spatial
inhomogeneity in the peak-force measurement (5b) demon-
strates that (large scale) phase separation between the PPV and
polystyrene is fully suppressed by the nano-confinement.

In what follows we present the optoelectrical characterization
and performance of the MEH-PPV:PS nanoparticle-based PLEDs,
in comparison to reference devices based on the solution-
cast blend. PLEDs are obtained by applying barium-aluminum
cathodes directly onto the nanodispersion- or solution-cast
active layer (see Fig. 1a) by vapour deposition. Subsequently,
the devices are subjected to voltage sweeps during which we
record the current flowing through the devices, and the wave-
length and intensity of the electroluminescence (EL). Fig. 6
shows a representative EL spectrum recorded for the MEH-
PPV:PS nanoparticle-based PLEDs (red), together with the spec-
trum of the reference device (black). The fact that the EL spectra
of the nanoparticle-based and reference devices are relatively

Fig. 5 AFM topography image of (a) an MEH-PPV:PS nanoparticle film on
Au-PEDOT:PSS, obtained after two consecutive spin-coating passes and
annealed at 110 °C for 2 h, and (b) AFM peak-force measurement of an FIB-
polished region of a drop-cast MEH-PPV:PS nanoparticle film. The inset in
(a) represents a magnification.

6532 | J. Mater. Chem. C, 2020, 8, 6528-6535

View Article Online

Paper
T T v T T T T T T
10 e
i
2 oM
2 i
£
el iy
Nost Ty .
@ |
= N
) i
zZ ""q‘w‘ﬂ |
e LMD M “‘ i
,u‘mu‘l adkLR e MM%.M.W!L il
0'0 L 1 L 1 1 1 L 1
400 500 600 700 800
A (nm)

Fig. 6 Electroluminescence emission spectra of an MEH-PPV:PS
nanoparticle-based PLED (red) and a reference device based on the
solution-cast MEH-PPV:PS blend.

similar demonstrates that the nanoconfinement of the chromo-
phores does not affect their spectral properties in comparison to
those of the solution-cast polymer.

Fig. 7a shows the current density and luminance®” (cd m?)
of the MEH-PPV:PS nanoparticle (red) and solution-cast
reference devices (black) as a function of the applied voltage.
The corresponding current efficiencies (cd A™") are plotted as a
function of the applied voltage in Fig. 7b. The solid, dashed and
dashed-dotted lines represent consecutive bias scans. The fact
that they coincide in all the cases demonstrates the absence
of performance loss upon repeated stress. This confirms
the operational stability of both the nanoparticle-based and
reference PLEDSs.

Fig. 7a shows that the current-voltage characteristics of the
aqueous-processed MEH-PPV:PS nanoparticle PLEDs equal
those of devices based on solution-cast active layers with, in
this case, a thickness of 90 nm. The fact that the curves
coincide across the scanned voltage range confirms that charge
injection and transport is neither compromised by the nano-
particulate nature of the active layer, nor by chemical residues
that remain from the nanoparticle synthesis, such as the
surfactant. This result also shows that charge blocking or
trapping is not significantly more pronounced in the particle-
based device in comparison to that in the solution-processed
reference PLEDs.

First, the fact that for |V| < 2 V the particle-based PLEDs
exhibit the same low leakage current as that measured for
the reference devices confirms the high film quality of the
former. Second, the similar turn-on voltage and current
increase at V =~ 2 V demonstrate fully efficient charge injection
and transport. Third, despite the use of SDS as an anionic
surfactant in the nanoparticle synthesis, the absence of current
hysteresis in the nanoparticle PLEDs shows that there are no
losses due to ionic transport, even in the (typically) high electric
field. This suggests that the residual amount of surfactant is
very low and/or that transport of SDS is considerably slowed
down in the glassy polymer film.

This journal is © The Royal Society of Chemistry 2020
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(a) Current density (J) (left y-axis) and luminance (right y-axis), plotted as a function of applied voltage (V) for an MEH-PPV:polystyrene

nanoparticle PLED with a 85 nm thick active layer (red) and a solution-cast MEH-PPV:polystyrene reference device with a 90 nm active layer (black).
(b) Current efficiencies of the MEH-PPV:polystyrene nanoparticle (red) and reference (black) devices, plotted as a function of voltage. Solid, dashed
and dashed-dotted lines represent consecutive voltage scans. All curves have been measured at 295 K.

In addition, we prepare PLEDs based on unblended MEH-
PPV nanoparticles to demonstrate the benefits of polystyrene to
improving the film integrity and suppressing the leakage
currents. These results, which are included in Section S4 of
the ESL{ indeed suggest that the addition of polystyrene is
beneficial for obtaining a high film integrity. In general, active
layers prepared from PS-free nanoparticles show an elevated
defect density, likely due to a reduced healing of processing-
related cracks during the annealing step. For further details we
refer to Section S4 of the ESL.{

Despite the very similar current-voltage behaviour, the
luminance curves (Fig. 7a) reveal a modest efficiency-loss of
the nanoparticle-based PLED in comparison to the solution-
processed reference device. As a result, the luminous efficiency
of the particle-based device turns out to be about a factor of
2.5 lower than that of the reference PLED, as expressed by the
curves in Fig. 7b. Since this relative loss cannot be explained
by compromised charge carrier transport, we propose that
optical losses are enhanced in the nanoparticle-based device.
Assuming the particle size of d = 65 £ 35 nm not to change
significantly after processing, we find the length ratio o = nd/A
to be in the range 0.2-0.5, with 2 = 600 nm (based on Fig. 6).
This value is consistent with the upper and lower ranges of,
respectively, the Raleigh and Mie scattering regimes. Since we
measured the light only in the out-of-plane direction, rather
than using an integrating sphere, we suspect enhanced
scattering to be accountable for the efficiency loss.

Conclusions

In summary, in this work we prepare polymer light-emitting
diodes with active layers comprising electroluminescent nano-
particles of MEH-PPV:PS blends, processed from aqueous dis-
persions. We optimize our nanoparticle preparation and film
casting procedures, in order to meet the stringent topological
and chemical film quality prerequisites associated with stably

This journal is © The Royal Society of Chemistry 2020

functioning PLED devices. The dispersions are fabricated using
the mini-emulsion method and dialyzed to reduce the surfac-
tant (SDS) concentration as much as possible, while retaining
stability. We obtain defect-free and smooth thin films of light-
emitting nanoparticles on the commonly used hole injection
material PEDOT:PSS via a multistep casting procedure invol-
ving repeated plasma treatment for good wetting behaviour.
Interestingly, the quality of the film depends on the nature of
the anode material below the PEDOT:PSS. Near perfect nano-
particle layers are obtained in the case of a transparent gold
anode, whereas ITO leads to microscopic wetting defects in the
nanoparticle layer.

Top-view and cross-sectional microscopic analysis confirms
the topological film quality. Chemical depth-profiling demon-
strates that a ‘“hard-bake” procedure makes the relatively
hydrophilic PEDOT:PSS layer fully resilient against dissolution
during casting of the aqueous dispersion. The performance of
the final nanoparticle-based PLEDs is stable across multiple
voltage scanning cycles and their efficiencies are on par
with those of reference devices with solution-cast active layers.
The fact that our PPV:PS nanoparticle-based PLEDs and the
reference devices show highly similar current-voltage charac-
teristics, including a low leakage current, low turn-on voltage
and no hysteresis, confirms that we have overcome the most
important challenges associated with the fabrication of PLEDs
based on a nanoparticulate active layer. Hence, with this work
we demonstrate aqueous nano-dispersion technology to be
fully compatible with safe and green PLED manufacture.

Experimental

Materials

MEH-PPV** (M,, = 70000 g mol ™, M,, = 250000 g mol™*, b =
3.57) and polystyrene (atactic, M, = 88000 g mol™', M, =
92000 g mol ™", P = 1.05) were synthesized in house. Super Yellow
(SY) -PPV (M, > 400000 g mol~*, M,, > 1300000 g mol*,
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D ~ 3) and sodium dodecyl sulfate (SDS, purity >99%) were
purchased from Sigma-Aldrich and used as received. Chloro-
form (purity > 99.8%) and toluene (purity > 99.8%) were
purchased from Fisher Chemical and used as received.

Synthesis of aqueous polymer blend dispersions

Aqueous PPV:PS blend (1:1 w/w) nanoparticle dispersions were
synthesized following the procedure developed by Landfester
et al.® 50 mg of PPV and 50 mg of polystyrene were dissolved in
4 mL of chloroform (SY-PPV:PS) or toluene (MEH-PPV:PS) to
obtain a 25 mg mL ™" total solids concentration. The polymer
blend solution was passed through a 5.0 pm PTFE filter and
added dropwise to 10 mL of a stirred 1.5 wt% SDS solution in
deionized water. The solution was kept stirring for one hour for
pre-emulsification. The mini-emulsion was prepared by subse-
quently sonicating the mixture for 6 min at 70% amplitude
using a Branson sonifier W450 equipped with a 1/2” tip.
The sample was stirred overnight at room temperature to
evaporate the chloroform or at 80 °C for 3 days to evaporate
the toluene. The dispersion was dialyzed (VISKING dialysis
tubing, regenerated cellulose, and diameter 21 mm) in deionized
water (Direct-Q3 UV-R, 18.2 MQ cm, Merck) until its surface
tension reached the range of 50-60 mN m ' (Dataphysics
DCAT 21 tensiometer). Finally, the sample was concentrated by
centrifugation (Sigma 3-30KS) to 6 wt% solids by using a
centrifugal filter (Amicon Ultra-100K, Merck) and subsequently
filtrated through a 0.5 pm PTFE filter.

Substrate preparation and particle film casting

Glass and glass-ITO (indium tin oxide) substrates were cleaned
using a detergent solution and subsequent rinsing with deion-
ized water, acetone and isopropanol. To fabricate transparent
gold electrodes, a 1 nm layer of Cr was thermally evaporated at
10~ mbar directly onto glass substrates, followed by evapora-
tion of a, nominal, 20 nm gold layer. The glass-ITO and glass-Au
substrates received a 20 min UV-ozone treatment, after which
a 55 nm layer of the hole injection material poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS,
Heraeus Clevios 4083) was applied by spin-coating and subse-
quently baked at 200 °C for 1 h. Prior to casting the PPV:PS
nanoparticles from the aqueous dispersion, the PEDOT:PSS
surface was subjected to a nitrogen plasma treatment (5 s,
100 W). Nanoparticle films were prepared by repeated casting
of a 6 wt% PPV:PS dispersion, drying at 70 °C for 5 min and a
nitrogen plasma treatment (5 s, 100 W).

Dispersion and film characterization

The size and distribution of the polymer blend particles were
measured by means of dynamic light scattering (DLS) at a fixed
scattering angle of 90° using a Zetasizer Nano S90. Scanning
electron microscopy (ZEISS 1530 Gemini, Carl Zeiss Microscope
GmbH operating at 0.1 kV) was performed to further study the
particle size and particle film morphology. Tapping-mode
atomic force microscopy (AFM) was carried out using a Bruker
Dimension Icon FS.
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The as prepared MEH-PPV:PS stacks were annealed at 110 °C
for 2 h under an inert atmosphere, after which a Ba/Al (5 nm/
100 nm) cathode was thermally evaporated. For the reference
devices, a solution of MEH-PPV:PS (1:1 w/w) in toluene was
spin-coated onto the treated PEDOT:PSS substrates and sub-
jected to the same annealing treatment as the nanoparticle
devices. JV measurements were obtained using a Keithley 2400
source unit, and the light output was measured using a photo-
diode connected to a Keithley 6514 electrometer. The electro-
luminescence data were recorded using an Ocean Optics
USB2000 spectrometer. The area of each pixel is 1 mm?.

Notes

(a) All luminance values have been corrected for the fact that a
20 nm gold layer as the anode reduces the transparency of the
device by about a factor of three in comparison to a PLED based
on the more commonly used ITO (see ESIt).

(b) The difference in baseline elevation of the luminance-vs.-
voltage curves in Fig. 7a is due to a difference in ambient
lighting during the measurements (the measurements have
taken place on different days, characterized by different envi-
ronmental lighting conditions). For voltages exceeding 2.5 V,
i.e. the window relevant to assessing device operation, the
luminance increases by several orders of magnitude. Hence,
in this regime, the contribution of ambient lighting to the
measured photocurrent (from which the luminance has been
derived) can be considered negligible.
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