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Enhancement of the spontaneous emission of fluorophores aided by plasmonic nanoparticles (PNPs)
prompts the growth of plasmonic organic light emitting diodes (OLEDs). Together with the spatial
dependence of the fluorophore and PNPs on enhanced fluorescence, the surface coverage of the PNPs
controls the charge transport in OLEDs. Hence, here, the spatial and surface coverage reliance of
plasmonic gold nanoparticles is controlled by a roll-to-roll compatible ultrasonic spray coating

technique. A 2-fold enhancement in the multi photon fluorescence is seen by two-photon fluorescence

iii:g’ti% éi;hFi)g:S:s/rZZOOZZ?)Z microscopy for a polystyrene sulfonate (PSS) stabilized gold nanoparticle located 10 nm away from the
super yellow fluorophore. Fluorescence enhancement combined with ~2% surface coverage of PNPs,

DOI: 10.1039/d2na00753¢ provides a 33%, 20% and ~40% increase in the electroluminescence, luminous efficacy and external
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Introduction

Since Drexhage observed the impact of the interface on the
decay of fluorescence,’ extensive research on the
fundamentals®® and applications®” of this impact have
propelled the field greatly. Initially explored as a spectroscopy
method, fluorescence decay gradually found its feet in opto-
electronics, especially in the field of photovoltaics, light emis-
sion, and photodetectors. This is made possible due to the
introduction of plasmon enhanced fluorescence (PEF), where
the presence of a metal interface impacts the transition between
two quantum states. This transition, depending on the
distance, could amplify the fluorescence or induce metal
enhanced quenching. In optoelectronics device architecture,
the place of the metal electrodes cannot be changed at will. In
the case of plasmonic nanoparticles, however, the said transi-
tion can be altered on demand because of the versatility of the
nanoparticles that can be incorporated inside the device
architecture without affecting its electronic and optical
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properties. Plasmonic nanoparticles act as nanoantenna upon
resonantly coupling with the electromagnetic waves (Fig. 1a).®
This concentrates the electromagnetic field of the incoming
light onto the surface of the plasmonic nanoparticles (PNPs).
The confined field leads to increased light absorption by the
material close to the PNPs,® and modifies the decay pathways
through the generated near field, which alters the quantum
yield of the materials. The impact of the near field, E, on the
transition rate of the quantum state is given by the Fermi golden
rule,” ™

Yex = (4°)/0| (| E-plg) *pe )

where v, is the excitation rate, e and g represent the wave
function of the excited and ground state, / is Planck’s constant,
p is the absorption transition dipole moment and p. is the
density of the excited state. The altered transition rate due to the
generated near-field subsequently lowers the influence of the
non-radiative decay rates associated with the quantum yield,
which is expressed as*

0= k/(k + knr) (2)

where k and k,, denote the radiative and non-radiative decay
rates of the fluorophores, respectively. In the case of bigger
nanoparticles, the far-field coupling with the emission from the
fluorophore is observed due to scattering by the plasmonic
nanoparticles. As stated earlier, care should be taken on the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (a) Graphical representation of the localized plasmon resonance of the PNPs upon excitation with EM radiation. (b) UV-Vis spectrum of the

synthesized Au-NPs showing a plasmon peak at 520 nm. Inset: TEM image of 15 nm diameter spherical Au-NPs. Deposition of Au-NPs using
USSC. (c) Schematic representation of the fabrication technology used: (i) ultrasonic spray coating set up. (ii) Nozzle path of the USSC. (d)
Fabrication steps incorporating the Au-NPs onto the OLEDs: (i) spin coating of PEDOT:PSS as the hole injection layer. (ii) USSC of Au-NPs. (iii) Spin
coating of PEDOT:PSS to vary the gap between the Au-NPs and active layer. (iv) Spin coating of super yellow as an active layer. (v) Spin coating of
PEIE as electron injection layer. (vi) Thermal evaporation of aluminium as the cathode.

spatial effect of PNPs and the fluorophore, because fluorescence
from a molecule directly absorbed onto the surface of a PNP is
strongly quenched,*** which could be due to the Foster energy
transfer or coupling to higher modes which decay faster.***¢
Owing to the potential to control the transition rates between
the quantum states, size and ease of incorporation of the PNPs,
these are explored in organic electronics devices like organic
photovoltaics,”” organic light emitting devices,’**' organic
photodetectors® and organic transistors.”>** The optical out-
coupling magnitude of the OLEDs does depend on the quantum
yield of the fluorophore and hence is easy to investigate the
footprint of PEF over the radiative decay path. Intrigued by this,
there is a growing interest in considering PNPs in the hole,
electron injection layers, and also inside the OLEDs’ active
layer.>»*%” The size, shape,***"***! and surface coverage®**3**
of nanoparticles and the emission spectrum of the active
material, determine the potency of using nanoparticles to
amplify the light output. Also, PNPs like gold, silver, and plat-
inum for improved charge injection®**** and transport®
properties in OLEDs are very hard to ignore. However, there
exist three areas of concern for PNP use in OLEDs: (1) incor-
porated PNPs should not deter the electronic properties of
OLEDs; (2) the field coupling of the nearby nanoparticles would
result in plasmonic hot spots which are good for PEF, however,
they would also constrain the charge transport in the OLEDs; (3)
to avoid metal enhanced fluorescence quenching, the PNPs
must be separated from the fluorophore by a buffer layer.

To tackle these challenges, polystyrene sulfonate stabilised
spherical gold nanoparticles (15 nm) are synthesized for this
study. Gold nanoparticles are selected because of their unique
properties like higher chemical, physical and photo-stability,
easily polarizable conduction electrons, ease of amplifying the

© 2023 The Author(s). Published by the Royal Society of Chemistry

EM field on the nanometre scale, and a multitude of optical
properties related to surface plasmons. The 15 nm size of the
nanoparticle is chosen based on the superior absorption cross-
section compared to the scattering cross-section, also the
localized surface plasmon resonance of these nanoparticles in
a poly(3,4-ethylenedioxythiophene) polystryrene sulfonate
(PEDOT:PSS) surrounding medium redshifts to 548 nm, which
closely matches with the super yellow light emission. The
choice of polystyrene sulfonate as a stabilizer is to favour the
electronic properties of the organic semiconducting layers like
PEDOT:PSS. For an OLED device architecture of ITO/
PEDOT:PSS/SY/PEIE/AL, (where SY = super yellow, PEIE =
polyethylenimine ethoxylated solution, AL = active layer) poly-
styrene sulfonate stabilised gold nanoparticles were deposited
inside the PEDOT:PSS at a required surface coverage to optimize
fluorescence and to minimize the charge blocking by field
coupling of Au-NPs.

The spatial dependence of plasmon enhanced fluorescence
was investigated by depositing the Au-NPs at different distances
from the active layer using roll-to-roll compatible ultrasonic
spray coating technology (USSC). USSC has shown its versatility
in depositing thin films for solar cells,’*** organic light-
emitting diodes® and sensors® with the added advantage of
achieving minimum material waste. There are several tech-
niques to study plasmon-enhanced fluorescence such as
fluorescence-lifetime imaging microscopy,® ultra-high time-
resolved fluorescence spectroscopy,® time-correlated single-
photon counting,* tip-enhanced Raman spectroscopy,® shell-
isolated nanoparticle enhanced fluorescence,*® shell-isolated
nanoparticle enhanced Raman scattering,” tip-enhanced
near-field optical microscopy®® and multi photon fluores-
cence.”® Two-photon fluorescence (2PF) is more sensitive and
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provides a more favourable signal-to-noise ratio® resulting in
lower measurement errors. Also, the photobleaching is low with
2PF compared with one photon measurement systems,* and
the 2PF measurement system can perform a Z-scan, ie. can
excite the plasmonic nanoparticle locally and hence eliminate
the signal emanating from the surrounding matrix. Compared
to time resolved photoluminescence, the 2PF showcases key
advantages: (a) it allows for the study of nanoparticles buried
deep inside the layers, as the excitation of fluorescence occurs at
longer wavelengths where the absorption of light by these layers
is lower at longer wavelengths; (b) since the excitation of fluo-
rescence occurs at a very specific location within the sample, the
two-photon fluorescence measurements allows for more precise
imaging of small structures and processes therefore it has
higher spatial resolution than TRPL decay measurements.

Therefore, in the present work, at first, extensive simulations
are performed to investigate the influence of near field
enhancement, and localized surface plasmon resonance for
different sizes of the nanoparticles in different surrounding
mediums. This is followed by depositing the Au-NPs at the
required surface coverage using the USSC. Later the PEF from
the Au-NPs embedded architecture is for the first time investi-
gated by 2PF and the effect of PEF over the OLED performance
parameters is investigated in detail. The use of USSC to deposit
the Au-NPs at will, and the ease of investigating the PEF in an
Au-NPs incorporated organic optoelectronic device by 2PF,
provide an innovative and faster way to study the performance
enhancement of PNP embedded organic optoelectronic devices.
The optimized surface coverage of the PSS stabilized Au-NPs for
glass/Au-NPs/(with or without) PEDOT:PSS/SY architecture,
resulted in a 2-fold enhancement in the multi photon fluores-
cence. When the same scheme is incorporated into the
complete OLED architecture of glass/ITO/PEDOT:PSS/Au-NPs/
PEDOT:PSS/SY/PEIE/AL, the OLED’s electroluminescence,
external quantum efficiency, illuminance and luminous efficacy
are uplifted significantly compared to the standard devices
without nanoparticles.

Materials and methods

Materials

Gold(m) chloride hydrate (HAuCly), sodium citrate (Na citr.),
poly(ethylene glycol)methyl ether thiol (avg. MW 800) (PEG-
MET) and poly styrenesulfonate (avg MW = 4300) (PSS) were
purchased from Sigma. ITO coated glass substrates were
purchased from BIOTAIN Hongkong co. limited (thickness
135 nm 4 5 nm, with a resistance of 10-15 Qq " with a trans-
mittance of >85%). Poly(3,4-ethylenedioxythiophene) poly-
styrene sulfonate (PEDOT:PSS, grade Al 4083) was purchased
from Heraeus. Super yellow light emitting PPV copolymer (SY),
polyethylenimine, 80% ethoxylated solution (PEIE, 37% wt% in
H,0) were purchased from Aldrich.

Synthesis of PSS stabilized Au-NPs

The plasmonic Au-NPs were synthesized using the Turkevic
method,** and for PSS stabilization, 0.250 g PSS was added to
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50 ml AuNP solution and shaken for 2 h. The mixture was then
centrifuged at 15 000 rpm for 30 min, removing as much of the
supernatant as possible, the precipitate was then redissolved in
50 ml water and vortexed for 1 min. This procedure was
repeated one more time.

Fabrication of devices for 2PF

To investigate the influence of PNPs on fluorescence enhance-
ment, three sets of samples are prepared. One without PNPs
where only the active layer super yellow (SY) is spin coated (STD
sample). In a second set, the PNPs are deposited on a glass
substrate using USSC (details of USSC and ink preparation of
the PNPs are given in other sections of the Materials and
methods section) followed by spin coating of SY. The third
sample consists of USSC of PNPs on the glass substrate, fol-
lowed by spin coating of 10 nm PEDOT:PSS, followed by spin
coating of SY.

Fabrication of standard OLEDs

The super yellow (SY) solution was prepared inside a glove box
by adding 20 mg of SY light emitting PPV copolymer, onto 4 ml
of chlorobenzene and then stirring vigorously overnight at 50 ©
C. PEIE solutions were prepared from 0.1 ml of poly-
ethylenimine, 80% ethoxylated in 35 ml of IPA and stirred for
2 min. Pre-patterned ITO substrates were thoroughly rinsed
using acetone to eliminate the leftover organic substance
resulting from the removal of plastic encapsulation on the ITO
substrate. The substrates were rinsed in soap solution before
the 30 min ultra-sonification in a soap solution, followed by
ultra-sonification in deionized water for 20 min, and acetone
and isopropanol alcohol (IPA) for 10 min each. Later the
substrates were dried with compressed nitrogen. Finally, 30 min
of exposure to UV and ozone completes the cleaning procedure.

Using a chromafil 0.45 pm filter, 40 nm PEDOT:PSS is spin-
coated onto the ITO substrate at 3000 rpm. The substrates were
then annealed for 15 min at 130 °C under atmosphere to
completely dry the film and reduce the free volume between the
polymer chain and hence increase the crystallinity and
mechanical stabilization of the polymer. The samples were then
sent to a nitrogen-filled glove box maintained under O, at less
than 0.1 ppm and H,O less than 0.1 ppm, where the active
material, 80 nm SY is spin-coated at 750 rpm. These substrates
were then annealed at 50 °C for 10 min. This is followed by
a spin coating of 10 nm PEIE at 2000 rpm. Later, the samples
were transferred into an evaporation chamber where 80 nm of
aluminium is thermally evaporated at an evaporation rate of 0.2
As.

Fabrication of Au-NPs incorporated OLEDs

The fabrication of Au-NPs incorporated OLEDs is almost the
same as the way standard OLEDs are made, however, instead of
pure PEDOT:PSS, a sandwich structure containing PEDOT:PSS/
Au-NPs/PEDOT:PSS (total 40 nm) is fabricated on ITO
substrates. PEDOT:PSS is spin coated whereas the Au-NPs are
deposited by USSC, here, the thickness of PEDOT:PSS is varied

© 2023 The Author(s). Published by the Royal Society of Chemistry
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to change the vertical position of the Au-NPs from the active
layer.

Ink formulation for USSC

For ultrasonic spray coating, different solutions containing 2, 4,
8,12, 16 and 20 ml of Au-NPs in 40 ml of IPA were ultrasonicated
for 20 min before the ultrasonic spray coating. 8 ml Au-NPs in
40 ml of IPA gave an optimized result and hence surface
coverage is varied by varying the number of passes of 8 ml Au-
NPs in 40 ml of IPA.

Ultrasonic spray coating

A spray coater from Sono-Tek corporation, equipped with an
impact nozzle was used for spray coating. A programmable
25 ml syringe pump acts as a reservoir for the Au-NPs, which is
connected to the atomizing nozzle by tubing. The customized
programme controls the distance between the nozzle and
substrate (%), path speed, number of passes, solution infusion
rate and x-y-z motion of the nozzle. A 0.45 pm filter is utilized to
filter Au-NP inks before they are introduced into a 25 ml syringe.
The USSC nozzle was actuated at 120 kHz frequency at
a generator power of 3.2 W. For all sets of experiments, a path
speed of 10 mm s ', area spacing of 10 mm and nitrogen
shroud pressure of 2 kPa above the atmosphere, are main-
tained. Shroud pressure and substrate to nozzle distance
determined the spray width. Substrate temperature, nozzle to
substrate distance and Au-NPs infusion rate were varied and the
optimized values of 30 °C, 6 cm and 0.3 ml min~* were stan-
dardized, respectively. For the optimized parameters, the spray
width was ~1.5 cm. To change the surface coverage only the
number of passes is varied by keeping all the above-mentioned
parameters constant.

Characterization

AuNP’s were characterized by UV-Vis (PerkinElmer Lambda 900)
and transmission electron microscopy (TEM). The surface
morphology and the thickness of the PEIE were measured by
Bruker’s atomic force microscopy (AFM) with an atomic reso-
lution of less than 0.030 nm and an ultra-low noise level of
cantilever deflection detection system which is less than 2PM
RMS. Keithley’s 2401 source meter and Avente’s integrating
sphere spectrometer are used to measure, the current (I),
voltage (V) and luminous flux (L) of the fabricated OLEDs. A
home-made Si photodetector connected to a Keithley’s 2400 was
used to measure the external quantum efficiency (EQE). COM-
SOL multiphysics software was employed to simulate the
interaction of EM waves with the nanoparticles. Photo-
luminescence quantum yield (PLQY) experiments on spin
coated films were performed using an integrating sphere
(Thorlabs 1S200-4). A high-radiance broadband light source
(Energetiq, EQ99 LDLS) in combination with an appropriate
band-pass filter was used for photo-excitation with blue light.
The integrated sphere was connected with a CCD spectrograph
(Avantes, Avaspec-3648) via an optical fibre (600 pm diameter).
All spectra were corrected for the spectral response of the sphere
and the detection system was determined using a calibrated

© 2023 The Author(s). Published by the Royal Society of Chemistry
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light source (Avantes, AvaLight-HAL-CAL-Mini). SHG images
were obtained using an Olympus BX61 WI-1200-M system. Laser
excitation was delivered by an insight DS+ laser system (Spectra-
Physics) producing a horizontally polarized beam at 80 MHz
frequency and 120 fs pulse width. Laser power was modulated
using an achromatic half-wave plate and a Glan-Taylor polar-
izer, producing a vertically polarized beam. Subsequently,
a quarter-wave plate at 45° was used to produce a circularly
polarized beam entering the microscope. Laser power typically
in the mW was used at the sample location. The laser excitation
wavelength of 1000 nm was used, which was focussed onto the
sample using a 40x water immersion objective (Nikon CFI APO
NIR, 0.80 NA, 3.5 WD). SHG was detected both in the forward
and backward direction, using a non-descanned geometry, with
Hamamatsu R3896 photomultiplier tubes. Both paths used
a filter cube with a 470 LPXR dichroic mirror for two-photon
excited fluorescence and a 450/7 bandpass filter (Chroma) for
SHG.

Results

The synthesized Au-NPs had an average diameter of 15 nm
which is shown in the TEM image (inset Fig. 1b) as well as with
the UV-visible measurements Fig. 1b. The latter exhibits the
localized surface plasmon resonance (LSPR) peak at 520 nm
which corresponds to a 15 nm diameter for nanoparticles.**

Fig. 1c, shows the schematic diagram of the USSC used to
deposit the Au-NPs. The sequence of fabrication for the
different architectures used to investigate the influence of Au-
NPs upon fluorescence enhancement by 2PF, and OLED
performance parameters, are given in the Materials and
methods section. Fig. 1d shows the sequence of fabrication of
the devices for 2PF and OLEDs, where, steps (i), (iii), (iv) and (v)
are performed by spin coating. Steps (ii) and (vi) use USSC and
thermal evaporation, respectively; i.e. PEDOT:PSS, SY and PEIE
are deposited by spin coating, gold nanoparticles are deposited
by USSC and contact electrode, and aluminium is thermally
evaporated. For 2PF, the sequence proceeds up to step (v),
whereas for OLEDs, the fabrication is continued till the evapo-
ration of aluminium, step (vi).

The interaction of the electromagnetic wave with the plas-
monic nanoparticles in a different medium is studied by the
combination of Mie theory and the equations given by Old-
enburg.®® Fig. 2a shows the influence of the size of the nano-
particles over the ratio of absorption to scattering cross section,
and Fig. 2b shows the influence of the size of the nanoparticles
and the refractive index of the surrounding medium on the
localized surface plasmon peak. The 2D finite difference time
domain was utilized to simulate the field enhancement on the
surface of the nanoparticles inside a PEDOT:PSS medium,
Fig. 2c. At a diameter of 15 nm, the spherical Au-NPs inside
a PEDOT:PSS medium exhibit a superior absorption cross
section compared to the scattering cross section, Fig. 2a. Also at
this diameter, the LSPR peak redshifts to 548 nm, Fig. 2b. From
the near field enhancement simulation, at resonance, it is
found that on the surface of an Au-NPs in the PEDOT:PSS
surrounding medium, a near field enhancement of ~10

Nanoscale Adv., 2023, 5, 1750-1759 | 1753
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Fig. 2 Light—plasmonic nanoparticle interaction and its effects on the nearby fluorophore. Calculated contour plots for spherical gold nano-
particles of different size, excited at different wavelengths in PEDOT:PSS surrounding medium: (a) ratio of absorption cross section to the
scattering cross section; (b) dependence of the localised surface plasmon resonance on the size of the nanoparticles as well as on the refractive
index of the surrounding medium:; (c) local field enhancement compared to the incoming field from electromagnetic waves. (d) SHG-2PF 50 um
Z-stack at 1000 nm at 2.947 mW measurements exhibit a 2-fold increase in fluorescence intensity upon using PNPs. Inset, the architecture of the
device used for the 2PF measurements. (e) Jablonski diagram representing various excitation and relaxation pathways for the fluorophores with

and without PNPs. Where E = excitation, £, = plasmon excitation rate.

compared to the incoming electromagnetic wave is achieved,
Fig. 2c. This antenna effect could enhance the fluorescence
from the fluorophore if the emission peak of the fluorophore
matches with the surface plasmon peak of the Au-NPs. Since the
near field enhancement decreases rapidly away from the Au-
NPs, the influence of the near field enhancement on the radi-
ative recombination of the fluorophore will be less than 10, and
depends on the distance between the nanoparticles and the
fluorophore.

The fluorescence enhancement of the fluorophore (super
yellow) upon incorporation into plasmonic Au-NPs is examined
by a two-photon microscope, with an excitation wavelength of
1000 nm - the particular choice of excitation wavelength to
excite both the nanoparticle and the super yellow®® and the
second-harmonic of the laser wavelength, i.e. 500 nm - will
interact with both nanoparticles and super yellow. In multi
photon fluorescence (MPF), two or more photons are simulta-
neously absorbed to cause a higher energy electronic transition
in a fluorescent molecule, in our case SY.

Three device architectures are studied by 2PF microscopy:
glass/SY (STD), glass/AuNPs/SY and glass/AuNPs/PEDOT:PSS
(10 nm)/SY. As can be seen in Fig. 2d, a 2-fold increment in
the multi photon fluorescence (MPF) is observed upon incor-
porating the Au-NPs, compared to the standard sample (STD).
We have to note here that Fig. 2d is not a spectrum, instead it is
just the 2PF intensity (measured with a photomultiplier tube) as

1754 | Nanoscale Adv, 2023, 5, 1750-1759

a function of slice depth. To understand if 15 nm gold nano-
particles are sufficiently large to show multi photon absorption,
the logarithmic plot of the laser power versus emission intensity
for the three different configurations is conducted and is shown
in ESI Fig. 1.1 Here all three configurations show slopes above 2,
which represents the multi photon process.®” Since the study
focuses on the influence of plasmons on fluorescence, hence-
forth in this article, the Au-NPs will be referred to as plasmonic
nanoparticles (PNPs).

The observed 2-fold increment in the fluorescence can be
explained as: both the PNPs and SY become excited upon
exposure to the EM waves from the MPF laser, and the
combined effects lead to the increase in MPF. But Fig. 2d shows
only the incorporated PNPs induced and amplified by MPF in
the SY. Therefore, the impact of the plasmons on the fluores-
cence mechanisms must be understood in detail.

The plasmon contribution to fluorescence could be eluci-
dated considering the quantum yield. The relaxation rate for
a fluorophore is denoted in terms of quantum yield, Q, given by
eqn (2).** With the plasmon modified fluorescence, the
quantum yield becomes,®®

Qp = (k + kp)/(k + knr + kp + kp,nr) (3)

where, Qp, k, and k,,. represent the plasmon modified
quantum yield, radiative and non-radiative decay rate,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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respectively. Here the plasmon enhanced radiative decay
contributes positively to quantum yield whereas the plasmon
enhanced non-radiative decay rates give rise to plasmon
enhanced quenching of the fluorophores. To understand the
limits of the plasmon enhanced quantum yield/quenching let
us consider

Fraga = kplk (4)
as plasmon enhanced radiative recombination rate and
Fnon-rad = kp,nr/knr (5)

as plasmon enhanced non-radiative recombination rate. By
substituting eqn (4) and (5) in eqn (3), we obtain

Qp = Q(l + Frad)/(l + Fnon—rad + Q(Frad - Fnon—rad)) (I'Cf. 69) (6)

Fig. 3a and b, represent a contour plot of Q, in comparison to
Q. In Fig. 3a, Fonrad i plotted against intrinsic quantum yield
by considering that F,,q equals 10, and in Fig. 3b, Fyon-rad iS
plotted against F,,q by considering the internal quantum effi-
ciency of super yellow in a condensed phase. As is evident from
Fig. 3a, there exist two distinct regions depending on the Fyop-
rad compared to Fyaq. FOr Fhonrad > Frad, plasmon enhanced
quenching dominates, whereas for Fhon.raa < Frad, plasmon
enhanced quantum yield overrides the quenching. However, it
is also clear from Fig. 3a that, as Q approaches unity, the ability
to improve Q, reduces even if Fyonraq reduces to nil. The
influence of Fj,on-rad OVer Fraq is also shown in Fig. 3b, for a given
fluorophore, the plasmon enhanced quantum yield increases by
increasing Fi,q in contrast to Fyon-rad- Therefore, an increase in
the fluorescence intensity observed in Fig. 2d must be due to an
enhancement in the radiative decay pathways compared to non-
radiative decay pathways, hence plasmon enhanced
fluorescence.

0.2 0.4 0.6 0.8 1
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The previous discussion is based on the PNPs being excited
at their LSPR wavelength, and at LSPR conditions the contri-
bution from both absorption and scattering is present.
However, in the present case, the influence of the scattering is
limited as the size of the PNPs used is 15 nm, therefore the
contribution is more because of absorption, Fig. 2a. The
increased absorption leads to enhanced electric near-field
intensity around the PNPs. When the fluorophore is closer to
the PNPs, an additional intensity of the electric field (plasma
enhanced field intensity/E*/, induces local density of optical
state) interacts with the fluorophore E,,, and additional relax-
ation pathways are created, kp, kp nr, (Fig. 2€). This allows the
fluorophore to decay radiatively, or non-radiatively along with
the initial relaxation pathways. At the optimized gap between
the PNPs and fluorophore, the Fyonraa becomes insignificant
and F,q dominates, and enhanced fluorescence is seen, if not,
the fluorophore experiences plasmon enhanced quenching.
Therefore, the PNPs separated from SY by PEDOT:PSS should
give enhanced fluorescence compared to other samples.

However, for both cases of incorporating the PNPs, almost
the same behaviour is seen. This might be because the
PEDOT:PSS spacer will induce an enhancement very locally,
which is not observable with the microscope. Nevertheless, if
the OLED architecture is designed well, by analysing the
performance of the OLEDs it should be possible to conclude
that the enhanced fluorescence is due to the reduction in non-
radiative recombination. The plasmon enhancement in OLEDs
could be understood as, upon electrical excitation, the electron—
hole pair in the active layer, SY, would recombine and emit light
at a certain wavelength, and if the designed nanoparticles have
a localised surface plasmon resonance (LSPR) wavelength close
to the emitted radiation wavelength, then the LSPR is activated.
This LSPR then indeed increases the absorption and generates
the field around the nanoparticle, which will later participate in
altering non-radiative recombination pathways, &, . and also
create a new radiative recombination pathway, ky,.

20 40 e 60 80 100
F raa

Fig. 3 Plasmon enhanced quantum yield efficiency by: (a) keeping the plasmon enhanced radiative recombination constant at 10, with the
plasmon enhanced non-radiative recombination and the intrinsic quantum yield of the fluorophore varied (Re simulated with permission from
ref. 69, Copyright 2014, American Chemical Society); (b) keeping the intrinsic quantum yield of the fluorophore, in this case super yellow,
constant at 20% and the plasmon enhanced radiative and non-radiative recombination is varied.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fabrication of PNP incorporated OLEDs is shown in Fig. 1d,
where PNPs are deposited using USSC. The surface coverage of
the PNPs in an optoelectronic device is crucial because the field
coupling between the closely spaced PNPs could induce an
energy barrier to the mobility of the charges inside the device.
Therefore, a COMSOL simulation is performed to investigate
the same. The Au-NPs are placed in an envelope of PEDOT:PSS,
with the illumination of light around 540 nm. Here the distance
between the PNPs is varied and the influence of field coupling is
simulated. It can be seen from Fig. 4a(i-iv), the closer the PNPs,
the stronger the field coupling, and as the distance increases
between the nanoparticles, the field coupling also reduces. The
field coupling is almost negligible when the distance between
the PNPs is around 3.5 times the diameter of the NPs. These
results follow the Yamaguchi theory.®*”® Therefore, the surface
coverage of the PNPs is kept around ~2% to follow the Yama-
guchi theory of field coupling and thereby enhance the charge
transport properties in the OLEDs.

View Article Online
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As elucidated in the previous section, upon incorporation of
PNPs, the charge transport properties are altered in an organic
semiconductor material, in our case, PNPs in PEDOT:PSS.
Therefore a hole-only device consisting of ITO/PEDOT:PSS (with
or without Au NPs)/MoO;/Ag (Fig. 4e inset) is fabricated to study
the charge transport, and using space charge limited current at
low voltage,”™ hole mobilities are approximated.
kgT V,
—pu

J = 4x? £ )

The hole mobilities were measured, upon incorporating the
PNPs, and were found to be 7.7 x 10™° cm? V' s~ whereas the
reference sample possessed hole mobility of 1.3 x 107> cm> V™"
s~'. This enhancement in the hole mobility is due to the iso-
lated work function of gold nanoparticles around 5.1 eV,*>”?
which promotes hole injection or transport onto the HOMO
level of the PEDOT:PSS and the surface coverage of 2% did not

(3 e ] x10*
(ii) o (i) i (V) ™ e
7 5 5
0.8 6 4 A
5
0.6 3
4 3
04 3 Z 2
2 1 1
0.2
1 0 o
o
o 1 1
1
0.2 2 2 2
(b) (© ()]
1 - s
Ref.
——O0nm — AL 24
_ ——10mm —AL[ & Vx“
] 20 nm — AL ‘:’ 6 IZ:."’ b,
- 30 AL ¥
E 30 nm — g 4 ‘;;‘o 0g3
g &7 nunus,
g £ A
Zo054 5 44 oF "l--..
E 2 - S,
3 H you e TR
[ S3] &
- = »
£ 3 r —=— Ref.
£€21Jd ® 0nm— AL
Y P} ’ 410 nm — AL
b t! v 20 nm — AL
.

°

30 nm — AL
T

T
500

&

T 0 T T T
600 700 800 2 3

4 s 6
Voltage (V)

( ) (f) Wavelength (nm) ( )
€ g
1000 38 — e
= Ref. —=— Position of Au-NPs 5k —=a— Position of Au-NPs
1004-® Onm— AL #—Ref. = #— Ref.
Y e 10 nm — AL 4
o 1+ 20mm—AL = ]
E 1] ¢ 30mm—aAL Z 36+ s
< = 5 19k
E o014 = =
B 21 g
Z 001 | 2 2 2k & o
H 1 k3 g a
S € s | @ 4, ] =
= 0.001 o < o il g B
B 10 / H 317k
£ IE-4 o . é / E a3 =
2 - =
~ 1ESs4 H / =] 16k 4
£ —Ref
4 3104/ l -~ 100m - AL 324
1E-6 4 : T 15k
Voltage (V)
; 31 T T T T T

1E-7 T T T T
2 6 8 0 10

30 0 20 5 30

2 4
Voltage (V)

20
Distance from the active layer (nm)

s 10 15 28
Distance from the active layer (nm)

Fig. 4 (a) Simulation on the PNPs enclosed in a PEDOT:PSS envelope by COMSOL multiphysics. The distance (D) between the Au-NPs is varied
and the simulation clearly shows the influence of surface coverage on the field coupling: (i) D = 3 nm, (ii) D = 5 nm, (iii) D =10 nm, (iv) D = 20 nm
and (v) D = 30 nm. (b) Architecture of the OLEDs used in the present study. (c—g) Performance parameters for the PNPs incorporated OLEDs,
wherein the position of the AL, SY and PNPs are varied: (c) electroluminescence curve, (d) external quantum efficiency, (e) current density vs.
voltage, (f) luminous efficacy and (g) illuminance comparison.
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influence the charge transport behaviour. Also, the stabilizer
used for PNPs is PSS, which is a key ingredient in the
PEDOT:PSS solution and hence does not restrict the mobility of
holes. Buoyed by the fluorescence and hole mobility enhance-
ment, the OLEDs are built for superior performance. The
performance parameters - like electroluminescence, current
density, external quantum efficiency, luminous efficacy and
illuminance - are studied. The influence of PNPs and their
vicinity to the fluorophore of the active layer is investigated by
varying the space between them by varying the thickness of
PEDOT:PSS. Five different sets of samples were built: (1) refer-
ence sample without the PNPs, (2) PNPs directly deposited on
the active layer, (3) gap of 10 nm, (4) gap of 20 nm and (5) gap of
30 nm between the PNPs and fluorophore. Due to the layer-by-
layer deposition of the PEDOT:PSS/gold nanoparticle/
PEDOT:PSS, it is expected that the underlying layer is washed
away due to the use of water as a solvent in PEDOT:PSS. To
understand this, contact angle and atomic force microscopy
measurements (AFM) were performed. The results are shown in
ESI Fig. 2,7 which shows that upon depositing gold nano-
particles on PEDOT:PSS, the water contact angle increases to
41° compared to the water contact angle of only PEDOT:PSS
(15°). This shows that the gold nanoparticle decorated
PEDOT:PSS layers are comparatively hydrophobic, which avoids
the dissolution of the underlying PEDOT:PSS layer. The
morphology and surface roughness (R,) from the AFM images,
shows that after the deposition of the first layer of PEDOT:PSS
the R, is 1.8 nm, and with gold nanoparticles deposited on top
of the PEDOT:PSS the R, is 2.1 nm, then finally the PEDOT:PSS
on top of gold nanoparticles exhibits an R, of 1.7 nm. There is
no significant change in the R,, indicating that there is no
dissolution of any layers upon layer-by-layer deposition. Both
the contact angle and AFM results confirm that there is no
dissolution of the underneath deposited layer.

Among the five different sets of OLEDs, as expected for
sample 2, the direct energy transfer from the fluorophore to the
PNPs, via Forster energy transfer® results in plasmon-enhanced
quenching which results in reduced OLED performance,
compared to other devices. The nanoparticles spaced 10 nm
away from the active layer showcased superior performance
compared to all the other devices, with an EQE of 7.22% and
luminous efficacy of 37.15 Im W™ ' compared with the reference
samples EQE of 5.3% and luminous efficacy of 33.1 Im W™ (Fig.
4d and f). This enhancement in the OLED performance
parameters could be explained by considering the fluorescence
intensity, current density, and illuminance measurements.

As seen from the 2PF measurements, the PNP devices
showed enhanced fluorescence (Fig. 2d) but could not differ-
entiate between the plasmon enhanced absorption and plas-
mon  altered decay path for the fluorophores.
Photoluminescence quantum yield measurements were per-
formed to examine the contribution between the absorption
and decay path, and the results are shown in ESI Fig. 3 .
However, due to the photobleaching upon irradiating with blue
light, the distinction between the absorption and decay path
could not be made. The absorbance and photoluminescence
spectra depicted in ESI Fig. 31 show that there is no charge

© 2023 The Author(s). Published by the Royal Society of Chemistry
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transfer between the nanoparticles and the fluorophore, and
the incorporated Au-NPs are not acting as impurities. The
absorption of the super yellow peaks around 443 nm hence will
not lead to an increase in EQE. Therefore, an enhancement of
nearly 40% EQE (Fig. 4d) could be due to: (1) far-field coupling
and (2) near field coupling. As the size of the nanoparticles was
15 nm, the far-field coupling is suppressed, ie., negligible
contribution from the scattering. Therefore, the enhanced EQE
indeed has to do with altering the decay channels, k;,, and kp nr-
A favourable condition for the near field coupling with the
dipole of the fluorophore is achieved due to the plasmons, and
it creates an additional radiative decay path, k;,. The near field
coupling is also visible with devices where the distance between
the fluorophore and the plasmonic nanoparticles is varied, as
the gap between the fluorophore and PNPs increased further,
the coupling between the near field and dipole of the fluo-
rophore reduces and hence the OLED performance improves.
Also, the current density for all devices remains almost the
same (Fig. 4e), i.e., the increased current is not responsible for
the visible EL and illuminance enhancement (Fig. 4c and g).
Therefore, a sweet spot of a 10 nm gap is required for the
effective near field coupling of PNPs with the dipole of the flu-
orophore. Finally, a layer-by-layer deposition of PNPs, ie.
OLEDs with PNPs positioned simultaneously at 10 nm and
30 nm away from the active layer is built. The device architec-
ture is shown in ESI Fig. 4.7 However, there was no increase in
either illuminance or efficacy of the OLEDs. One possible
explanation could be due to the vertical closeness of the PNPs
when deposited layer by layer which resulted in close pathways
for the additional current to flow. This would increase the
current density at low voltage as well as high voltage. From ESI
Fig. 4,7 it is evident that the injection at low voltage and high
voltage is higher than the standard device. Therefore, this
confirms the presence of the short channels created for the
transport of charges by the randomly placed layer by layer PNPs.
Finally, ESI Fig. 5 and 67 confirm that the plasmon enhanced
light emission properties of the OLEDs are responsible for the
observed enhancement in the light emission characteristics of
the Au-NP incorporated devices, rather than the thickness of
PEDOT:PSS and the alcohol treatment of the PEDOT:PSS.

Conclusions

In this work, 15 nm PSS stabilized Au-NPs were synthesised
based on the calculated LSPR peaks and simulated near field
enhancement which would be activated by the emission from
the fluorophore. To enhance the hole mobilities inside an
OLED, the surface coverage of the Au-NPs was optimized by the
novel ultrasonic spray coating. The plasmon enhanced decay
channels for the fluorophore in the presence of the optimized
PNPs are investigated first by a 2PF microscope and later by the
external quantum efficiency of the OLEDs. The observed 2-fold
increment in the multi photon fluorescence intensity by the 2PF
microscope combined with the obtained 40% increment in EQE
for PNPs positioned 10 nm away from the fluorophore, exhibits
an additional radiative decay path generated by the PNPs. Also,
with the COMSOL simulation, it was seen that the surface
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coverage of the PNPs would induce field coupling between the
PNPs, which later could alter the charge transport behaviour in
organic semiconductors, therefore a surface coverage of ~2% of
PNPs deposited by USSC was optimized for, and used in, an
OLED. The vertical position of 10 nm and surface coverage of
~2% of PNPs exhibited the superior fluorescence, EQE, illu-
minance and luminous efficacy of the OLEDs. With this scheme
of incorporating nanoparticles at an optimized position and
surface coverage, achieved with the help of USSC, the perfor-
mance of other fluorescent OLED systems can also easily be
enhanced. The 10 nm gap between PNPs and the active layer
resulted in a 33%, 20% and ~40% increase in the electrolu-
minescence, luminous efficacy and external quantum effi-
ciency, respectively. Therefore, the simulation on the influence
of the surrounding medium over the shift in LSPR peak wave-
length of the Au-NPs as well as the field enhancement for
different sizes of the nanoparticles, facilitates the selection of
a particular nanoparticle for a specific light emission applica-
tion. The plasmonic organic optoelectronic device scheme
shown in this study shows for the first time the ease at which
a 2PF microscope could investigate the PEF in an organic
optoelectronic device without requiring tedious sample prepa-
ration. Also, the use of USSC for the first time to deposit the Au-
NPs at will, and its control over the surface coverage, provides
a new way of improving the performance of optoelectronic
devices like solar cells, light emitting diodes and transistors, by
incorporating PNPs with low-cost USSC technology.
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