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Colloidal semiconductor nanoplatelets (NPLs) are a subgroup of quantum confined materials that have
recently emerged as promising active materials for solution processed light-emitting diodes (LEDs) thanks
to their peculiar structural and electronic properties as well as their reduced dimensionality. Nowadays,
the conventional structure for NPL-based LEDs makes use of poly(3,4-ethylenedioxythiophene) poly-
styrene sulfonate (PEDOT:PSS) as a hole transporting layer (HTL). This is a well-known conjugated con-
ductive polymer because it leads to high LED efficiency, though it has limited stability in air due to its
intrinsic acidity and hygroscopicity. Here, we develop a nanocomposite aqueous ink, obtained by blending
commercial PEDOT:PSS with water-based, stable and highly concentrated molybdenum disulfide (MoS,)
nanosheets, obtained via liquid phase exfoliation (LPE), which is suitable as a HTL for solution processed
NPL-based LEDs. We demonstrate that the MoS, additive effectively works as a performance booster in
unpackaged devices, thereby prolonging the lifetime up to 1000 hours under ambient conditions.
Moreover, the addition of MoS, induces a modification of the anode interface properties, including a
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Introduction

Colloidal quantum confined materials are solution-processa-
ble semiconductor nanocrystals'> that allow emission wave-
length tunability by size modification and narrow emission
linewidths.*>™ In particular, a new promising class of solution-
processable materials, CdSe/CdZnS NPLs, has been used in
LEDs due to their easy control on the synthesis procedure and
their high color purity. So far, more attention has been
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change in the work function and a significant enhancement of the permittivity of the HTL.

devoted to pursuing record efficiencies with these materials
rather than towards stable devices, frequently encapsulating
them to avoid air exposure, rendering the production process
more expensive.®’

Beyond the intrinsic performance of the emitter, other
interfacial layers at the anode (hole transporting layers/elec-
tron blocking layers, HTLs) and at the cathode (electron inject-
ing layers/hole blocking layers, EILs) interfaces need to be
incorporated in the device architecture. These interlayers are
an effective tool to optimize the charge injection selectivity
and to reduce non-radiative recombination and contact
resistance,® ' thus favoring charge carrier balancing and
exciton confinement into the emitting layer. PEDOT:PSS is the
most used conducting polymer as a HTL because it is commer-
cially available, it features a work function (WF ~ —5.2 eV) that
well matches with that of the transparent anode (i.e. indium
doped tin oxide - ITO), it is easily processable from aqueous
solution by spin coating deposition techniques, and it allows
for achieving record efficiencies in LEDs® and optoelectronic
devices in general."> However, the hygroscopic and acidic (pH
~ 1.5) nature of PEDOT:PSS"? leads to a rapid degradation of
the device anode.™* In particular, its acidity and the absorption
of water molecules promote the etching of indium from the

This journal is © The Royal Society of Chemistry 2021
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ITO/PEDOT:PSS interface, then causing indium diffusion and
ultimately leading to fast deterioration of the device.™

Recently, other alternative HTLs have been explored in opto-
electronic devices'* such as neutral-pH conducting conjugated
polymers,'® metal oxides,'”'® carbon-based materials'® and
two-dimensional (2D) transition metal dichalcogenides
(TMDs).>*** The latter class of materials (with a general
formula of MX,, where M is a transition metal and X is a chal-
cogenide) combines energy levels that are suitable for opto-
electronics with high carrier mobilities and excellent optical
transparency.”* > Moreover, owing to the mass-scale feasibility
of the liquid phase exfoliation method,*® it is possible to
obtain a large quantity of nanosheets and easily process
them using simple approaches, such as printing
techniques.?””*®?%3%31 In both organic- and perovskite-based
solar cells, the use of TMDs led to higher power conversion
efficiency.*** Following these exciting results, TMDs have
been recently exploited as HTLs in LEDs,*>*® showing a signifi-
cantly improved charge-injection capacity in the devices and
hence, an improved energy conversion efficiency for photon
emission. Despite the good efficiency achieved, the use of
TMDs is limited by some disadvantages. For instance, TMD
deposition is hardly controllable and it usually ends up with
pinholes or inhomogeneities that create shunts in the devices.
Moreover, TMDs usually need post-treatment at relatively high
temperatures (i.e. 300 °C) and/or exposure to ultraviolet light/
ozone to adjust their WF.?*?78

An alternative strategy consists of mixing PEDOT:PSS with
TMDs. This approach has been successfully applied to solar
cells, leading to higher performance,**™** and to other kinds
of devices.”® Nonetheless, only a few works have implemented
this scheme on LEDs, but the low concentration of exfoliated
MoS, used (~0.5 mg mL™") did not allow for a fair comparison
with the reference device and/or UV-ozone treatment was still
needed.>****

In this work, we investigate the use of a nanocomposite
aqueous ink, based on a mixture of PEDOT:PSS and highly
concentrated MoS, nanosheets, as a HTL in NPL-LEDs. The
aim of our study is to understand whether the addition of
MosS, to PEDOT:PSS can improve the drawbacks of this inter-
face layer and have a positive impact on the performance of
the corresponding device. Our results show that the presence
of MoS, can influence PEDOT:PSS properties such as acidity,
hygroscopicity, work function, conductivity and permittivity.
The appropriate formulation of the ink proves the beneficial
impacts mostly on long-term higher efficiency for not-encapsu-
lated devices exposed to environmental conditions, with
respect to the reference LEDs prepared with PEDOT:PSS alone.

Results and discussion

Water-based MoS, dispersions were efficiently produced by
LPE using organic dyes as dispersant agents, as reported
earlier””*® and briefly described in the Experimental section.
This formulation, in particular, was selected because it allows
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us to achieve highly concentrated (~1 mg mL™") and stable dis-
persions in water, which therefore can be directly mixed with
PEDOT:PSS. The details of the materials characterization in
this respect are reported elsewhere.*>*” The nanosheets have
an average lateral size (<n>) of ~66 nm and a thickness (<¢>) of
~5 nm (Fig. S1f). The Raman spectrum of a spin-coated film
(Fig. S2t1) shows the two characteristic peaks of the MoS, layer,
namely, the in-plane, E12g, and out-of-plane, A;,, modes. The
frequency positions of the modes are E'54 ~ 379.4 cm™" and
Ay ~ 404.6 em™, thus revealing a frequency separation of
25.2 cm™".*® It should be noted, however, that this peak separ-
ation cannot be used to quantify the number of layers in solu-
tion-processed MoS,. The MoS, dispersion was mixed with the
PEDOT:PSS solution through a short sonication process
(10 minutes) in order to produce the nanocomposite inks
investigated. The MoS,/PEDOT:PSS solid ratios of the final
solutions were 3.3%, 6.6%, and 10%. The composite material
was deposited onto glass slides by optimizing the spin coating
conditions (see Table S17). The films obtained had a thickness
of ~30 nm and transparency >90% at 450 nm. Hence, the
addition of the MoS, ink to PEDOT:PSS does not strongly
affect the transparency, up to the amount used in this work
(Fig. S37).

Atomic force microscopy (AFM) was performed on thin
films deposited on an ITO substrate to investigate the presence
and distribution of MoS, nanosheets in the overall film.
Topography images confirmed the average size of the
nanosheets and showed a homogeneous distribution of the
MoS, flakes (Fig. 1a). The root mean square (RMS) surface
roughness of the thin films increases from 1.4 nm to 6.2 nm
with increasing content of MoS, in PEDOT:PSS.

The WFs of ITO, PEDOT:PSS, liquid phase exfoliated MoS,
and nanocomposite films were measured by Kelvin probe
force microscopy (KPFM). The values measured for PEDOT:PSS
and MoS, sheet films were similar to those reported in the
literature.*>>® Compared to the pristine PEDOT:PSS, the MoS,
WEF is slightly lower and the inclusion of MoS, nanosheets in
PEDOT:PSS can reduce the [WF| by ~0.1-0.3 eV, depending on
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Fig.1 (a) AFM 10 pm X 10 pum height images of thin films of PEDOT:
PSS (a), 3.3% MoS, (b), 6.6% MoS, (c) and 10% MoS, (d); the root mean
square roughness (RMS) is reported for each composition. (e) KPFM
measurements for PEDOT:PSS, MoS, and nanocomposite materials with
different ratios of MoS,/PEDOT:PSS spin coated on ITO and bare ITO
substrates; values were collected as a reference. Error bar + 10 meV.
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the MoS, content (Fig. 1b), thus resulting in an increase of the
energy barrier for hole injection.*’

CdSe/CdZnS core-shell NPLs were selected as an emitter for
their unique properties such as easy processability and
efficient emission with high colour purity.>> Fig. S47 shows
their optical properties and a transmission electron
microscopy (TEM) image, showing the typical size and shape
of the NPLs. NPL-based LEDs were fabricated using a direct
architecture ITO/HTL/HIL/NPLs/EIL/Al (HIL: hole injecting/
electron blocking layer). A reference device incorporating only
PEDOT:PSS as a HTL was fabricated to investigate the impact
of MoS, addition on PEDOT:PSS. All the layers were deposited
from solution by following the strategy of orthogonal solvents,
paying attention not to dissolve or damage the previously de-
posited layer. Both PEDOT:PSS and the nanocomposite material
were processed from an aqueous solution, obtaining a HTL
with a thickness of 30 nm. Poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-
(4,4’-(N-(4-sec-butylphenyl)diphenylamine)] (TFB, scheme in
Fig. 2a) is a commercial polymer acting as a HIL, preferred to
polyvinylcarbazole (PVK) as previously used®” due to its superior
stability and good hole mobility (i, > 10™* cm® V' s7'). TFB
was deposited from chlorobenzene to give a 35 nm thick film.
The red-emitting layer (40 nm) of NPLs was spin-coated from a
hexane solution to preserve the interface with TFB. The lab-
made poly[(2,7-(9,9-bis(6-diethoxylphosphorylhexyl)-fluorene)-
alt-(2,7-(9,9"-bis(6"-trimethyl-ammonium  bromide)hexyl)-fluor-
ene)]> (P1, scheme in Fig. 2b) was deposited as a EIL (25 nm)
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Fig.2 (a) TFB and (b) P1 structure schemes. (c) Flat-band energy
diagram of the devices. (d) Sketch of a sandwiched direct structure LED
and a cross section image of NPL-based LEDs (scale bar 150 nm).
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from alcohol solution, in which NPLs are not soluble due to
their oleic acid ligands.

The time-resolved PL measurements of the NPLs, TFB and
ionic polymer films indicate that the emission efficiency of the
NPLs (PL quantum yield of 40 + 5%) is unaffected by the pres-
ence of the organic transport layers.*>>* Finally, 100 nm of a
thermally evaporated bare aluminium cathode was used to
complete the devices.

The behaviour of the PEDOT:PSS-only reference device
(hereafter named device “D0”) was compared with the nano-
composite PEDOT:PSS + MoS, with different MoS, concen-
trations (3.3% in device D1, 6.6% in D2 and 10% in D3,
Table 1). Note that devices with neat MoS, as a HTL did not
exhibit a diode behaviour (not shown in the manuscript), poss-
ibly due to the extremely low conductivity of a network of
small MoS, flakes. The devices D0-3 switched on in the range
of 3-3.2 V and did not show changes either in electrolumines-
cence (EL) or in CIE parameters upon increasing the MoS,
content. The EL spectra showed a sharp profile with a peak
centred at 658 nm and a FWHM of ~28 nm (Fig. 3a and S57),
showing deep red EL, almost saturated with CIE values of x =
0.69; y = 0.28 (Fig. 3b).

External quantum efficiencies (EQEs), defined as the ratio
between the number of emitted photons and the number of
electrons injected into the device, measured under a nitrogen
atmosphere (hereafter called “starting EQEs”) are shown in
Fig. 3c. D1 exhibited higher maximum luminance (up to 2000
cd m™?) with respect to the control device (1300 cd m™?
Fig. S61), though a slightly lower starting EQE of D1 compared
to the DO device was recorded, similarly to previous obser-
vations.*® The optimal thickness of the HTL was kept constant
in all the devices and the reason for the different EQEs should
most probably be the increase of the energy barrier for hole
injection upon addition of MoS,, as evidenced by KPFM. The
possible aggregation of MoS, nanosheets in the blend with
PEDOT:PSS in D2 and mostly in D3 devices, with a rougher
interface, explains the further EQE decrease in D2 and D3.

Based on our earlier findings,*” due to the acid and hygro-
scopic nature of PEDOT:PSS, the addition of MoS, flakes to the
HTL is expected to have a strong impact on the stability of the
devices once they are transferred in air without encapsulation.
Therefore, we set up a test in which the devices were stored in
air at a temperature (T) of ~ 25 °C and the humidity (H) in the
range of ~40-60% without any kind of encapsulation or pro-

Table 1 Name, architecture and performance of the devices analysed

MoS,
content Starting Maximum (final“) EQE

Device HTL (%) EQE (%) upon air exposure (%)
DO PEDOT:PSS 0 1.57 5.37 (0.86)
D1 PEDOT:PSS + MoS, 3.3 1.23 5.01 (4.11)
D2 PEDOT:PSS + MoS, 6.6 0.97 3.31(2.09)
D3 PEDOT:PSS + MoS, 10 0.79 2.69 (1.02)

@ After a 1000 hour test.

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Comparison between PEDOT:PSS and nanocomposite PEDOT:
PSS + MoS, device performances. (a) EL normalized spectra, vertically
shifted for clarity; (b) CIE 1931 chromaticity diagram; (c) starting EQE vs.
MoS, content; and (d) EQE% vs. exposure time under ambient con-
ditions. The same color scheme is used.

tection from oxygen and/or moisture for over 1000 hours
(~40 days) and periodically measured. All the devices were
manufactured in a single set, so they experienced the same
changes under the lab atmosphere.

Up to 400 hours of exposure, the behaviours of the D0-3
devices were pretty much mutually similar and showed an
approximately 3.5 times increase in the EQE values (Fig. 3d).
This was due to the fact that in CdSe/CdZnS NPLs, it is easier
to inject electrons from the Al cathode rather than holes from
PVK; using TFB instead of PVK, the injection of holes into the
valence band of NPLs was improved while the insertion of P1
reduced the electron flow into the emitter’s conduction band.
Still, the charge carrier balance had probably not yet been
achieved. The first hours of air exposure positively impacted
the EQE of all devices because of a partial oxidation of the
P1/Al interface that modifies the electron injection properties.’>>*

If the devices are exposed for a longer time in air, the pres-
ence of MoS, in the HTL becomes critical for EQE behaviour
(Fig. 3¢, empty squares). In fact, in the range of 400-800 hours,
the DO device lost about 50% of its maximum efficiency, while
a constant EQE was recorded for D1-3. The test was continued
up to 1000 hours, thus showing in all devices a progressive
decrease in the EQEs, which however remained higher than
the corresponding initial values in the case of D1-3.

The observed prolonged stability is the result of a favour-
able combination of different effects produced by the addition
of MosS,. First of all, a reduced acidity of the HTL solution
(pH from 1.5 to 5) is achieved with the addition of a neutral
solution of 3.3% of MoS, while the hygroscopicity of the HTL
is only slightly affected as evidenced by contact angle measure-
ments (29° + 1 and 27° + 2 for PEDOT:PSS and 3.3% hybrid,
respectively). The dilution of PEDOT:PSS could reduce the
doping level, explaining the reduction in the conductivity
upon increasing the pH.'* Notably, by increasing the MoS,
content, a higher resistance is measured, as shown in Fig. S7+

This journal is © The Royal Society of Chemistry 2021

View Article Online

Paper

which is likely due to the use of small MoS, nanosheets, which
have poor conductivity. The mobility of the MoS, monolayer
(200 cm® V' s71* is definitely higher than that of the pristine
PEDOT:PSS one (0.045 em® V™' s7')°® but in a network of
small MoS, flakes, the net mobility can be much reduced
owing to a percolation threshold that limits the charge conduc-
tion.>” Additionally, the presence of trap states in MoS, may
allow the charges to accumulate and eventually facilitate
charge separation, thus promoting dipole formation.

To further assess how the MoS, additive nanosheets affect
the physical properties of PEDOT:PSS, we carried out a com-
parative impedance spectroscopy study. The devices were fabri-
cated with the same geometry as for LEDs, but with the archi-
tecture ITO/PEDOT:PSS/Al and ITO/PEDOT:PSS + MoS, (3.3%)/
Al The HTL with 3.3% MoS, was chosen for its more relevant
LED behaviour over time. In Fig. 4a and b the Bode plots of the
absolute impedance |Z| and the phase angle ¢ as a function of
the small-signal frequency are shown, while Fig. 4c shows the
Nyquist plot, displaying the real and imaginary parts of the
impedance Z. The device behaviour in both cases is consistent
with a simplified Randles model circuit applied to the general
case of an electrochemical cell.*®*° As such, the LEDs can be
modelled by a contact (ohmic) resistance that is in series with a
parallel capacitance between a layer capacitance and a charge
transfer resistance. The latter two quantities are related to the
integral layer permittivity and the energy loss processes under
applied small signal solicitation (e.g. dipoles), respectively.

Two facts can be stressed out. (1) The low-frequency impe-
dance module in the Bode plot reveals a higher charge transfer
resistance in the MoS,-added LED that can be generally due to

a) b) R ,
= 100 B g
z .
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100 AL3 10k 100k ™ 100 1k 10k 100k ™
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Fig. 4 Comparison between ITO/PEDOT:PSS/Al and ITO/PEDOT:PSS +
MoS; (3.3%)/Al through impedance spectroscopy characterization. Bode
plots of the (a) absolute impedance and (b) phase angle as a function of
the small-signal frequency. (c) Nyquist plot displaying the real and ima-
ginary parts of the impedance.
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an energy loss from a higher density of charge trapping
centres.

(2) The double layer capacitance extracted from the Nyquist
plot (under a bias of 0.5 V) increases from 11.4 nF up to 21.8
nF when the MoS, nanosheets are added, thereby reflecting a
significant MoS,-induced enhancement of the permittivity
from 6.3 up to 12.8, which is in good agreement with the
literature.®°

The enhanced capacitance is attributed to the presence of
trap states of the interrupted percolative paths of MoS, that
allow charge accumulation, providing a higher permittivity,
which in turn facilitates the formation of stronger dipoles at
the interfaces. As a consequence, the charges can be more
efficiently injected in the active layer of the device,®"®* thereby
counterbalancing the reduced hole injection due to the shift
in the WF observed by KP analysis.

Experimental
Synthesis of MoS,

Water-based MoS, dispersions were prepared by stabilizer-
assisted liquid phase exfoliation in water. Namely, bulk MoS,
powder (Sigma Aldrich; molybdenum(v) sulphide powder;
<2 pm; purity 99%) was added to deionized water (18.2 MQ
cm) at a concentration of 3 mg mL™", along with 1-pyrenesul-
phonic acid sodium salt, used as a stabilizer (Sigma Aldrich,
purity >97.0%), at a concentration of 1 mg mL™". This mixture
was subsequently sonicated at a constant temperature of 20 °C
for 120 h using a 300 W Hilsonic HS 1900/Hilsonic FMG 600
bath sonicator. An initial 20 minute centrifugation step, per-
formed at 3500 rpm using a Sigma 1-14 K refrigerated centri-
fuge, was then implemented to enable any remaining un-exfo-
liated bulk powder to be discarded from the sonicated solu-
tion. Finally, the resultant dispersion was passed through a
series of washing steps, in order to remove any excess stabil-
izer, and replace the solvent with fresh de-ionized water.
The pH of the MoS, dispersion was neutral as exfoliation
was performed under neutral conditions and the excess surfac-
tant was removed.®® The concentration of the final dispersion
was ~1 mg mL™', as determined using the UV-visible spec-
troscopy (Varian Cary 5000 UV-vis spectrometer) and the
Beer-Lambert law, using an extinction coefficient at 672 nm of

3400 Lg ' m™.

PEDOT:PSS + MoS, nanocomposite

The concentrations used are calculated by considering the
solid fraction ratio of MoS, (1 mg mL™") and PEDOT:PSS
(15 mg mL ™). Different quantities were mixed resulting in 0%,
3.3%, 6.6% and 10% of MoS, with respect to the PEDOT:PSS
solid fraction. After mixing the two materials, the solutions
were sonicated for 10 minutes in a bath sonicator to create
a homogeneous blend of the two materials and deposited
by spin coating, at different speeds, to maintain constant
thicknesses.

9212 | Dalton Trans., 2021, 50, 9208-9214
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Device fabrication and characterization

For LED fabrication, glass substrates (25 mm x 25 mm X
1.1 mm) coated with indium tin oxide (ITO) with a sheet resis-
tance of 15 Q per sq were used. The substrates were mechani-
cally cleaned with acetone and optical paper, sonicated for
20 minutes at 50 °C in acetone and then 20 minutes in 2-pro-
panol and treated with 3 mbar plasma for 10 minutes.
Immediately after the plasma treatment, a 30 nm thick
PEDOT:PSS (Clevios Al 4083) film was spin coated in air over
ITO. The film was thermally annealed at 120 °C inside a N,
filled glovebox for 10 minutes. After decreasing the tempera-
ture of the substrate, a layer of the poly[(9,9-dioctylfluorenyl-
2,7-diyl)-co-(4,4’-(N-(4-sec-butylphenyl)diphenylamine)]  (TFB)
hole-transport layer was spin coated from an 8 mg mL ™" chloro-
benzene solution and annealed at 150 °C for 10 minutes. NPLs
(received from Nexdot) were sonicated for 20 minutes before
being spin-coated from a 30 mg mL™' hexane solution to
obtain an active layer of 40 nm. The deposition of the polymer
ETL was performed by spin coating of the P1 polymer, dis-
solved in pure methanol (5 mg mL™") to obtain a thickness of
25 nm. The metal cathode consisting of a 90 nm aluminium
layer was finally thermally evaporated under high vacuum (8 x
1077 bar). The final device area was 6.1 mm®. All the thick-
nesses were characterized using a Bruker profilometer.

A Keithley 2602 source meter was used to measure the
current-voltage-luminance characteristics of the devices. The
light output was measured using a calibrated silicon
photodetector.

The EL spectra were recorded using a Spex 270 M spectro-
meter. AFM height imaging and contact potential difference
(CPD) measurements were performed with a commercial
NT-MDT NTEGRA AFM using noncontact (NSG10) or Pt coated
(NSG/Pt) tips.

Conclusions

In conclusion, we incorporated water-based, stable and highly
concentrated MoS, nanosheets in the well-known and largely
employed PEDOT:PSS as hole transporting layers in nanocrys-
tal light-emitting diodes. After the optimization of the ink
composition and the study of the film morphology, we investi-
gated the performances of LEDs, with CdSe/CdZnS colloidal
semiconductor nanoplatelets as an emitter, by integrating the
hybrid HTLs.

Kelvin probe measurements of the polymer nanocomposite
films showed a fine tunability of the work functions with
respect to pure PEDOT:PSS. An enhanced permittivity value
was revealed by impedance spectroscopy on the hybrid HTL.
Furthermore, a reduction of the acidity of the HTL by the
addition of MoS, was achieved, but accompanied by a lower
conductivity of the ink film.

Our work shows that the combination of these factors has a
strong impact on the device performance, mainly when
exposed to air. The use of the MoS,/PEDOT:PSS composite as a
HTL, with a proper formulation, allows achieving, after initial

This journal is © The Royal Society of Chemistry 2021
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air annealing, stable EQEs with respect to the reference device
during the aging test of unpackaged LEDs up to 1000 hours
under air exposure.

These results demonstrate that a TMD-based nano-
composite material can efficiently improve the performance of
NPL-based LEDs without the need for its encapsulation. This
strategy may hold outstanding potential for solution processed
photonic devices in the field of artificial lighting and portable
displays, and the same scheme can be readily transposed to
other devices, such as QD-LEDs and OLEDs, making the
encapsulation less critical.
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