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Improved performance of perovskite
light-emitting diodes with a NaCl doped
PEDOT:PSS hole transport layery
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Wolfgang Kowalsky,?°© Robert Lovrin¢i¢®®® and Gerardo Hernandez-Sosa
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We demonstrate a simple and effective way to enhance the performance of perovskite light-emitting
diodes (PeLEDs) by utilizing an alkali halide doped PEDOT:PSS as the hole transport layer (HTL). The alkali
halide (NaCl) doping helped the growth of the quasi-2D perovskite phases on top of the PEDOT:PSS, it
also significantly reduced the exciton quenching in PEDOT:PSS based PeLEDs. More importantly, the
doping reduced the work function of the PEDOT:PSS surface, which appropriately modulated the hole
injection leading to improved charge balance. This helps to control the recombination zone inside the thin
perovskite emitting layer (~10 nm). The optimized blue-green PeLEDs with the NaCl doped PEDOT:PSS
HTL showed a maximum luminance of 1487 cd m™2, current efficiency of 2.16 cd A~ with a low turn-on
voltage of 3.0 V, which are 217% and 567% higher than the PelLEDs with the pristine PEDOT:PSS layer
(turn-on voltage: 3.3 V), respectively.

Owing to their excellent properties such as simple solution-
based fabrication process, high photoluminescence quantum
yield (PLQY), tunable spectral bandgaps, narrow emission
bandwidths, and superior carrier transport properties,'™ metal
halide perovskite (MHP) light-emitting diodes (PeLEDs) have
attracted great research interest in recent years. Tremendous
progress has been made in this field since the first develop-
ment of room temperature operable PeLEDs in 2014,° the
external quantum efficiencies (EQE) of red and green PeLEDs
have both reached more than 20%,*’ approaching theoretical
limits of conversion efficiency.® However, the performance of
blue PeLEDs is still lagging behind. The intrinsic wide-bandgap
nature and difficult charge injection from charge transport
layers cause energy down-conversion and severe nonradiative
recombination, making the realization of efficient blue PeLEDs
a challenge. This impedes the future industrialization process
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of PeLEDs as blue is one of the three primary colors needed in
displays and white lighting applications.” Therefore, it is of signifi-
cant importance to select suitable charge transport materials for
efficient charge injection into blue perovskite emitter.

Typically, the structures of PeLEDs stem from those of
organic light-emitting diodes (OLEDs) or perovskite solar cells
where the perovskite emitting layer (EML) is sandwiched between
an electron transport layer (ETL) and a hole transport layer (HTL).
For HTL, poly(3,4-ethylenedioxythiophene): poly(styrene sulfo-
nate) (PEDOT:PSS) is the most commonly used material due to
its easy solution-based fabrication process, high transmittance,
and high hole mobility (0.0128 em”® V™" s7")."* Nevertheless, the
work function of PEDOT:PSS (ca. 5.2 eV) is much lower than the
ionization potential (IP) of MHPs (5.6-5.7 eV), leading to large
barriers for hole injection as well as substantial nonradiative
decay at the interface. This is even worse for blue-emitting MHPs
as the IP can be as high as 6 ev.’""? It has also been reported that
the positively charged PEDOT chain interacts strongly with the
negatively charged Br~ of the overlying MHP layer, further
quenching its light emission.’®'* Furthermore, polycrystalline
MHP films spin-coated on the surface of conventional PEDOT:PSS
typically present poor morphology, resulting in huge leakage
current and degraded device performance,*>'® which is another
drawback impeding the use of PEDOT:PSS as an ideal HTL in
PeLEDs. To solve this problem, there are already a variety of
strategies to improve the interface of PEDOT:PSS and perovskite
EML such as adding a higher work function interlayer,"” adding
additives in PEDOT:PSS'® or solvent treatments.” In the field of
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blue PeLEDs, for example, Hoye et al. modified the PEDOT:PSS
and the EML interface with a poly(triarylamine) interlayer and
found the EQEs increased by almost two orders of magnitude for
both a blue and sky-blue PeLEDs;*° Congreve et al. constructed a
bilayer HTL blended with Nafion perfluorinated ionomer (PFI) on
top of PEDOT:PSS, which causes a band bending of HTL to
modify and induce well-matched energy levels with perovskite
nanocrystals, they found this new structure enables efficient devices
across the entire blue to green portion of the spectrum;™ Li et al.
and Tang et al. replaced the conventional PEDOT:PSS(AI 4083) with
PEDOT:PSS(CH 8000) to serve as HTL, it has a deeper work function
of ~5.2 eV but lower hole conductivity, they both achieved
enhanced device performance.*"** Above all, previous work aimed
at increasing the work function of ITO/PEDOT:PSS electrode to
better match the energy level of perovskite EML thus promoting
hole injection as well as minimizing non-radiative losses and charge
quenching.

In this work, we improved the HTL/EML interface by a facile
method of NaCl doping into PEDOT:PSS solution (abbreviated
as PEDOT-Na). We found a significant enhancement of the
performance of blue-green PeLEDs with NaCl addition. The
improvement originates not only from the increased conduc-
tivity of PEDOT:PSS via doping, but also from the precipitation
of NaCl on top of PEDOT:PSS which favor the growth of the
quasi-2D perovskite layer and reduce the exciton quenching at
the interface. Interestingly, in contrast to previous treatments,
the surface work function of PEDOT:PSS was reduced by almost
0.6 eV with NaCl doping, which appropriately modulates the
injected hole carriers to reach an improved charge balance in
our devices.

The alkali halide NaCl has been utilized in the past as a
defect passivation layer on ETL and as an additive to control the
morphology of the perovskite films.?>** Besides, NaCl doping
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in HTLs has proven to create large improvements in the power
conversion efficiency (PCE) of perovskite solar cells.>*® Here,
we investigated for the first time the effect of NaCl doping and
its implementation in perovskite light-emitting diodes. We
followed the method developed by the group of Jin et al.>” for
the fabrication of perovskite EML. In their work, a structure of
quantum-confined perovskite nanoparticles was found to be
embedded within energy coupled quasi-2D phases with higher
bandgaps, which give unique blue electroluminescence. The
device structure is shown in Fig. 1(a), where TPBi was used as
the ETL and LiF/Al served as the top electrode as usual.

Fig. 1(b) shows the current density-luminance-voltage curves
(LIV) of our PeLEDs. The basic device with the pure PEDOT:PSS
film showed poor performance with a maximum luminance of
433 cd m™? (at 6.2 V). In contrast, the optimized PeLEDs with the
PEDOT-Na (10 mg mL ') layer exhibited a significantly
improved maximum luminance of 1487 cd m~? (at 5 V), it also
showed a reduced turn-on voltage (determined as the driving
voltage at ~1 cd m™?) of 3.01 V compared to 3.42 V for the
PEDOT:PSS based PeLEDs. Furthermore, the addition of NaCl
yielded improved current efficiency (CE) and luminance efficacy
(LE) as it can be observed in Fig. 1(c and d). The CE and LE of the
PeLEDs gradually increased with increasing the NaCl doping
concentration to 10 mg mL ', and then started to decrease at
higher concentrations. The statistical analysis of the electrolu-
minescence performance of devices with different NaCl doping
concentrations is summarized in Table 1. The corresponding
histograms shown in Fig. S1 (ESIf) indicate an overall enhance-
ment of the performance with all utilized NaCl doping concentra-
tions. The device lifetime was also checked. As seen in Fig. 1(e), the
best device based on PEDOT-Na (5 mg mL ") HTL gives the T;, of
420 s, a nearly three folds increase compared to the device with the
original PEDOT:PSS layer (106 s). The electroluminescence (EL)
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Fig. 1 Characteristics of blue-green PeLEDs with different concentrations of NaCl doping. (a) device structure, (b) current density—luminance—voltage
characteristics, (c) current efficiency vs. voltage curves, (d) efficacy vs. voltage curves, (e) operational lifetime carried out at a constant current of 7.7 mA,
and (f) electroluminescence spectra under the bias of 4 V. Inset are the representative photographs of the electroluminescence of the corresponding

devices.
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Table 1 Electroluminescence performance of PeLEDs prepared on NaCl doped PEDOT:PSS films of various concentrations. The average values were
calculated from at least 10 devices. The first value represents the device with the best performance

Luminance [cd m 2]

Current efficiency [ed A™"]

Efficacy [Im W] Turn-on voltage [V]

PEDOT
PEDOT-Na (5 mg mL ™)

PEDOT-Na (10 mg mL™")
PEDOT-Na (15 mg mL™ %)
PEDOT-Na (30 mg mL ™)

683.9/398 £ 198.2
1366.2/1050.2 £ 205.3
1486.9/1303.5 £ 165.4
1525.1/1335.5 £ 169.1

769.2/535.1 + 168.7

0.38/0.27 £ 0.08

2.0/1.26 + 0.44
2.16/1.53 £ 0.42
1.40/1.21 £ 0.20
0.79/0.56 £ 0.20

0.26/0.16 £ 0.06
1.62/0.95 + 0.39
1.74/1.13 £ 0.39

1.0/0.84 + 0.17
0.58/0.40 £ 0.15

3.31/3.57 £ 0.32

3.0/3.07 £ 0.05
3.01/3.15 £ 0.09
3.05/3.11 £ 0.05
3.05/3.14 £ 0.09

spectra are presented in Fig. 1(f), all the devices showed sharp cyan
color emission with a single peak centered at ~505 nm, although
there was a slight redshift for PEDOT:PSS based PeLEDs
(508 nm) (Fig. S2, ESIY). Fig. S3 (ESIT) shows that the calculated
CIE coordinates of the device emission are in the blue-green
region. For the most efficient device (10 mg mL '), the coordi-
nates are located in (0.057, 0.63) (Table S1, ESIf). Also, much
brighter emission was observed for the device with PEDOT-Na
(10 mg mL™") HTL from the photographs shown in the inset of
Fig. 1(f), consistent with the former observations. Interestingly,
there are plenty of “‘emission boundaries” clearly visible in the
device with PEDOT-Na (30 mg mL ™~ ') HTL, which further stimulated
us to investigate the underlying mechanisms of the improve-
ment originated from the PEDOT-Na HTL.

We first studied the morphologies of the PEDOT:PSS layer
with and without NaCl doping and found a strong difference in
the morphology of the PEDOT:PSS layer upon addition of NaCl.
As is shown in the AFM images of Fig. 2(a), the pure PEDOT:PSS
layer exhibits a smooth surface with root-mean-square (RMS) of
1.9 nm. However, small aggregates were distributed on top of the
PEDOT:PSS surface when 5 mg mL™~* NaCl was added (Fig. 2(b)).
More aggregates appeared when the NaCl doping concentration
was increased to 10 mg mL ™' as shown in Fig. 2(c). The
increasing number of NaCl aggregates then gradually connected
to form dendritic structures as the doping concentration was
further increased to 15 and 30 mg mL ™", respectively (Fig. 2(d)

Zy=288nm
RMS = 50nm

and (e)). At the same time, the surface roughness also exhibits a
dramatic increase as the RMS value for 5 mg mL~" NaCl doping
is 30 nm, and ~50 nm for 30 mg mL". These changes in the
morphology of PEDOT:PSS with NaCl addition were also con-
firmed by optical microscopy images shown in Fig. S4 (ESIt), in
which it is visible that the precipitated aggregates gradually
formed a thin buffer layer on top of PEDOT:PSS. In particular,
it can be seen that plenty of cracks appeared in the buffer layer
on top of the PEDOT:PSS film when adding 30 mg mL ™" of NaCl
(Fig. S4(e), ESIf). These structures resembled the “emission
boundaries” seen from the EL photograph in Fig. 1(f), indicating
that the morphology of the HTL indeed plays a role in the
emission of the final device.

The morphology change was then further corroborated by
X-ray photoemission spectroscopy (XPS) measurement, which
is a very sensitive method to characterize the surface composi-
tion. As depicted in Fig. 3, we observed increasing sodium Na
1s peaks (binding energy 1073 eV) and chloride Cl 2p peaks
(binding energy 198 and 201 eV) with increasing NaCl content
in the PEDOT:PSS layer, while the Carbon C 1s peaks (binding
energy 285 eV) solely associated with the PEDOT:PSS layer
decreased. This observation can be explained by the increased
coverage of the surface by NaCl (Fig. 2).>® We note the C 1S
peaks in Fig. 3(c) exhibited a slight blue shift with NaCl doping.
The same trend was also found in the sulfur S 2p peaks shown
in Fig. S5 (ESIf), where the peaks between 166 and 172 eV can

Fig. 2 The AFM images of the PEDOT:PSS films (a), and with NaCl doping of different concentrations (b) 5 mg mL™, (c) 10 mg mL™?, (d) 15 mg mL™,

(e) 30 mg mL™%.
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Fig. 3 X-ray photoemission spectroscopy of the PEDOT:PSS films with different concentrations of NaCl doping.

be assigned to sulfur atoms of PSS while the signals in the range
of 162-166 eV correspond to the sulfur atoms of PEDOT.”® Such
peak shifts imply that the chemical environment of PEDOT
has been changed with NaCl addition,>**° the incorporated
Na' would bound to the PSS™, resulting in phase separation
between insulating PSS and conducting PEDOT chains.
Therefore, better charge hopping between conductive PEDOT
will occur, which is then correlated to the two-fold increase
in conductivity of PEDOT:PSS as shown in Table 2 and
Fig. S6(a) (ESIY).

The observed improvement is more likely originated from
the improved optoelectronic properties of the perovskite EML
and interface to PEDOT:PSS after the incorporation of NaCl. To
investigate the impact of NaCl doping on the quality of per-
ovskite film, quasi-2D films (abbreviated as PEABr, »5(Cso -
FA, ;PbBr;)) were fabricated on PEDOT:PSS and doped
PEDOT:PSS substrates via spin-coating. As illustrated in Fig.
S7 (ESIY), all the films show a low RMS surface roughness of
below 4 nm with small and uniform grains, in good agreement
with the reported nanocrystal-like pinhole-free perovskite layer
obtained through the one-step method.>” However, we do find
that the dendritic structures that were visible within the PED-
OT:PSS layer (Fig. 2) are also visible in the AFM images of the
perovskite films (Fig. S7(d and e), ESIt), suggesting a templat-
ing effect on the perovskite layer. The UV-Vis absorption spectra
of perovskite films processed on top of the PEDOT-Na films are
shown in Fig. 4(a). The films showed distinct exciton absorp-
tion peaks at 403, 432, and 461 nm, which are associated with
the n = 1, n = 2, and n = 3 layered perovskites, respectively.
Nevertheless, the multiple emission peaks associated with
these low-n phases are barely visible when the quasi-2D per-
ovskite films are grown on the pristine PEDOT:PSS layer. It is
known that the growth of layered perovskites with the large-size
capping cation is very sensitive to the morphology and
chemical composition of the underlying substrate.*’* We
believe that the NaCl aggregates forming in and protruding
out of the PEDOT:PSS surface (Fig. 2) increase the interface area

between the PEDOT:PSS layer and the perovskite film. These
aggregates might serve to seed the growth of perovskite crystals
and increase the number of low-n phases with large exciton
binding energy. We note some of these NaCl aggregates would
be dissolved in the DMSO solvent during the perovskite deposi-
tion process (Fig. S8, ESIT). However, previous work on the use
of NaCl as an additive in the perovskite precursor solution
showed no effect on the optoelectronic properties of perovskite
film.>* We also note that above certain NaCl concentration of
30 mg mL ™", there were less pronounced peaks of low-n phases
formed on the PEDOT-Na layer (Fig. 4(a)). This might be
ascribed to a high surface roughness due to too many NaCl
aggregates which negatively influence the formation of the
perovskite. The corresponding steady-state photoluminescence
(PL) is shown in Fig. 4(b and c). It can be observed that the
emission spectra of the pristine perovskite directly formed on
PEDOT:PSS films display a peak PL centered around 510 nm,
exhibiting a ~4 nm red shift compared with the films devel-
oped on NaCl doped PEDOT:PSS. This was also observed in the
normalized EL spectra of Fig. S2 (ESIt) and has been ascribed
to the loss of quantum confinement effects.>* Furthermore, the
quasi-2D perovskite films deposited on PEDOT-Na films
showed more prominent PL intensity than those on pristine
PEDOT:PSS, indicating a large reduction of nonradiative recom-
bination. Based on the above observations we conclude that the
NaCl aggregates act as seeding points that influence the
crystallization of the perovskite EML promoting the formation
of low-n perovskite phases. These “graded-energy-landscape”
distribution of phases preserve the multiple-quantum-well
structures which increase the exciton binding energy and
promote bimolecular radiative recombination. Furthermore,
the presence of NaCl at the interface seems to serve as a buffer
layer that separates excitons generated in the EML away from
the quenching PEDOT:PSS.

To further investigate and compare the charge carrier injec-
tion and transport properties between the interface of HTL/
perovskite and ETL/perovskite, hole-only devices with the

Table 2 Measured conductivity and work function (WF) of PEDOT:PSS layer with different NaCl doping concentrations(0, 5, 10, 15 and 30 mg mL™Y)

NaCl/mg mL ™" 0 5 10 15 30
Conductivity (S m™") 0.022 + 0.017 0.025 + 0.010 0.032 + 0.004 0.041 + 0.009 0.015 + 0.010
WE(XPS) (eV) 4.97 £ 0.02 4.38 £+ 0.02 4.38 + 0.02 4.39 £ 0.02 4.40 £ 0.02
WEF(KP) (eV) 4.91 £ 0.08 4.51 £ 0.03 4.54 £ 0.06 4.52 £ 0.04 4.55 £ 0.06
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Fig. 4 The absorption spectra (a) and photoluminescence spectra (b and c) of perovskite films deposited on NaCl-doped PEDOT:PSS films of various

concentrations.

structure of ITO/PEDOT:PSS or PEDOT-Na/perovskite/MoO3/Ag,
and electron-only devices (ITO/TPBi/perovskite/TPBi/LiF/Al)
were fabricated. The corresponding current density-voltage
(J-V) curves are shown in Fig. 5(a), the current density for
hole-only devices based on original PEDOT:PSS is much higher
than that of the electron-only devices, indicating an unba-
lanced charge transfer. However, when doped with NacCl, the
current density of the hole-dominated devices firstly decreased with
the lower doping concentration of 5 mg mL ™" and 10 mg mL ™",
then started to increase when higher doping concentration (15 and
30 mg mL ") was employed. As we know, the hole current density
is primarily determined by the hole injection barrier at the HTL/
EML interface.” We hereafter measured the work function (WF) of
the HTLs by XPS valence band spectra to evaluate the changes in
the band alignment before and after doping as depicted in Fig. 5(b).
The obtained work function values shift from 5.0 eV for original
PEDOT:PSS to ~4.4 eV for all the NaCl doped PEDOT:PSS as seen
in Table 2. The same trend was also observed by KP measurements
(Fig. S9, ESIt and Table 2). The reason for this significantly reduced
work function remains unclear. We think it could be due to the
presence of PEDOT" chains at the surface region of the PEDOT:PSS
layer,* or the existing electrostatic dipoles from the NaCl, some-
thing similar to the reported mechanisms for the LiF interlayers.*®
The reduced work function further increased the injection barrier
between PEDOT:PSS and perovskite, thus lowering the hole injec-
tion. Whereas for higher NaCl doping concentration (15 and
30 mg mL "), we think the increased hole current could stem
from the lower resistance paths due to the thickness variations
in the perovskite layer induced by the dendritic structures of the

&
=n

T T T T
e PEDOT

< 3 | PEDOT-Na(5mgimL)

5 102 8 [ —PepOT-Naftomgiml)

< 2 | ——PEDOT-Na(t5mgimL)

e b —o—PEDOT G PEDOT-Na(30mg/mL)

=10 —o— PEDOT-Na(5mg/mL) 5

v‘ﬁ —o— PEDOT-Na(10mg/mL) €

S 10° —o—PEDOT-Na(15mg/mL) =

S PEDOT-Na(30mg/mL) 5

€10} electron-only ] N f

e :

3 102 9 g /

103 . n L L ST A R >
2 3 4 5 14785 14780 14775 14770 14765 14760
Voltage (V) Binding energy (eV)
Fig. 5 (a) J-V curves of the electron-only and hole-only devices, (b) XPS

valence band spectra of PEDOT:PSS films with different NaCl doping
concentrations.
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substrate (see AFM Fig. S7(d and e), ESIT). The magnitude of the
hole current could also be favored by NaCl at the interface which
has been reported to assist hole injection on OLEDs through
tunneling effects.’”>°

We draw a schematic diagram to better understand the
charge transfer process and explain the mechanism of the
doping induced improvement in our devices (Fig. 6). We know
in light-emitting devices, the emitting layer was often designed
to be thin in order to spatially confine electrons and holes for
efficient radiative recombination. A thinner film can also help
to lower reabsorption losses,” however, its electronic structure
can also be highly susceptible to the local electronic densities of
states of the substrate and the interface in between. Especially
for thinner films (below 35 nm) where the perovskite HOMO
was found to be “pulled”” toward that of PEDOT:PSS.**™*> Given
that the perovskite film thickness is only 9nm in our case, it is
expected that the holes can be easily injected into such a thin
layer. This could explain why the hole current is higher than the
electron current for the samples utilizing only PEDOT:PSS
(Fig. 5(a)). These excess holes can be trapped or leaked to the
EML/TPBi interface through such a thin perovskite layer (Fig. 6(a)).
In the case of the optimized NaCl (10 mg mL ') doping the work
function of PEDOT:PSS was reduced, resulting in the decrease of
the hole injection into the EML. This reduced hole current helped
to maintain the recombination zone inside the perovskite EML or
near the EML/HTL interface, effectively increasing radiative recom-
bination. Additionally, the NaCl aggregates might help to reduce
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3
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Fig. 6 Schematic diagrams illustrate the charge transfer and recombina-
tion process in PeLEDs with PEDOT:PSS (a) and PEDOT-Na (10 mg mL™?
(b) as the HTL.
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the direct contact of the perovskite with the quenching PEDOT:PSS
(Fig. 6(b)). UV-vis and PL measurements (Fig. 4) both confirmed
that they favored the growth of quasi-2D perovskite, which further
increases the exciton binding energy in the perovskite EML. Thus
the efficiency of NaCl doped PEDOT:PSS based PeLEDs was
dramatically improved (Fig. 1(b-d)). The more effective radiative
recombination together with the lower ohmic losses arising from
the more conductive HTL via doping both contributed to lower
turn-on voltage in Fig. 1(b). Finally, the more matched electron
and hole injection resulted in the enhanced device lifetime shown
in Fig. 1(e).

Conclusions

In summary, we demonstrate the improvement of the efficiency
of blue-green PeLEDs by the addition of NaCl in the PEDOT:PSS
HTL. At the optimum NaCl doping concentration (10 mg mL ™)
we observe three times higher luminance and above five times
higher CE and LE compared to that of the PeLEDs utilizing
pristine PEDOT:PSS HTL. The improvement is influenced by
the precipitated NaCl aggregates at the PEDOT-Na surface
which seed the growth of quasi-2D perovskite phases. Further-
more, they act as an ultrathin and discontinuous buffer layer
that reduce the exciton quenching at the PEDOT:PSS/perovskite
interface. The doping also caused the reduced work function of
the PEDOT:PSS surface, leading to more balanced charge
injection in the optimized device. When a higher concentration
of NaCl was used (15 and 30 mg mL™ "), the hole injection
increased again which broke the charge balance, therefore the
device performance started to decrease. These results highlight
the importance of careful management of the hole-injecting
interface in thin-film PeLEDs.

Experimental section
Materials

All materials used were commercially purchased and used as
received. Poly(3,4-ethylenedioxythiophene)polystyrene sulfonate
(PEDOT:PSS, PVP Al 4083, FHC Solar) was purchased from
Heraeus. Phenethylammonium bromide (PEABr, >98%), For-
mamidinium bromide (FABr, >98%), lead(u) bromide (PbBr,,
99.999%), dimethyl sulfoxide (DMSO, anhydrous, >99.9%), and
ethyl acetate (>99.5%) were purchased from Sigma Aldrich.
Cesium bromide (CsBr, 99.9%), Lithium fluoride (LiF, 99.85%)
were purchased from Alfa Aesar. 2,2',2”-(1,3,5-benzinetriyl)tris-
(1-phenyl-1H-benzimidazole) (TPBi, >99.5%) was purchased
from Ossila.

Preparation of perovskite light-emitting diodes

The NaCl doped HTL precursors were prepared by adding
different amounts of NaCl into PEDOT:PSS aqueous solution
and then vigorously stirring the solution before use. Firstly, the
indium tin oxide (ITO) substrates were cleaned by sonication in
acetone and isopropanol followed by drying in a N, stream.
Before the HTL deposition, the substrates were treated in oxygen
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plasma for 15 minutes to ensure good wetting properties. The
PEDOT:PSS solutions with and without NaCl doping were then
spin-coated on the ITO substrates with 4000 rpm for 30 s. After-
ward, the substrates were heated on a hot plate in air at 150 °C
for 30 minutes. The obtained PEDOT-Na films have thicknesses
of around 25 nm measured by a profilometer (Fig. S6(b), ESIT).

For the perovskite layer deposition, we followed the method
developed by Jin et al.?” Briefly, 0.161 mmol PEABr, 0.09 mmol
CsBr, 0.038 mmol FABr and 0.129 mmol PbBr, were dissolved in
2 mL DMSO at first. Subsequently, the dissolved solution was
spin-coated on the ITO/HTL substrates at 4000 rpm for 2 min.
A drop of 300 pL ethyl acetate was applied at ~21 s after the
beginning of spin-coating to fascinate the crystallization and
induced nanocrystal-pinning. Finally, TPBi (45 nm) and LiF/Al
electrodes (1 nm/100 nm) were deposited using a thermal eva-
poration system under a high vacuum of ~3 x 10~ Torr through
a shadow mask, yielding an active device area of 24 mm”.

Characterizations and measurements

Atomic force microscope (AFM) topographic images of PED-
OT:PSS and NaCl doped PEDOT:PSS substrates as well as the
perovskite films were taken by a DME DS 95 Dualscope AFM in
tapping mode. The photoelectron spectroscopy measurements
were performed using the VersaProbe I of PHI equipped with a
monochromatized Al-Ko X-ray (hv = 1486 eV) source. The spectra
are referenced to the Fermi edge of in situ sputter cleaned Ag foil.
The base pressure of the measuring chamber during all experi-
ments was kept in ~10~° mbar regime. Besides the XPS valence
band spectra, we also used a macroscopic Kelvin probe (KP) from
KP Technology to measure the work function of the PEDOT-Na
samples. The system was equipped with a gold tip with a diameter
of 2 mm and has an energetic resolution of ~20 meV. We
prepared three samples for each doping concentration to test,
and three spots of each sample were tested during the measure-
ment. Current-Voltage (I-V) characteristics of the HTLs were
measured by Keithley 2636A source meter with a sweeping rate
of 0.2 V s '. Films thicknesses were determined on a Veeco
Dektak 150 profilometer. The absorption of the perovskite films
was measured with a UV-Vis (AvaSpec ULS3648) spectrometer.
Photoluminescence spectra were obtained from a Jasco FP-6500
spectrofluorometer. The samples were excited by using a 370 nm
monochromated Xenon lamp. The performance of PeLEDs was
characterized by a calibrated Botest LIV functionality test system
inside the glovebox. The scanning rate is 0.1 V s~ with a delay
time of 1 s.
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