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Abstract

Perovskite light-emitting diodes (PeLEDs) have emerged as a promising candidate for
next-generation display technology and lighting applications owing to their high current
efficiency, low operating voltage, narrow spectral emission and tuneable emission colour. Keys
to achieving efficient PeLEDs are, beside an emitter layer with high optical quality, negligible
charge injection barrier between charge injecting layers (CILs) and an optimized thickness of
these CILs for a controlled flow of charge carriers through the device. In this study, we
systematically optimized hole transport layers (HTL) and electron transport layers (ETL) in
PeLEDs employing CsPbl; quantum dots (QDs) as an emitter layer. We also investigated two
bilayer cathodes (Liq/Ag and LiF/Al) with the various ETLs employed in our study and
observed that 2,4,6-tris[3-(diphenylphosphinyl)phenyl]-1,3,5-triazine (PO-T2T) as ETL
improves the band alignment, leading to better electron injection. The improved electron/hole
current balance results in ~63% higher external quantum efficiency (EQE) in PO-T2T based

devices compared to PeLEDs employing other ETLs. In addition, we tracked the operational



stability of the different devices observing a correlation with the EQE, where samples with
higher EQE (PO-T2T based devices) also present the highest stable operation at elevated
current densities.
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Introduction

Recently-emerging metal halide perovskites have led to breakthroughs in numerous
optoelectronic devices such as solar cells, light emitting diodes (LEDs), optically-pumped
lasers, photodetectors and others.'” Their remarkable performance is attributed to their unique
photophysical properties such as high photoluminescence quantum yield (PLQY), high defect
tolerance, good charge-transport abilities and so on.”* After initial success in photovoltaic
devices, halide perovskites also gained considerable attention for use in LEDs.>” The first
working perovskite LED (PeLED) was reported in 2014 with a hybrid organic-inorganic
CH;NH;PbBr; as an emitter layer. It showed an external quantum efficiency (EQE) of 0.1%
and low device stability.® A subsequent surge in research activities to improve device
performance and stability resulted in state-of-the-art external quantum efficiency (EQE) of over
21%, which is comparable with the well-established organic LEDs (OLEDs) and quantum dot
LEDs (QLEDs) without additional light outcoupling.” The tremendous progress in PeLEDs
was achieved by combining various material and device engineering aspects, for instance, by
using quantum-confined perovskite nanocrystals,'® by employing 2D/3D mixed perovskite

"2 nanocrystal

systems with cascaded bandgaps that allow funnelling of charge carriers,'”
pinning by polymer encapsulation,” and surface passivation via additive engineering that led to
over 70% PLQY in perovskite thin films'?,

Generally in LEDs, an imbalanced charge injection would cause electron or hole
accumulation at device interfaces, and carrier leaks through the device without contributing to
photon emission.” > *"'* This fact reduces the EQE and wall plug efficiency (ratio between
input power and output power of an LED)." For an efficient LED design, it is imperative to
judiciously select hole and electron transport layers (HTL & ETL, respectively) to ensure the
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balanced charge injection and transport. The carrier mobility in these layers is also



important to obtain a high wall plug efficiency. For example, Li et al demonstrated a significant
improvement in EQE and current efficiency of PeLEDs when the hole mobility of HTL is
matched well with electron mobility of ETL."” Recently, it is demonstrated that the
characteristics (conductivity, energetics, etc.) of charge transport/injection layers are also
crucial for EQE roll-off and operational stability of PeLEDs."” Lifetime of PeLEDs employing
mixed 2D/3D perovskite emitter layers was tuned from several minutes to a few tens of hours
by balancing charge injection into the emitter layer. Such a systematic study for PeLEDs
employing inorganic nanocrystals or quantum dots (QDs) is desired to improve their
performance and stability.

Another crucial but relatively underexplored aspect is to meliorate electron injection
from cathodes to the ETL in standard stack LEDs (employing a HTL on a conducting substrate)

and to balance it with the holes flowing through the device.'®*°

Typical metal electrodes such
as aluminium (Al), silver (Ag), or gold (Au) are the most commonly used.'> '>*' The high
work function of Al, Ag, and Au makes electron injection in low-voltage electroluminescence
devices arduous.”* To overcome this issue, thin buffer layers (also often reported as electron
injection layer, EIL) are employed with the metal electrode (bilayer cathode) to reduce the

cathode work function. >

Typical examples include inorganic alkali/alkaline
metal/compounds LiF/A1'" 122 or LiF/Au,21 CS2CO3/A1,18’ 2 CsF/Al,26 CaF/Al,27 Ca/Al*® or
Ca/Ag;” organic alkali/alkaline metal complex 8-Quinolinolato lithium (Liq)/AI** *° or
Lig/Ag,”' 8-Quinolinolato sodium (Naq)/Al,** Cesium quinoline-8-oxide (Csq)/Al** and so on.
Although the precise mechanism behind the enhanced electron injection of bilayer cathode is
still unknown, plausible explanations are related with the metal-induced chemical reduction of
the EIL and the subsequent doping of the ETL layer, or by charge injection via quantum

21, 31, 34-38

tunnelling. It is important to note that Liq is a metal-organic semiconductor and LiF
g p q g

is an insulator, and therefore, a small change in LiF thickness could severely affect the



formation of band bending zone and restrict electron injection.”®*" Therefore, an efficient LED
operation also requires tuning of EIL/metal interface beside ETL/emitter or HTL/emitter
interfaces. So far, no direct comparison of such bi-layers, for example, metal-organic complex
Lig/Ag with insulator compound LiF/Al has been made, in terms of their charge-injection
performance and corresponding EQE of LEDs.

In this work, we systematically investigated and optimized HTL/emitter and
ETL/emitter interfaces in PeLEDs employing inorganic CsPbl; QDs as emitter layer, as well
as single or double washing cycles of CsPbl; QDs. We investigated Poly(N,N'-bis-4-
butylphenyl-N,N'-bisphenyl)benzidine (Poly-TPD) and Poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS; 4083 and 8000, with high and low conductivity,
respectively) and also a bi-layer of the two as HTLs. PEDOT 8000/PTPD bilayer HTL showed
highest EQE amongst all the HTLs employed, which we attributed to a controlled hole-
injection due to its more resistive nature. To meliorate electron injection, the various ETLs
investigated in this study are 2,4,6-tris[3-(diphenylphosphinyl)phenyl]-1,3,5-triazine (PO-
T2T), Bathophenanthroline (BPhen), and 2,2'.2"-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-
benzimidazole) (TPBi). To further tune electron injection, we compared the performance of
two bilayer cathodes (Lig/Ag and LiF/Al) with all the ETLs) in CsPbl; QDs based PeLEDs.
Amongst the three ETLs employed, PO-T2T based PeLEDs excels in performance and also
show a higher stability at elevated current densities, with stable operation during 10 minutes
while a degradation of the operational stability is observed for the rest of samples. It shows
superior performance with Lig/Ag bilayer cathode (luminance of 3762 c¢d m™ at ~8.7V and
EQE of 6.2%) than LiF/Al bilayer counterpart (luminance of 1305 cd m™ at ~9.3V and EQE
of 3.8 %). A similar trend is observed for BPhen ETL whereas contrarily, TPBi ETL show a

higher performance with LiF/Al cathode than its Liq/Ag counterpart. Through detailed



electrical characterization of PeLEDs, we explain these differences in performance and
stability upon changing these various interfaces.
Results and Discussion
a) Morphological and optical properties of as-synthesized CsPbl; QDs

Inorganic CsPbl; QDs were synthesized via a hot injection method.*'™* The detailed
synthesis procedure is given in the experimental section. These QDs are subsequently washed
to remove the excess capping organic ligands surrounding them. X-ray diffraction (XRD)
pattern shows the typical (100) and (200) planes, indicating that the QDs crystallize in a simple
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cubic phase (Fig. Sla). Transmission electron microscopy (TEM) images of single and
double washed QDs (Figure 1) provide insights into their morphology. Statistical analysis
performed over 280 single washed QDs (Fig. 1a, Fig. S2a and b) showed that QDs exhibit a
size distribution around 9.77+2.32 nm (Fig. 1b), while the double washed QDs (Fig. 1c)
showed a size distribution of 11.56+1.65 nm (calculated from 154 QDs in Fig 1d, Fig. S2c and
d). The size of these QDs is in the range of excitonic Bohr radius values (8-12 nm),” and thus
quantum confinements effects are expected to take place in these QDs. The second washing
cycle decreases the size distribution and concomitantly increases the average size as a
consequence of the extra centrifugation process and agglomeration effect.'” The CsPbl; QDs
showed an absorption onset at 660 nm and a narrow photoluminescence (PL) emission centred
at 676 nm (with FWHM ~40 nm), as shown in Fig. S1b. Moreover, the single washed QDs

showed a PLQY of ~92% (and double washed QDs with 75-80%), and a PL decay lifetime of

~25 ns, see Fig. Slc.
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Figure 1: Transmission electron microscopy images and particle size distribution of (a and b) single-washed and
(c and d) double-washed CsPbl; QDs. The size distribution of the QDs, was calculated from over 150 QDs of
each type. The images used to calculate size distribution are provided in Fig. S2a-d.

Prior to using these QDs as an emitter layer in LEDs, we investigated their
photophysical properties using time-resolved photoluminescence (PL) and transient absorption
spectroscopy (TAS). Steady-state PL spectra of the QDs are shown in Fig. 2a. The double-
washed QDs show a red-shifted PL emission peak centred at 670 nm as compared to those of
single-washed QDs (664 nm), which can be attributed to their larger average size. The double
washing reduces the density of capping ligands, thus resulting in clustering of these QDs during
centrifuge process. The time-resolved transients of both the samples (Fig. 2b-d) show that the
double-washed QDs have slightly faster PL. decay, more apparent at longer time scales (Fig.
2d and Fig. S3) and slightly lower PL intensity than their single washed counterparts. Taking
into account some variations between samples, the double washing reduces the PL yield by
about (10-30)%. A decrease in PL intensity can be understood from the fact that the double-

washing process reduces surface ligands density on the QDs, as surface ligands also act as
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surface passivation agents.

This fact, consequently increases the density of non-radiative
carrier recombination sites and hence reduces the PL features.*>*” The PL decay is not a single
exponential and shows no clear dependence on excitation intensity (Fig. S3), indicating that
the decay rate is governed by linear processes, i.e. the carrier trapping and geminate
recombination. The obtained fitting parameters are provided in Table S1 and S2.

In order to gain further insights into the charge kinetics of the single and double washed
QDs, we performed Transient Absorption Spectroscopy (TAS) measurements (Fig. 2e and f,
Fig. S4 and S5). Both kinds of QDs show bleaching of ground state (GS) absorption at the
absorption band edge at ~660 nm. Notably, the GS bleach show ~8 nm red shift for double
washed QDs which matches closely with the shift in PL emission peak. Both the QDs show
induced absorption bands located at around 700 nm, on the edge of stationary absorption. These
bands are attributed to the hot-carrier cooling taking place on a hundreds of femtoseconds
timescale (Fig. S4 & S5). We estimate one photon absorption in one QD corresponds to ~4
uJ-cm™. This corroborates our pump probe data (Fig. 2): at the lowest excitation intensity of
5.5 uJ-cm™, statistically two e-h pairs are created in a fraction of QDs. Their recombination
causes a fast decay component observed during initial hundreds of ps, while at longer times, a
single e-h pair recombines with the time constant of about 10 ns (Fig. 2d). At higher excitation
intensities, the initial decay becomes faster due to recombination of several e-h pairs.
Dependence of the luminescence intensity on the excitation intensity shows that the deviation
from the linear growth starts by exceeding about 18 uJ-cm™ excitation intensity (Fig. 2f), thus
also when statistically more than one e-h pair are created in some QDs. Consequently, it shows
that carrier diffusion is strongly restricted within the single-washed nanocrystal. The restricted
carrier motion is apparently an important factor determining high PL yield of the
nanostructured perovskites; charge carriers cannot easily reach nonradiative recombination

centres present only in some QDs. Slightly stronger PL saturation was observed for the double



washed samples (see inset in Fig. 2a) suggesting that carrier diffusion between nanocrystals is
less restricted. This conclusion is also supported by the faster and more non-exponential PL
and transient absorption decays in double-washed samples where, due to less restricted
diffusion, carriers may reach non-radiative recombination centres present in neighbouring QDs
or recombine non-geminately. More efficient carrier motion in double-washed samples is
expected for QDs containing lower number of insulating ligands. The restricted carrier motion

character may also additionally influence performance of PeLEDs by hampering carrier

transport.
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Figure 2: Steady-state photoluminescence (PL) spectra of once-washed and double-washed CsPbl; QDs (a). Inset
in (a) shows PL intensity as a function of excitation energy density (values are extracted from Fig. S3) of the thin
films made of the two types of QDs. Fig. (b) and (c) shows time-resolved PL lifetime of perovskite QDs measured
with streak camera and (d) using TRSPC. (e) Transient absorption spectra of the both QD films at t = 1ps (energy
density 18 pJ/cm?), and (f) presents transient absorption kinetics of the ~660 nm band at 5.5pJ/cm’® excitation
energy.

b) Optimization of HTL/CsPbl; QD emitter interface to manipulate hole
transport/injection

In order to understand the performance of these QDs in PeLEDs, we employed them as

an emitter layer. At first, we optimized hole transport/injection in these devices (see Fig. 3 for

the architecture, ITO/HTL/CsPbl; QDs/PO-T2T (40 nm)/Liq (2 nm)/Ag (100 nm)). Unless



stated otherwise, we used once-washed QDs throughout this study. For this study, PO-T2T was
used as ETL and Liq was used as buffer layer (or electron injection layer, EIL). The various
HTLs investigated are: PEDOT:PSS 4083, PEDOT:PSS 8000, and Poly-TPD and their
optimized thickness is adapted based on the values reported in literature.® ' '>'% 2 We used
both types of PEDOT:PSS in a bilayer HTL configuration as follows: (see Fig. 3, region 1):
PEDOT:PSS 4083/Poly-TPD bilayer HTL (hereafter named as 4083/PTPD) and PEDOT:PSS
8000/Poly-TPD bilayer HTL (8000/PTPD) and compared its performance with a Poly-TPD
single layer HTL (hereafter named as PTPD). The key difference between the two types of
PEDOT:PSS layers is that the PEDOT:PSS 8000 is PSS enriched and has a lower hole

conductivity (10°-10° S cm™) than PEDOT:PSS 4083 (10°-10" S cm™).'® **
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Figure 3: Energy levels diagram of various HTLs, ETLs, and bilayer cathodes employed in this study. a) In of
the first step of HTL optimization, PEDOT:PSS 4083, PEDOT:PSS 8000 and Poly-TPD (refer region-1) in a
device stack of ITO/HTL/CsPbl; QDs/PO-T2T (40 nm)/Liq (2 nm)/Ag (100 nm) were investigated. Subsequently,
In the case of bilayer cathode (refer region-3) optimization with various ETLs, (refer region-2, PO-T2T, BPhen,
TPBi), we employed two sets of PeLED configurations (Type-1 and Type-2). The Type-1 device with a
configuration of ITO/(8000/PTPD)/CsPbl; QDs/(PO-T2T, BPhen, TPBi) (40 nm)/Liq (2 nm)/Ag (100 nm) and
Type-2 device with a configuration of ITO/(8000/PTPD)/CsPbl; QDs/(PO-T2T, BPhen, TPBi) (40 nm)/LiF (1.2
nm)/Al (100 nm). b) The configuration of the champion device using a bilayer cathode (Liq/Ag and LiF/Al)
together with optimized CILs.

Current density-voltage-luminance (J-V-L) curves of PTPD based devices (Fig. S6a)
show a turn-on voltage (Von) 0of 4.90 V, which is higher than its bilayer counterparts. The Von

for 8000/PTPD and 4083/PTPD devices were 3.30 V and 4.10 V, respectively (see Table S3

10



for a summary of device performance values). The higher Vox in the case of PTPD devices
suggests ineffective hole injection and higher voltage losses at the HTL/perovskite interface,
which improves when PEDOT:PSS based bilayer HTL is employed. The 8000/PTPD based
devices show higher luminance and EQE (both champion and average, see Fig. 4) than their
4083/PTPD counterparts despite nearly an order of magnitude lower current passing through
them (Fig. S6a). The difference in performance between the two types of PEDOT:PSS based
PeLEDs is due to their different conductivity: PEDOT:PSS 8000 is more insulating in nature
due to higher PSS contents (PEDOT:PSS ratio 1:20) than PEDOT:PSS 4083 (PEDOT:PSS
ratio 1:6).'® Since the electron transport/injection remain unchanged in both devices (both
devices employ the same ETL), we attribute the superior performance of 8000/PTPD devices
to a more balanced electron/hole currents as compared to 4083/PTPD devices. The excess
current in the case of the latter leaks through the device without contributing to radiative
recombination, and therefore, leads to a lower EQE/luminance. Not only PEDOT:PSS 8000
regulates hole injection into the emitter layer,'° its more insulating surface can also inhibit
exciton quenching at the interface which explains the higher EQE in PeLEDs employing it. A
statistical analysis of over ten devices of each type further confirms that the 8000/PTPD based
LEDs show a higher average and champion EQE (5.3 and 6.2%, respectively), followed by
4083/PTD devices (2.3 and 4.3%, respectively), as shown in Fig. 4a. PeLEDs employing PTPD
alone as HTL showed the lowest average and champion EQE (0.6 and 2.3%, respectively) and
the highest performance variation measured over 13 devices.

Our assumption of more balanced charge injection in the case of 8000/PTPD bilayer
HTL is confirmed by the EL spectra of the three devices at a fixed current density, J = 4
mA/cm” (Fig. 5a). A significantly enhanced EL intensity in 8000/PTPD PeLED compared to
other devices affirms that most injected charge carriers contribute to light emission (highest

current efficiency) in these devices. Very notably, the PeLEDs employing 8000/PTPD HTL
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showed significantly enhanced stability at constant J (Fig. 4b), with a stable performance
during 10 minutes in contrast with the other devices where a performance decrease is observed
during this period. This fact further suggests the beneficial role of balanced charge injection in
achieving operational stability."” The 8000/PTPD devices showed only 10% drop in the initial
EQE after 10 min at a continuous biasing, whereas the 4083/PTPD and PTPD devices showed
74% and 50% drop within 7 and 2 min, respectively. The stability trends further confirm that
a higher charge balance is achieved in 8000/PTPD devices. Moreover, Fig. S7 shows, the
appearance of similar/narrow PL and EL (a representative PeLED from 8000/PTPD) spectra

corroborate the material stability of CsPbl; QDs in the thin film of fabricated devices.
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Figure 4: a) Statistical distribution of the EQE of 4083/PTPD, 8000/PTPD, and PTPD HTL based
devices (ITO/HTL/CsPbl;QDs/PO-T2T/Liq/Ag) . Individual data points are taken from 13 devices

of each type. b) Operational stability of representative devices of each type at ] =4 mA/cm’.

¢) Manipulating surface ligand density of the CsPbl; QDs

We note a higher Vox in our all PeLEDs. The best-performing 8000/PTPD PeLEDs
demonstrate Vox= 3.30 V, which is nearly twice the photon energy of CsPbl; QDs emission.**
A plausible explanation is that the CsPbl; QDs are capped with long-chain insulating organic

ligands that hinder charge carrier transport/injection into the QDs emitter layer. We carried out
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an additional washing cycle (double-washing) to remove excess capping ligands surrounding
these CsPbl; QDs and employed them as an emitter layer in our optimized device architecture
(ITO/(8000/PTPD)/CsPbls QDs/PO-T2T (40 nm)/Liq (2 nm)/Ag (100 nm)). We observed a
significant decrease of Von when double-washed QDs are used as active layer in PeLEDs,
showed a Von 0f 2.25 V see Fig. S6c, confirming the excess of ligand as one of the responsible
for high Von observed in PeLEDs using single-washed QDs. However, double-washed QDs

PeLED showed significantly lower performance than their single-washed counterparts, see Fig.

S6d and Table S4).
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Figure 5: (a) Electroluminescence (EL) spectra of PeLEDs employing three different HTLs measured
at 4 mA/cm™. The device architecture is ITO/HTL/CsPbl; QDs/PO-T2T (40 nm)/Liq (2 nm)/Ag (100
nm. Inset shows a photograph of 8000/PTPD based PeLED at 4 mA/cm?, (b) EL spectra of PeLEDs
employing single and double washed QDs at 4 mA/cm®.

The deleterious effects of the additional washing cycle on QDs morphology is further
evident from the EL spectra (Fig. 5b). At a given J =4 mA/cm®, the EL intensity of the double
washed QDs PeLED drops to nearly half compared to its single washed counterpart. A factor
that influences the reduction of EL is the lower PLQY observed for double-washed QDs, as it
was discussed. However, PLQY alone does not explain the observed drop in EQE of PeLEDs.
Probably, faster carrier transport is also detrimental for the PeLED performance since charge
carriers in the CsPbl; EML do not have enough time to recombine during the short transit

though the perovskite layer, which ultimately find non-radiative recombination pathways.
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d) Optimization of electron transport and injection layers

In order to further understand the impact of various ETLs and EILs on PeLEDs
performance, we fabricated two types of device architectures (see Fig. 3, region-2 and region-
3). The key difference between these two architectures is the EIL, e.g., Lig/Ag or LiF/Al bilayer
cathode. We investigated suitability of both architectures with three ETLs, namely, PO-T2T,
BPhen, and TPBi while keeping the HTL unchanged (8000/PTPD).

Figure 6a shows EQE of PeLEDs employing three ETLs with device configurations
ITO/(8000/PTPD)/CsPbl; QDs/(PO-T2T, BPhen, TPBi) (40 nm)/Liq (2 nm)/Ag (100 nm).
Clearly, the PO-T2T based devices results in the highest EQE (both average and champion) as
compared to the BPhen and TPBi counterparts. J-V-L spectra and EQE curves are shown in
Fig. S10 and the device performance parameters are shown in Table S6. We attribute the higher
performance in PO-T2T devices to a better energy level alignment of PO-T2T with CsPbl;
QDs and its higher conductivity as compared to the other two ETLs. The flat band energy level
of PO-T2T (-3.5 eV) matches well with the conduction band (CB) of CsPbl; QDs (-3.6 eV),
which reduces losses at ETL/perovskite interface.”® In addition, PO-T2T has a higher electron
mobility (=107 cm?®.V''.s™")*® than BPhen (3.9x10* cm® V™' s7),">'® and TPBi (3.3x10” cm®
v'sh),'® that favours more efficient electron transport. The more favourable energetics and
higher mobility of PO-T2T also explain the lower Voxn in PO-T2T based devices. An added
benefit of PO-T2T is its improved hole blocking properties due to its lower-lying HOMO (-7.5
eV) level (Fig. 3, region-2). Contrarily, BPhen and TPBi ETLs provide a higher offset for
charge injection (0.8 and 0.9 eV, respectively) and inferior electron mobility compared to PO-
T2T, which lead to a higher Von, lower EQE (Fig. 6a and Fig. S11), and lower luminance (see
Fig. S10). Furthermore, we studied the PO-T2T ETL thickness (30, 40, and 50 nm) to probe

any effect on charge injection/transport properties. The J-V-L spectra (see Fig. S8, Fig S9 and
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Table S5) show nearly identical Voy for all, however, the current density, luminance and EQE
in these devices largely differ.

Not only do PO-T2T PeLEDs show a higher initial EQE, but also a more stable
performance at continuous biasing. Fig. 6b shows that PO-T2T PeLED retains ~90% of its
initial EQE after 10 min of continuous biasing at 4 mA/cm®, whereas BPhen and TPBi
counterparts only retained 13% and 51% of their initial EQE even when biased for a shorted
time (~4 min). Similarly, Fig. S12a shows the comparative stability (EQE vs time plot) of PO-
T2T/Lig/Ag device at various current density values (1, 4, 8, 16, 40, 80, and 160 mA/cmz). It
can be observed that, the optimised device can retain the stability at relatively lower current
density scans, and it started to deplete at higher current density which could be associated with
the material stability and charge imbalance (at 80 and 160 mA/cm” scans). Moreover, Fig. S12b
and ¢ show the, EQE vs time and corresponding EL emission wavelength vs time spectra of a
best performed device (PO-T2T/Lig/Ag) at 1 mA/cm” scan. A stable EL emission during the

course of current scan is observed.
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Figure 6: a) Statistical distribution of the EQE of PeLEDs employing three different ETLs, namely,
PO-T2T, BPhen, and TPBi devices with Lig/Ag for bilayer cathode optimization study. Individual data
points are taken from 10 devices of each types. b) Stability of representative devices of each type in (a),
measured at a constant current density (4 mA/cm?). (c) and (d) show the EQE statistics and stability,
respectively, of the same three ETLs with LiF/Al bilayer cathode.

In the case of LiF/Al cathode, the initial EQE of all three ETLs based PeLEDs is lower
than their Lig/Ag counterparts, see Fig. 6¢ and Fig. S11. Once again, PO-T2T leads to the
highest EQE of 3.8%, but its performance is lower than the Liq/Ag analogues (EQE 6.2%).
Interestingly, TPBi and BPhen based PeLEDs showed higher EQE of 2.1% and 1.5% with
LiF/Al cathode as compared with Lig/Ag counterpart (EQE of 0.91 & 1.1%), respectively.
Also, the average as well as the best EQE for TPBi is higher when LiF/Al cathode is used,
suggesting a better energy level alignment. For the PO-T2T and BPhen, Lig/Ag cathode layer

offers a better energy level alignment for charge injection. These assumptions are validated by
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the device operation at continuous biasing at 4 mA/cm?, see Fig. 6d. The PO-T2T device shows
the highest stability followed by TPBi (similar to their EQE trends) and BPhen PeLED showed
the least stable performance with LiF/Al cathode. This is a slightly different trend compared to
the Liq/Ag cathode, where the least efficient and least stable devices were those made of TPBi.
In addition, Fig. S13a shows the comparative stability (EQE vs time plot) of PO-T2T/LiF/Al
device at various current density values (1, 4, 8, 16, 40, 80, and 160 mA/cmz). We also noticed
that, the optimised device can retain the stability at relatively lower current density scans, and
it started to deplete at higher current density scans (at 80 and 160 mA/cm” scans, similar to the
behaviour observed for the PO-T2T/Liq/Ag device). Moreover, Fig. S13b and ¢ show the, EQE
vs time and corresponding EL emission wavelength vs time spectra of a device at 1 mA/cm®
scan, demonstrating the stable EL emission during the progression of current scan. These
results clearly indicated that efficient and stable PeLEDs require a careful optimization of all

the device heterostructures.

Conclusions

In summary, we investigated the role of various HTLs (single and bilayer), ETLs,
electron injection layer (EIL, or buffer layer), emitter layers (associated with the washing
cycles of emitting QDs), as well as cathode layer on current efficiency, turn-on voltage, EQE,
and operational stability in CsPbls quantum-dot perovskite light emitting diodes (PeLEDs).
Regarding HTL optimization, we note that a bilayer HTL configuration leads to higher
performance than a single layer HTL as it probably forms a graded interface favouring charge
injection. We also noted that HTL with a lower conductivity (PEDOT:PSS 8000) leads to a
higher EQE. We attribute this to a more controlled hole flow and suppression of exciton

quenching at the HTL/emitter interface.
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Towards CsPbl; quantum dots (QDs) based emitter layer, we note crucial role of
surface ligand density towards controlling optical quality of the films as well as device
performance. We observed that multiple washing cycles negatively affect EQE and brightness,
especially at elevated current density (J), regardless a reduction of the turn-on potential is
observed, as consequence of the lower amount of long chain capping ligands on the QDs
surface. An additional washing cycle although slightly reduces photoluminescence efficiency,
however, much less than the drop in EQE of PeLEDs.

For controlling the electron transport/injection into the emitter layer, we varied the ETL
thickness, and investigated three different ETLs (that differ in conductivity and energetic offset
with respect to emitter layer). We note that a more favourable electron injection, together with
an improved conductivity, leads to a higher EQE, a smaller EQE roll-off and a significantly
higher operational stability at continuous biasing, linking balanced electron and hole currents
not just with higher performance but with higher stability. Our optimized PeLEDs show an
EQE of 6.2%, luminance of 3762 cd.m™ at around 8.7 V (~25 mA/cm?) a significantly smaller
turn on voltage and also more stable operation at elevated current densities than un-optimized

devices.

Experimental Section
Materials and chemicals:

All chemicals were purchased from Sigma Aldrich and used without purification unless
stated otherwise. Cesium carbonate (CsyCOs3, 99.9%), lead (II) iodide (Pbl,, 99.9985%, TCI),
oleic acid (OA, technical grade 90%), oleylamine (OAm, technical grade 70%), 1-octadecene
(ODE, technical grade 90%), hexane (reagent grade >95%), octane (anhydrous, >99%), methyl
acetate (MeOAc, anhydrous 99.5%). 2,4,6-Tris[3-(diphenylphosphinyl)phenyl]-1,3,5-triazine

(PO-T2T, Lumtec Taiwan), 4,7-Diphenyl-1,10-phenanthroline (BPhen, Lumtec Taiwan),
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2,2'2"-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi, e-Ray Optoelectronics
Technology), 8-Quinolinolato lithium (Liq, Ossila), and Poly-TPD (1-Materials).
Synthesis and purification of CsPbl; QDs:

42, 44 9 with some

CsPbl; QDs were synthesized according to the previous reports
modifications.”' Briefly, 0.814g Cs,COs, 2.5 mL (OA) and 40 mL of 1-ODE were mixed in a
three-neck flask at 120 °C under vacuum for 60 min, keeping a constant stirring. Temperature
of the mixture was increased to 150 °C under N,-purge until the complete dissolution of
Cs,COs. Next, the temperature of resultant solution was decreased to 100 °C in order to avoid
the Cs-oleate oxidation (Cs-oleate is one of the precursors used for injection).

In a typical CsPbls; QDs synthesis, 0.5 g of Pbl, and 25 mL of 1-octadecene were degassed
in a 100 mL three-neck flask at 120 °C for 1 h. Then 2.5 mL of both preheated (OA) and 2.5
mL of (OAm) were added under N, atmosphere to the mixture reaction. Here, halide precursor
became transparent. Then the synthesis temperature was rapidly increased to 170 °C and 2 ml
of preheated Cs-Oleate was quickly injected. After 5 sec, the reaction was quenched by
immersing the three-neck flask in ice bath.

The purification of CsPbl; QDs was conducted by washing with anhydrous MeOAc. For
single-washed QDs, 7.5 mL of crude solution and 17.5 mL of anhydrous MeOAc were
centrifuged at 7500 rpm for 5 min. Then the supernatant was discarded, and the precipitate was
recovered. The solid was re-dispersed in 7.5 mL of anhydrous hexane. For double-washed QDs,
the QDs dispersion was centrifuged again with 4 mL anhydrous MeOAc¢ for another 5 min.
The supernatant was discarded and the solid was re-dispersed in 7.5 mL of anhydrous hexane.
The solution of CsPbl; QDs were stored at least 24 hours in refrigerator (5 °C) prior to use (in
order to precipitate excess of Cs-oleate and Pb-oleate).

Device Fabrication:
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Devices were fabricated on pre-patterned ITO substrates. The substrates were cleaned
with Extran soap water, distilled water, acetone, and IPA via sonication (15 min each).
Subsequently, the substrates were dried with N, and exposed to oxygen plasma (200 W) for 10
min prior to the deposition of hole transporting layer (HTL). PEDOT:PSS used as HTL
(Clevios 4083 and Clevios 8000; filtered with 0.45 um PVDF filter). HTL was then spin coated
for 30 s at 3,000 rpm and thermally annealed at 140 °C for 10 min. The substrates were stored
in a nitrogen-filled glovebox for the spin coating of Poly-TPD layer. Poly-TPD (6 mg mL™ in
chlorobenzene) was spin coated on ITO substrates (1,000 rpm for 45s: acc. 6,000 rpm) and
annealed at 140 °C for 10 min to form a bilayer HTL. The poly-TPD films were exposed to O,
plasma (1-2 s at 100 W) to improve wetting properties. The CsPbls QDs solution in octane (10
mg mL™") was deposited with a single step process at 3,000 rpm for 30 s and dried at room
temperature. Subsequently, a 40 nm thick ETL (PO-T2T, BPhen, TPBi) was deposited via
thermal evaporation (pressure < 2Xx 10® mbar). The Lig (2 nm) and LiF (1.2 nm) were
evaporated to form an electron injection layer. Ag and Al (100 nm) were used as metal back
contact (cathode) that defined the active area of the devices (0.125 cm?).

X-ray Diffraction (XRD) pattern characterization and transmission electron microscopy
The X-ray Diffraction (XRD) pattern of the thin film was recorded using an X-ray
diffractometer (D8 Advance, Bruker AXS) (Cu Ka, wavelength of A = 1.5406 A) within the
range of 10-60°.

UV-Vis Absorption spectra (UV-Vis), Photoluminescence Spectra (PL), Time Resolved
Photoluminescence (TRPL) Decay profile

The steady state absorption spectra of CsPbl; QD solution was measured by using a UV/Vis
absorption spectrophotometer (Varian, Cary 300). The emission measurement (PL spectra)
and time resolved PL (TRPL) decay were collected by Horiba Fluorolog.

Transient Photoluminescence measurements
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For the streak camera measurements, two femtosecond Yb:KGW lasers were
employed. Yb:KGW oscillator (Light Conversion Ltd.) produced 80 fs, 1030 nm light pulses
at a repetition rate of 76 MHz, which were frequency doubled to 515 nm (HIRO harmonics
generator, Light Conversion Ltd.) and focused into an =30 um spot on the sample. Excitation
power was attenuated using neutral density filters. The maximum time resolution of the entire
system was <13.0 ps.

Photoluminescence of the QDs films was measured using Edinburgh-F900 (Edinburgh
Instruments) spectrometer. PL transients were obtained using Time-correlated single photon
counting (TCSPC). The excitation source was a picosecond pulsed diode laser EPL-470
(Edinburgh Instruments) emitting ~100 ps pulses (2 MHz repetition frequency) with
characteristic emission wavelength 470 nm.

Transient absorption spectroscopy of films

The transient absorption setup was based on the amplified femtosecond laser Pharos
10-600-PP laser (Light Conversion Ltd.), operating at fundamental wavelength of 1032 nm,
repetition rate of 200 kHz and pulse width of <250 fs. The measurements were performed at
repetition rate of 200/42=4.762 kHz frequency achieved by using the pulse picker. The
collinear optical parametric amplifier Orpheus PO15F2L (Light Conversion Ltd.) was used to
obtain 515 nm wavelength pulses for sample excitation. Excitation was modulated at
4.762/6=0.794 kHz frequency by mechanical chopper synchronized to the output of the pulse
picker. As a probe, we used pulses, spectrally broadened by means of continuum generation in
the sapphire crystal. The detection equipment consisted of Andor-Shamrock SR-500i-B1-R
spectrometer (Andor Technology, 150 lines/mm diffraction grating) equipped with Andor-
Newton (Andor Technology) DU970 CCD camera (1600 x 200 pixels). The reading of the
camera was synchronized with the chopper.

Calculation of external quantum efficiency (EQE)
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The EQE is calculated by counting number of photons generated the PeLED per second.

This divided by number injected electrons/sec gives EQE."

Nphoton

EQE =
Iinj/q

X 100%

Herein Iy, 1s the current injected (at a given applied bias V) into the LED, Nphoton represents the
number of photons per second, and g is elementary charge (1.6 x 10~ C).

Nphoton 18 calculated by

N — Iphoto IAPN(A)dA
photon ™ p e [ PN(A)R(A)dA

Where Iphoton 18 the photocurrent, measured by Newport 818-SL-L Silicon photodetector, R(A)

is responsivity of the photodetector. Normalized power spectrum, PN()) is calculated as:

n(A)hc
Py =— A "W
(Dh n()
f” Car 2 I

where n(1) is the number of photons emitted at each wavelength, which is directly related to

emission spectrum Sem(A). Thus, by normalizing both

n(A) Sem(4)

fn(/l)d/1 B J‘Sem(l)d/1

PY(X) is rewritten as

Sem(4)

Sem(A)
A =qan

PN (1) =
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