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Colloidal nanocrystals of organic—inorganic hybrid perovskites (OIHPs) are an emerging class of solid-
state lighting materials owing to their outstanding photophysical properties. Considerable research
efforts have been devoted to the fabrication of high-performance light-emitting diodes (LEDs) based on
these materials, including interface engineering which is essential for balancing the electron and hole
injection in devices. Here, we report efficient perovskite nanocrystal LEDs based on a new electron
transport material (ETM), 9,10-bis(N-benzimidazolyl)anthracene (BBIA), possessing a high electron
mobility of 4.17 x 10™* cm? V™ st at an electric field of 10° V cm™. Compared to control devices
based on the ETM 2,2',2"-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi), BBIA-based
devices exhibit a nearly two-fold enhancement, increasing the current and external quantum efficiencies
from 6.25 cd A™* and 1.51% to 12.2 cd A™! and 2.96%, respectively. In addition, a small degree of
efficiency roll-off of 8 + 1% at a luminance of 2000 cd m~2, as well as a low turn-on voltage of 2.35 V,
has been demonstrated. The anthracene-based compounds may open up new research opportunities

for interface engineering in perovskite LEDs.

Introduction

In the past decade, we have witnessed unprecedented development
of organic-inorganic hybrid perovskite- (OIHP-) based opto-
electronic devices.'”> OIHP materials combine solution proces-
sability, tunable bandgap, narrowband emission, and facile
synthesis, which makes them very promising for next-generation
lighting and displays.>® Recent research efforts have focused on
the enhancement of their LED performance,” as reflected by
the demonstration of ultrahigh external quantum efficiencies
(Mext > 20%),"°*3 based on the bulk and quasi-2D forms of OIHP
thin films. We notice that high efficiency devices have been
realized in both bromide and iodide systems using bulk poly-
crystalline or quasi-2D/3D mixed films; yet it remains contro-
versial if the observed high efficiencies can be extended to cover
the entire visible spectrum.'® In this respect, colloidal nano-
crystals, or colloidal quantum dots (CQDs), of OIHPs may be an
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interesting alternative. On the one hand, the emission wave-
length can be precisely tuned with two degrees of freedom,
namely by ionic doping and quantum confinement. On the
other hand, the photoluminescence (PL) quantum yields (1jpy), the
upper limit of the internal quantum efficiency in devices, can
reach unity.>'> Unfortunately, to date, their LED performance
remains on the relatively low side.”'®™®

The mechanisms lowering the efficiency of perovskite nano-
crystal-based devices are still not very well-understood."**
Several possible causes have been proposed, including (i) non-
radiative recombination losses due to the surface defects on the
nanocrystal surface,”®™” (ii) the leakage current induced by the
incomplete surface coverage,”®* and (iii) the imbalance of
carrier injection that results in a high degree of efficiency roll-
off at high luminance." In this report, we aimed to address the
last point. A possible mechanism leading to imbalanced charge
injection is due to the fact that the electron mobility in organic
semiconductors is usually orders of magnitude lower than the hole
mobility.**>* 1t is therefore desirable to employ high electron
mobility ETMs,*® with a deep highest occupied molecular orbital
(HOMO) energy blocking the hole transport,***> and an appropriate
lowest unoccupied molecular orbital (LUMO) energy in favor of
electron injection.*® Besides hole transport materials (HTMs) having
a shallow LUMO and a comparable hole mobility,*”*° they allow
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radiative recombination events to take place in the middle of the
emission layer, thereby minimizing the efficiency roll-off at a high
carrier concentration. Recently, a number of ETM compounds
have been used in perovskite LEDs, such as TPBi,””** B3PYMPM,>'
BPhen,*® BCP," TmPyPB,**> 3TPYMB," and PO-T2T.>*** In this
report, we examine the performance of 9,10-bis(N-benzimid-
azolyl)anthracene (BBIA) as an ETM in perovskite nanocrystal LEDs.

Results and discussion

Perovskite nanocrystals with chemical formula FA, sMA, sPbBrs3,
where FA = formamidinium, CH;(NH,),", and MA = methyl-
ammonium, CH;NH;", were synthesized at room temperature
using the ligand-assisted reprecipitation (LARP) technique."®*°
Fig. 1 shows the photograph of the colloidal solution under
ultraviolet (UV) illumination and the transmission electron
micrograph (TEM) of the nanocrystals. The absolute 7p;, values
were determined to be 86% and 95% for the solution and thin-film
samples, respectively. We attribute the higher #p;, in the thin film
sample to aggregation-induced emission (AIE) phenomena
illustrated by our group.® The thin-film photoluminescence
shows a narrow-band emission peak centered at 528 nm, with
a full width at half maximum (FWHM) of 23.5 &+ 0.5 nm (Fig. S1,
ESIT). The thin-film X-ray diffraction (XRD) patterns of perovskite
nanocrystals are shown in Fig. S2 (ESIt). We observe diffraction
peaks at 15.375°, 30.425°, 45.975°, and 62.575°, corresponding to the
(001), (002), (003) and (004) planes, respectively.** The (011) and
(012) plane peaks at 21.525° and 34.025°, respectively, are relatively
weak, presumably suggesting that the nanocrystals may be of the
nanoplatelet symmetry, as we reported previously.*>*®

The BBIA molecule is synthesized by the modified Ullmann
coupling reaction”” (Scheme 1) by reacting 9,10-dibromoanthracene
and benzimidazole in the presence of anhydrous potassium
hydroxide and dried dimethylformamide (DMF) at 120 °C under
an argon (Ar) atmosphere for 24 h.*®* BBIA was purified by
column chromatography using THF/hexane 10:1 as an eluent,
giving a greenish powder at a yield of 68%. The product was
characterized by 'H- and '*C-NMR, indicating at least 98%
purity powder diffraction of BBIA gave identical unit cells
compared to the literature data (Fig. S9, ESIt).*” The absorption
and PL spectra of BBIA in THF solution at a concentration of
10> M are shown in Fig. 2(a). BBIA shows a vibronic spectrum

(a) (b)

Fig. 1 (a) Photographs of the colloidal perovskite solution under visible
(left) and UV (right) illumination. (b) Transmission electron micrograph of
the nanocrystals.

1209C for24 h

9,10-dibromoanthracene  benzimidazole BBIA

Scheme 1 Synthetic route to the BBIA compound.

with absorption peaks at 357, 376, and 396 nm corresponding to
the n — m* transitions of the anthracene core unit.** The PL
band is centered at 431 nm with a shoulder peak at around
417 nm when excited at 350 nm. The optical bandgap (E,) is
therefore estimated to be 3.06 eV from the intersection of the
absorption and emission peaks,’® as summarized in Table 1.

We characterized the thermal decomposition temperature
(T4) of BBIA using thermogravimetric analysis (TGA), which
provides a high Ty of 325 °C, corresponding to 5% loss of the
initial mass (Fig. 2(b)). The high thermal stability, which is a
prerequisite for thermally evaporated ETMs, is possibly due to
its non-coplanar structure and the rigid anthracene core.’>>
The electrochemical characteristics were next investigated
using cyclic voltammetry (CV). The cyclic voltammogram was
recorded using a glassy carbon working electrode, with ferro-
cene as the reference (Fig. 2(c)). The HOMO energy level of BBIA
is determined from the oxidation potential (—6.07 eV), and by
subtracting the bandgap energy, the LUMO level is determined
to be —3.01 eV. The density functional theory (DFT) calculations
were also carried out using the B3LYP* methods in the Amsterdam
Density Functional (ADF) program with the TZP basis sets. As
shown in Fig. 2(d), the HOMO and LUMO isosurfaces are mostly
localized around the anthracene core with a small degree of
extension towards the imidazole groups, implying that the
substituted benzimidazole groups do not significantly influence
the optical properties of the core anthracene unit. The DFT-
calculated HOMO and LUMO levels are reasonably consistent
with the experimental values, as shown in Table 1.

The electron mobility (u.) of BBIA is characterized under an
ambient atmosphere using the electron-only device, with the
architecture of ITO (120 nm)/BBIA or TPBi (150 nm)/LiF (1 nm)/
Al (100 nm). Fig. 3a shows the current density (J)-voltage (V)
characteristics of BBIA and TPBi based electron-only devices.
BBIA shows a higher current density and a significantly low
turn-on voltage. Moreover, the electron mobility of BBIA is then
estimated by the modified Mott-Gurney equation of the space-
charge-limited current (SCLC) based on the Poole Frenkel
mobility model given by:>*>*

V(v-—

V —Vp) v

where &, is the vacuum permittivity (g, = 8.85 x 10> F m ™),
¢ is the relative dielectric constant of the BBIA film (assumed to
be 3.0), o is the zero-field mobility, L is the distance between
the electrodes, Vj is the correction term that has a theoretical

9
J = seeplly

- (1)

value of 0.9 V for perfectly symmetric contacts, y is the para-
meter quantifying the mobility field dependence. The electron
mobility can therefore be calculated for each voltage point by
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Fig. 2 Photophysical, thermal, and electrochemical properties of BBIA. (a) Absorbance and photoluminescence spectra of BBIA in THF solution (at 107> M).

(b) Thermal decomposition temperature (Ty) of BBIA measured at a heating rate of 10 °C min™™. (c) Cyclic voltammogram of BBIA in THF solution (at 107> M).
(d) Optimized molecular structure of BBIA and calculated spatial distributions of the HOMO and LUMO energy levels using the DFT calculations.

Table 1 Photophysical, electrochemical, and thermal characteristics of BBIA

Compound ~ Absorbance” (nm)  Zp® (nm)  ES (eV) EQN° (V)  HOMO! (eV) LUMO’ (eV) Te/ (°C)  pesorc® (cm? v's™)

BBIA 357, 376, 396 431 3.06 1.27 —6.07 (—6.03) —3.01 (—2.90) 325 417 x 1074

“ Characterized in THF solution with a concentration of 10~°> M. ” Estimated from the onset of the absorption spectrum. ¢ Semi-oxidation
potential with ferrocene (Fc) as the internal standard. ¢ Eyomo = —(Eox + 4.8). ¢ Determined by subtracting the bandgap from the HOMO level, i.e.,
Erumo = (Eromo t Eg)- The energy levels in parentheses were obtained by DFT computations.  Thermal decomposition temperature when the mass decreases
to 95% of the initial value. ¢ Electron mobility at an electric field of 10° V em ™.
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Fig. 3 Transport properties of BBIA and TPBi. (a) J-V characteristics of the electron-only device. (b) The calculated electron mobility as a function of
electric field.
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Table 2

Effect of electron transporting materials, BBIA, TPBi, and BPhen on the EL characteristics of devices

ETL HTL HCL Von (V)at10edm™>  peg(cd A npg (Im W) Next (%) ZpL (FWHM) (nmm)  Lyay (cd m™?)
BBIA  — — 2.27 2.33 2.44 0.58 528 (24.0) 833
Poly-TPD  — 2.26 3.92 4.19 0.98 528 (23.5) 3322
— 3TPYMB  2.34 8.83 11.10 2.18 528 (23.6) 1680
Poly-TPD 3TPYMB 2.35 12.2 12.8 2.96 528 (23.3) 4385
TPBi Poly-TPD 3TPYMB  3.20 6.25 5.32 1.51 528 (23.6) 2330
Algs Poly-TPD 3TPYMB 3.20 1.05 0.94 0.28 528 (28.7) 759
. .. . . J . owing to the high electron mobility of BBIA. The devices emit at
linearly fitting the experimentally obtained In | —————| with 5 . & ty . .
V(V +Vp) 528 nm with a FWHM of 24 nm, in line with the PL features. By

V
respect to \/; (ESL Fig. S3), yielding p. versus electric field E

(Fig. 3(b)). Accordingly, the calculated zero-field p. is 8.11 X
10°® ecm® v'' 57! and gradually increased to p. = 4.17 x
10" * em? v s ! at E=10° Vecm ™!, which is about three orders
of magnitude higher than that of the standard benzimidazole-
based ETM, such as TPBi (g = 6.72 x 1077 em®> V"' s~ at
E=1 x 10° Vem ™). The . values of TPBi are also in line with
those in the literature.”

We consider that BBIA is a good ETM due to its high thermal
stability and high electron mobility. The LED devices were
fabricated using colloidal perovskite nanocrystals as the emission
layer (EML). First, the device architecture of ITO/PEDOT:PSS/
EML/BBIA/LiF/Al was tested, providing a current efficiency (1cg)
of 2.33 cd A™" and an external quantum efficiency (1) of 0.58%.
In particular, a low turn-on voltage (V,,,) of 2.27 V is obtained,
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placing a thin hole transport material, poly(4-butylphenyldi-
phenylamine) (Poly-TPD), before the EML, ncg and 7. are
increased to 3.92 cd A" and 0.98%, respectively. The maximum
luminance (Liay) also increases from 833 to 3322 c¢d m™>. The
Poly-TPD layer confines the injected electrons in the EML due to
the shallow LUMO energy level.”® We also tested deposition of
an ultrathin (5 nm) hole confinement layer (HCL), 3TPYMB,
after the EML, obtaining #cg and #ey of 8.83 cd A" and 2.18%.
Indeed, it has deep HOMO energy levels, so the V,, is slightly
increased from 2.26 V to 2.34 V (Table 2). All together, the g
and 7 values reached 12.2 cd A™" and 2.96%, respectively, by
depositing a 20 nm Poly-TPD layer before the EML and a 5 nm
3TPYMB hole confining layer after the EML (for schematic
device architecture see the ESL{ Fig. S4). The maximum power
efficiency is 12.8 Im W', The optimized device architecture
containing the BBIA ETM also shows only an efficiency roll-off
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Fig. 4 LED characteristics using different ETMs. (a) Current density and luminance as a function of voltage. (b) EL spectra. (c) Current efficiency and
external quantum efficiency as a function of current density. (d) Power efficiency as a function of current density.
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Fig. 5 Operational stability of the perovskite nanocrystal LEDs using BBIA as the ETM. (a) Relative luminance and driving voltage as a function of time

under continuous electrical stress at a constant current density of 60 mA cm?,

corresponding to the initial luminance (Lo) of 2255 cd m™2.

(b) Extrapolated LTsq as a function of Lo, showing a LTsg of ~37 hours at Lo = 100 cd m~2.

of 8 +£ 1% at a high luminance of 2000 cd m™> due to the
balanced charge injection in the EML.>”*® The control devices
fabricated using standard ETMs (TPBi and Alqs), on the other
hand, exhibit lower efficiencies, 7.y becomes 1.51% and 0.28%
for TPBi and Alqs, respectively (see Table 2). We attribute the
poor efficiencies in Alqz-based devices to its low electron
mobility, 0.62 x 10~ % em*> V"' s>

More specifically, the current density-voltage-luminance
(J-V-L) characteristics of the devices using BBIA and TPBi
ETMs are shown in Fig. 4(a). BBIA-based devices show a lower
turn-on-voltage (V,,) than the TPBi counterpart, suggesting the
improved electron injection, because of: (i) a lower electron
injection barrier by 0.31 eV and (ii) an over 600-fold increase
of electron mobility (6.72 x 1077 cm®> V' s7' at E = 1 x
10> V em ™). Unexpectedly, TPBi-based devices exhibit a higher
current density than BBIA-based devices. As the LUMO level for
TPBi (~2.7 eV) is higher than that for BBIA (~3.0 eV), we
attribute this to the high degree of charge carrier imbalance in
the EML due to the electron accumulation at the ETL/cathode
interface.®®®' We notice that there are a number of reports on
high current densities even with low-mobility ETMs, such as
Alg;.*"®* Further mechanistic studies will be required to reveal
the root cause. Both devices exhibit nearly identical EL spectra
(Fig. 4(b)). Fig. 4(c) and (d) show the corresponding #cg, fexc and
npe as a function of current density. As expected, BBIA-based
devices show higher efficiencies than TPBi-based devices. The
devices also exhibit very consistent corresponding emission
maxima throughout the operating range (ESI, Fig. S5). The
devices show an ultra-pure green emission with the International
Commission on Illumination (CIE) 1931 coordinates of (0.172,
0.765) which covers >95% coverage of the Recommendation
(Rec.) 2020 standard.

Finally, the operational lifetime of BBIA-based perovskite
nanocrystal LEDs was investigated. The encapsulated device
shows an LTs,, the operational time before reaching 50% of its
initial luminance (L), of 0.19 hours at a constant driving current
density of 60 mA cm > corresponding to an L, of 2255 cd m™>
(Fig. 5a). A relatively small increase of the operating voltage, 0.56 V,
which is often desired to maintain the stable current density

throughout the measurement, is observed. By using the bright-
ness acceleration factor (m) of 1.5 in the empirical formula of
L x LT = constant,”® we determine the LTs, value of the device at
Lo = 100 ¢d m~? to be ~37 hours (Fig. 5b). In comparison, the
PerLED devices based on conventional TPBi exhibit an LT, value of
0.13 hours at a lower current density of 20 mA cm™ 2 (Fig. S6, ESIt).

Conclusions

In conclusion, we have developed efficient perovskite nanocrystal
LEDs using a new ETM, BBIA, with two n-type 1H-benzimidazole
units covalently bound to the C9 and C10 positions of an
anthracene core, exhibiting a high electron mobility of 4.17 x
10"* em® V7! s7'. BBIA-based devices exhibit high color purity
with high #cg and e of 12.2 cd A™" and 2.96%, respectively.
More importantly, there is only ~8 £ 1% efficiency roll-off at
2000 cd m~2. We consider the ETM as a promising candidate for
high-performance perovskite LEDs.

Experimental
Materials

Patterned indium tin oxide (ITO) coated glass substrates with a
sheet resistance of 15 Q [0~" were purchased from Lumtech Corp.
Poly(3,4-ethylene-dioxythiophene)-poly(styrene sulfonate) (PEDOT:
PSS, Clevios AI 4083) was purchased from Heraeus. The GPC grade
hole transporting material, poly[N,N’-bis(4-butylphenyl)-N,N’-bis-
(phenyl)-benzidine] (Poly-TPD) was procured from Lumtech Corp.
The neutral low-k host matrix poly methyl methacrylate (PMMA,
average M.W. 350 000) was supplied by Sigma-Aldrich. Ultrapure
sublimed grade electron transporting materials 2,2’,2"-(1,3,5-
benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi), tris(8-hydroxy-
quinoline)aluminum, and tris(2,4,6-trimethyl-3pyridin-3-yl)phenyl)-
borane (3TPYMB) were procured from Lumtech corp. Lithium
fluoride (LiF, 99.98%) was purchased from Lumtech corp. and Acros
Organics. Aluminum (Al) pellets (99.999%) were obtained from Kurt
J. Lesker Co. Ltd. The above materials were used as received without
any further purification.



//doc.rero.ch

http

Materials characterization

The absorbance spectrum of BBIA in THF solution was collected
using a JASCO V670 spectrometer. The PL spectrum of BBIA was
recorded using a Hamamatsu CCD spectrometer (wavelength
resolution <2 nm) at an excitation wavelength of 350 nm.
The absolute PLQY values were determined in an integrating
sphere using a commercial model, Hamamatsu Quantaurus QY
C11347-11 with an excitation wavelength of 375 nm. X-rays
diffraction (XRD) patterns of 2D perovskites were collected using
a PANalytical X'Pert PRO-MPD diffractometer with Cu-Ka radiation.
The data were recorded in the range of 5-70° 20 at room
temperature with an angular step size of 0.05° and a counting
time of 0.23 seconds per step. The TEM images of perovskite
NCs were captured under cryogenic conditions using an STEM
(Hitachi HD 2700) equipped with a cryo-holder (liquid nitrogen)
with high beam acceleration voltages from 80 to 200 kV. A
surface profiler (DektakXT Bruker) was used to evaluate the film
thickness of various device layers.

Device fabrication

Firstly, the patterned ITO coated glass substrates were sequentially
sonicated in diluted neutral Extran MA solution, acetone, and
isopropyl alcohol, each for 20 minutes. Subsequently, these sub-
strates were dried using a nitrogen gun, and exposed to oxygen
plasma for 10 minutes. The hole injection layer, PEDOT:PSS, was
deposited through spin-coating and then annealed at 130 °C for
30 minutes in an ambient atmosphere. Then the substrates
were transferred to a nitrogen filled glove to spin-coat a Poly-
TPD hole transporting layer and an electron injection layer.
After 30 minutes of annealing at 130 °C, the perovskite emissive
layer was deposited through the spin-casting method. Later on,
these substrates were transferred to a high vacuum thermal
evaporation chamber and 3TPYMB (HCL), an ETL (BBIA, TPBi,
and Alqs), a LiF electron injection layer, and an Al cathode
successively. The active area 0.25 cm? of the devices was defined
by the overlapping area between the ITO and Al layers.

PerLED characterization

The J-V-L characteristics of the PerLEDs were measured using a
Keithley 2400 SMU source meter at room temperature under
ambient conditions and a Photo Research PR 655 spectro-
radiometer. The EL spectra and CIE color coordinates of the
devices were also recorded by using a PR 655 spectroradio-
meter. The 7., was calculated as the total number of emitted
photons divided by the total number of injected electrons by
assuming a Lambertian-type emission pattern. The operational
lifetime of PerLED devices was measured using a smart Ossila
Lifetime System (E642) under a constant current.
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