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Interface engineering is important for enhancing the luminance efficiency and stability of perovskite light-

emitting devices. In this work, we study the effects of spin-coated 1,3,5-tris(2-N-phenylbenzimidazolyl)

benzene (TPBi) layer incorporation on the crystal structure, morphology, photo-physics, and charge

transport characteristics of the underlying MAPbBrz layer. Introduction of such a TPBi interlayer

effectively reduces defect density and increases radiative recombination in the MAPbBrz layer. Related
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perovskite light-emitting devices with a TPBI interlayer show a maximum external quantum efficiency of

9.9% and power efficiency of 22.1 Im W™, which are 2.0 and 1.6 times those of the devices without
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Introduction

Organic-inorganic lead halide perovskites are promising for
light-emitting devices due to their unique properties such as
solution-processability, high luminescence efficiency, good
colour purity, and high defect tolerance.’ In 2014, Tan et al.*
developed perovskite light-emitting devices with external
quantum efficiencies (EQEs) in the range of 0.1-0.8%. Since this
report, the performance of perovskite light-emitting devices has
advanced rapidly.>™® At the time of writing, a maximum EQE
over 28% has been reported for perovskite light-emitting
devices."

A device structure of ITO/hole transport layer/perovskite
emission layer/electron transport layer/metal cathode is
commonly employed for perovskite light-emitting devices, where
ITO is indium tin oxide, the hole transport layer is often poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) ~ (PEDOT:PSS),
and 1,3,5-tris(2-N-phenylbenzimidazolyl)benzene (TPBi) typically
serves as the electron transport layer.>* Interface engineering is
important for enhancing the luminance efficiency and stability of
perovskite light-emitting devices. A poly(methyl methacrylate)
(PMMA) layer was incorporated between the perovskite emission
layer and electron transport layer to balance charge transport,
resulting in significant enhancement of device performance.*®
You et al.*® showed that the addition of a trioctylphosphine oxide
(TOPO) layer reduced defect density in perovskite layers and
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a TPBi interlayer, respectively. The study provides a simple and effective method to enhance the
performance of perovskite light-emitting devices.

consequently increased the EQE of related light-emitting devices
by 1.2 times. The effects of ethylenediamine (EDA) and poly-
ethyleneimine (PEI) layers on the photo-physics and electrolu-
minescent (EL) properties of the underlying MAPbBr; layers were
compared: EDA-treated MAPbBr; layers showed improved pho-
toluminescence quantum yields (PLQYs) and EL features over
those of the PEI-treated analogues, which was attributed to the
fact that the increasing infiltration of EDA with a low molecular
weight into MAPDbBr; layers led to the effective defect passiv-
ation.” An elegant “additive nanocrystal pinning” (A-NCP)
method using TPBi chloroform solution as the anti-solvent
during the film formation process was developed to control the
morphology and crystal size of MAPDbBr; films."* Decreased
MAPDbBr; crystal size in the A-NCP samples led to the spatial
confinement of electrons and holes and as a result increased
electron-hole recombination. N atoms in TPBi possessing a lone
electron pair interact with uncoordinated Pb atoms having an
empty orbital, forming the Lewis acid-base adduct, which
compensates the partial charges and leads to the effective defect
passivation."** Both effects contributed to highly efficient
perovskite light-emitting devices with a maximum EQE of 8.5%."*
However, it is very demanding to control the preparation
parameters to obtain a proper TPBi distribution inside perovskite
samples. A solution-processed TPBi electron transport layer was
previously used in light-emitting devices based on perovskite
nanocrystals.”>*

Herein, we devise incorporation of a spin-coated TPBi layer
on MAPDBr; layers prior to the thermal treatment process based
on the following considerations: (1) with the aid of the
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processing solvents present in the sample, the increasing TPBi
infiltration into MAPbBr; layers promotes defect passivation; (2)
possible blocking of electron transport by an insulating layer
can be obviated; (3) the process is relatively simple and can be
easily controlled. We investigate the effects of spin-coated TPBi
layer incorporation on the crystal structure, morphology, photo-
physics, and charge transport characteristics of the underlying
MAPDBr; layer. The results indicate that incorporation of such
a TPBi interlayer effectively reduces defect density in MAPbBr;
layers, translating into a 2-fold increase in the EQE of related
MAPDBr; light-emitting devices. It is remarkable that EQEs of
light-emitting devices are comparable or slightly higher than
those of the devices based on A-NCP method.

Results and discussion

Fig. 1a presents schematic configuration of perovskite light-
emitting devices, where MAPbBr; functions as the emission
layer, a thin spin-coated TPBi layer as the interface modifier, an
evaporated TPBi layer as the electron transport layer,
PEDOT:PSS as the hole injection layer, caesium fluoride (CsF) as
the electron injection layer, and ITO and aluminium (Al) as the
transparent anode and metal cathode. Fig. 1b shows the energy
level diagram of the devices, in which the energy levels of the
materials and work function of electrodes have been obtained
from the literature.>?

Fig. 2 shows top-view scanning electron microscopy (SEM)
images of the MAPbBr; and MAPbBr;/TPBi samples prepared
with 0.1, 0.5, or 1 mg ml~* TPBi solution on the PEDOT:PSS
layer, which are denoted as the MAPbBr;, TPBi 0.1, TPBi 0.5,
and TPBi 1.0 samples, respectively. All samples show a similar
continuous crystalline surface and do not contain obvious voids
and cracks. A cross-sectional SEM image of the TPBi 1.0 sample
is presented in Fig. 2e. The MAPbBr; layer is compact and
pinhole-free. TPBi layer cannot be resolved from the image
because of its small thickness. Fig. 2f and g show atomic force
microscopy (AFM) images of the TPBi 1.0 and MAPbBr;/TPBi
(2 nm prepared by thermal evaporation) (Evp TPBi) samples.
The TPBi 1.0 and Evp TPBi samples show similar morphologies
and the root-mean-square (RMS) values of both samples are
around 20 nm.

View Article Online

Paper

As shown in Fig. 3a, the MAPbBr3;, TPBi 0.1, TPBi 0.5, and
TPBi 1.0 samples show the common diffraction peaks at 15.0°,
30.2°, and 46.1°, which are derived from the respective (100),
(200), and (300) crystal planes of the MAPbBr; cubic crystal
structure.*® The TPBi 0.1, TPBi 0.5, and TPBi 1.0 samples exhibit
additional diffraction peaks at 21.4°, 34.2°, 37.3°, and 43.4°,
originating from the (110), (210), (122), and (220) crystal planes
of the MAPbLBr; cubic crystal structure, respectively.”® The
appearance of diverse crystal orientations in the TPBi 0.1, TPBi
0.5, and TPBi 1.0 samples is related to the interactions between
the TPBi and MAPDbBr; layers. Kim et al.”” reported that the
crystal orientation of CH3;NH;Pbl; film was varied upon the
incorporation of a P3HT:PC61BM overlayer prepared using
a similar method in this work. The (100) diffraction peaks of the
MAPDbBr;, TPBi 0.1, and TPBi 1.0 samples show similar inten-
sities and full-width at half maximum values, as shown in the
inset of Fig. 3a.

We conduct the energy dispersive X-ray spectroscopy (EDS)
measurements to study the compositions of the MAPbBr; and
TPBi 1.0 samples, as shown in Fig. 3b and Table 1. The atomic
ratios of Pb:Br and Pb: N are 1:3.1 and 1:1.3 for both
samples. As TPBi layer incorporation barely affects the Pb : Br
and Pb : N atomic ratios, possible blocking of the MABr escape
by a TPBi layer during the thermal treatment process can be
excluded.

Fig. 4a shows the UV-vis absorption spectra of the samples.
The MAPbBr;, TPBi 0.1, TPBi 0.5, TPBi 1.0, and Evp TPBi
samples exhibit a similar absorption profile and absorption
onset at ca. 2.27 eV.” Fig. 4b presents the steady-state photo-
luminescence (PL) spectra of the samples. Incorporation of
a TPBi interlayer increases the PL intensity, which is attributed
to the defect healing effect of TPBi.?* The TPBi 1.0 sample shows
1.5-2 times PL intensity compared with that of the MAPbBr;
sample, whereas the Evp TPBi sample exhibits a slight PL
intensity increase. PL maxima of the TPBi 0.1, TPBi 0.5, TPBi
1.0, and Evp TPBi samples show a 2-3 nm blue-shift, compared
with that of the MAPbBr; sample, which may be associated with
some low-energy traps are filled due to TPBi passivation,
leading to blue-shift of the emission wavelength.

Table 2 shows the PLQYs of the samples. The PLQYs of the
MAPbBr3;, TPBi 0.1, TPBi 1.0, and Evp TPBi samples are 0.22,
0.26, 0.30, and 0.24, respectively. As the EDS measurements
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(a) Schematic configuration and (b) energy-level diagram of perovskite light-emitting devices.
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Fig.2 (a—d) Top-view SEM images of the MAPbBrz, TPBi 0.1, TPBi 0.5, and TPBi 1.0 layers on PEDOT:PSS, insets show the corresponding high-
resolution SEM images. (e) A cross-sectional SEM image of the TPBi 1.0 sample. (f and g) AFM images of the TPBi 1.0 and Evp TPBi samples.

clearly show the Pb : Br atomic ratio of the samples is slightly
over-stoichiometric, it can be inferred that there are not a large
amount of uncoordinated Pb atoms at the sample surface and
the passivation effect of TPBi on surface defects may not be
significant. This interpretation is consistent with the PLQY

measurement results that the PLQY of the Evp TPBi sample is
only slightly higher than that of the MAPDbBr; sample.
Conversely, substantially increased PLQY of the TPBi 1.0 sample
over that of the MAPbBr; sample can only be explained by the
fact that the increasing TPBI infiltration into the MAPDbBr; layer
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Fig. 3 (a) XRD patterns of the MAPbBr3z, TPBi 0.1, TPBi 0.5, and TPBi 1.0 samples, the inset shows the enlarged version of the (100) peak region. (b)

and (c) EDS measurements of the MAPbBrs and TPBi 1.0 samples.
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Table 1 The compositions of the MAPbBr3 and TPBi 1.0 samples
measured by EDS
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Table 2 Time-resolved PL decay characteristics and PLQYs of the
MAPbBr3, TPBi 0.1, TPBi 1.0, and Evp TPBi samples

C N Br Pb 7, (ns) A1 (%) 1(ns) Ay (%) Tave (DS)  PLQY (%)
MAPDBTr; 44.80 13.52 31.42 10.25 MAPDBTI; 2.92 73.33 45.58 26.67 13.33 22.1
TPBi 1.0 44.09 12.87 33.02 10.02 TPBi 0.1 16.91 60.50 80.69 39.50 40.67 26.7
TPBi 1.0 21.74 57.90 91.57 42.10 49.05 30.1
Evp TPBi 4.15 72.15 56.85 27.85 17.37 24.1

leads to the effective passivation of defects inside the sample.
To verify this interpretation, we rinse the TPBi 1.0 sample with
chlorobenzene (the CB rinsed TPBi 1.0 sample) and measure
the UV-vis absorption and PL spectra of the sample, which are
also included in Fig. 4a and b. The UV-vis absorption spectrum
is not changed following the CB rinsing. The PL intensity of the
CB rinsed TPBi 1.0 sample is slightly lower than that of the TPBi
1.0 sample, indicating that TPBi molecules trapped inside
MAPDBr; layers, which cannot be easily washed off by CB, play
a dictating role in defect remediation.

Fig. 4c shows the time-resolved PL decay curves of the
samples. The average life-time of the TPBi 1.0 sample is 49.05
ns, which is significantly longer than that of the MAPDbBr;
sample (13.33 ns) and that of the Evp TPBi sample (17.37 ns),
indicating that a spin-coated TPBi interlayer incorporation
effectively passivates defects and promotes radiative recombi-
nation (Table 2).>® Fig. 4d presents I-V characteristics of hole-
dominated devices with the structure of ITO/PEDOT:PSS/
MAPDBr; or CB rinsed TPBi 1.0 layer/mCP/MoO;/Ag. Hole-
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Fig. 4

dominated devices containing a MAPbBr; layer exhibit slightly
larger current compared with that of the analogues treated with
TPBi, which is probably related to the hole-blocking effect of
TPBi infiltrated into MAPbBr; layers. The combined steady-state
PL, PLQY, and time-resolved PL decay measurements indicate
that the increasing TPBi infiltration into MAPbBr; layers
promotes defect healing.

Light-emitting devices with a structure of ITO/PEDOT:PSS/
MAPDbBr;/TPBi  interlayer/TPBi/CsF/Al are prepared to
examine the effect of TPBi interlayer incorporation on EL
properties of MAPbBr;. Light-emitting devices containing the
MAPDBr;, TPBi 0.1, TPBIi 0.5, and TPBi 1.0 layers are referred
to as the MAPbBr;, TPBi 0.1, TPBi 0.5, and TPBi 1.0 devices
hereafter. I-V characteristics of the devices shift toward
a higher voltage direction with increasing TPBi concentra-
tion, which is probably related to decreased hole transport in
MAPDBTr; layers upon TPBi layer incorporation (Fig. 4d). The
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(a) UV-vis absorption and (b) steady-state PL spectra of the MAPbBrs, TPBi 0.1, TPBi 0.5, TPBi 1.0, Evp TPBi, and CB rinsed TPBi 1.0 samples.

(c) Time-resolved PL decay curves of the MAPbBrs, TPBi 0.1, TPBi 1.0, and Evp TPBi samples. (d) /-V characteristics of hole-dominated devices

containing a MAPbBr3 or CB rinsed TPBi 1.0 layer.
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MAPDbBr;, TPBi 0.1, TPBi 0.5, and TPBi 1.0 devices show
a similar light-emission onset voltage of 2.7 V and luminance
values of 7322, 5468, 7063, and 7548 cd m > at 6 V, respec-
tively (Fig. 5a). Detailed parameters of the devices are
summarized in Table 3.
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Fig. 5b and ¢ show luminance efficiency-current density and
EQE-voltage characteristics of the devices. The maximum
luminance efficiency and EQE of the devices first increase
rapidly with increasing TPBi concentration until 0.5 mg ml ™,
then elevate slightly with further increase of TPBi concentration
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Fig. 5 Characteristics of light-emitting devices: (a) V-/-L, (b) luminance efficiency—current density, (c) EQE-V, (d) power efficiency—voltage
characteristics, (e) EL spectra, (f) CIE coordinates, and (g) operational stability. Inset of (e) shows a photo of a lit TPBi 1.0 device.
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Table 3 Characteristics of MAPbBr3 light-emitting devices including maximum EQE, luminance efficiency (LE), power efficiency (PE), luminance

values at 6 V, and CIE coordinates

EQE (%) LE (cd A7) PE (Im W) Lum. @ 6 V (cd m™?) CIE coordinate
MAPbBr; 5.0 19.7 13.7 7322 (0.188, 0.732)
TPBi 0.1 5.6 22.4 15.7 5468 (0.189, 0.723)
TPBi 0.5 8.2 32.6 20.6 7063 (0.164, 0.771)
TPBi 1.0 9.9 39.2 22.1 7548 (0.168, 0.744)

from 0.5 to 1 mg ml~". The maximum EQE of the TPBi 1.0
device is 9.9%, which is ca. 2.0 times that of the MAPbBr; device
and comparable or slightly higher than those of the devices
prepared using A-NCP method.* Fig. 5d presents the power
efficiency-voltage characteristics of the devices. The maximum
power efficiency of the TPBi 1.0 devices is 22.1 Im W™, which is
ca. 1.6 times that of the MAPbBr; devices.

EL maxima gradually blue shift with increasing TPBi
concentration (Fig. 5e), which is similar to the case in the
steady-state PL measurements (Fig. 4b). EL spectra of the
MAPDbBr;, TPBi 0.1, TPBi 0.5, and TPBi 1.0 devices show full-
width at half maximum values of ca. 20 nm, rendering a satu-
rated green emission. Light emission from a TPBi 1.0 device is
uniform as shown in the inset of Fig. 5e. The MAPbBTr;, TPBi 0.1,
TPBi 0.5, and TPBi 1.0 devices show respective Commission
Internationale de I'Eclairage (CIE) coordinates of (0.188, 0.732),
(0.189, 0.723), (0.164, 0.771), and (0.168, 0.744) (Fig. 5f).

Incorporation of a TPBI interlayer increases the operational
stability of light-emitting devices. The operating lifetime (7’s,) of
the TPBi 1.0 devices, measured at 1 mA cm 2 is ca. 30 min,
which is longer than that of the MAPbBr; devices (12.5 min)
(Fig. 5g). Increased operational stability of the devices upon
spin-coated TPBi interlayer incorporation is related to the
reduction of defect density in MAPbBr; layers. The limited
stability of perovskite light-emitting devices is associated with
ion migration, which generates defects in perovskite layers and
leads to the chemical interactions with charge transport layers
and electrodes.*

Conclusions

We study the effects of TPBi interlayer incorporation on the
morphology, crystal structure, photo-physics and charge trans-
port properties of the underlying MAPbBr; layers. The
increasing TPBi penetration into MAPbBr; layers renders the
effective defect passivation. As a result, the TPBi interlayer-
incorporated devices show a maximum EQE of 9.9%, which
are ca. 2 times that of the devices without a TPBi interlayer.

Experimental section

Materials

Methylammonium bromide (MABr), lead bromide (PbBr,), 1,3-
bis(N-carbazolyl)benzene (mCP), and TPBi were purchased from
Xi'an Polymer Technology Corporation (China). Poly(sodium 4-
styrenesulfonate) (Na-PSS), dimethylformamide (DMF),

29042 | RSC Adv., 2019, 9, 29037-29043

chlorobenzene (CB), and PEDOT:PSS were obtained from
Sigma-Aldrich and Heraeus Corp. (Germany). All materials were
used as received.

Device fabrication and characterization

63 mg MABr (0.44 mmol) and 137 mg PbBr, (0.37 mmol) were
dissolved in 1 ml DMF at 60 °C. The MAPbBr; precursor solu-
tion was stirred overnight. TPBi was dissolved in CB with
respective concentration of 0.1 mg ml~*, 0.5 mg ml™ ', or 1 mg
ml %,

ITO substrates were treated with UV-ozone for 30 min. A Na-PSS
modified PEDOT:PSS layer® was spin-coated on the ITO substrates,
and the samples were subsequently heated at 170 °C for 10 min to
remove water. The MAPbBTr; precursor solution was spin-coated on
the PEDOT:PSS layers at 3000 rpm. During the film forming
process, 400 ul CB was dripped on the spinning sample to accel-
erate the crystallization process. TPBi solutions were spin-coated
on the perovskite layers. The samples were thermally treated at
60 °C for 20 min and afterwards transferred to a thermal evapo-
rator residing inside a glove box, where 60 nm TPBi, 1 nm CsF, and
200 nm Al were sequentially deposited on the MAPbBTr; layers. The
evaporation rates of TPBi, CsF, and Al were 0.03, 0.01, and 0.5 nm
s~ !, respectively. Hole-dominated devices were accessed by
depositing 15 nm mCP, 10 nm MoO; and 100 nm Ag on the
MAPDBr; layers.

The voltage-current density-luminance (V-I-L) characteris-
tics of the devices were measured with a programmed Keithley
2400 source meter and Konica-Minolta CS-100A chroma meter.
EL spectra were recorded with an Ocean Optics USB4000 UV-vis
spectrometer. Crystal structure was analyzed by a Rigaku D/
Max-B X-ray diffractometer equipped with a Cu Ka radiation
source. Surface morphologies were observed by a JSM-7100F
field-emission scanning electron microscope (SEM) and Hita-
chi atomic force microscope (AFM). Steady-state PL spectra and
time-resolved PL decay characteristics were collected with an
Edinburgh FLS920 spectrophotometer. UV-vis absorption
spectra were acquired with a Shimadzu UV-2600 spectropho-
tometer. PLQYs were measured at an excitation wavelength of
405 nm (I = 5 mW cm %) following a reported method.** All
measurements were carried out under ambient conditions.
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