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ability was introduced as an interfacial barrier layer between the metal halide perovskite luminescent layer
(CsPbBr;) and the strongly acidic polymer poly-( 3, 4-ethylenedioxythiophene ) ; poly ( styrenesulfonic acid )
(PEDOT . PSS) to protect CsPbBr; from corrosion. The study showed that mCP not only can spatially isolate
CsPbBr; and PEDOT ;PSS to inhibit the degradation of PEDOT ;PSS on the CsPbBr; luminescent layer, but also
can improve the film quality, making the coverage of the perovskite film higher and the grains smaller, and thus
reducing the quenching defect. At the same time, the introduction of mCP can improve the hole injection and
transport ability, resulting in more excitons generated under the same voltage. Since mCP has a higher lowest e-
lectron unoccupied state and a larger energy gap than PEDOT . PSS, which can confine excitons better in the lu-
minescent layer, improving the radiation recombination of excitons, thereby improving the electroluminescence
efficiency of the device further. Compared with the reference device without mCP, the electroluminescence per-
formance of the 3D CsPbBr, perovskite light-emitting diode ( PeLED) based on mCP was significantly improved,,
achieving a maximum current efficiency of 4. 86 c¢d/A. Subsequently, this method was also proven to be feasible

in quasi-two-dimensional PelLEDs based on PEA,Cs,_,Pb Br;, ,,, exhibiting the maximum current efficiency of

24.79 cd/A.

Key words: exciton blocking; hole transport; electroluminescence ; perovskite light-emitting diode

1 Introduction

Metal halide perovskites are widely applied in
light-emitting diodes ( LEDs), since the first room
temperature perovskite light-emiting diode ( PeLEDs)
was achieved in 2014'".

quantum efficiency (EQE) of the first reported room

Although the external

temperature PeLEDs was only 0. 1% , it was above
10% for pure blue, exceeding 30% for green, and
surpassing 20% for red and near infrared ones till
now > "% . And they have been recognized as a new
type of emitters in the field of lighting and display
due to their excellent photoelectric properties, such
as long exciton diffusion length, high carrier mobili-
ty, tunable optical band gap and high photolumines-
cence quantum efficiency (PLQY)"™'. In addi-
tion, they are low cost and can be easily prepared by
a simple solution treatment. However, the efficiency
and the stability are not good enough for their com-
mercialization.

Recently, poly-(3, 4-ethylenedioxythiophene ) ;
poly ( styrenesulfonic acid) ( PEDOT: PSS) is the
most commonly used hole injection and transporting
layer in PeLEDs due to its high conductivity and high

[13-25]

transparency . It is often adjacent to the metal

halide perovskite light-emitting layer ( EML). The
perovskite EML may be degraded by PEDOT. PSS,
since it is a strong acid with a pH value of 1 to 2!"*.
Moreover, the excitons generated at the interface of
PEDOT ; PSS/perovskite EML. may be quenched by
PEDOT: PSS. Two reasons should be considered.
One reason may be attributed to the small energy gap
(E,) of PEDOT: PSS (3.0 eV)'™*, which is not
large enough to confine excitons in the perovskite
EML. The other reason should be due to the fact that
the holes on the highest occupied molecular orbital
(HOMO) of PEDOT:PSS ( =5.2 eV) " and elec-
trons on the conducting band (CB) of the CsPbBr,

( =3.35 eV) ") may be quenched via non-radiation
and produce joule heat, which may further do harm
to the stability of the PeLLEDs.

To solve the above problems, kinds of methods
are developed. Doping engineering and interface bar-
rier layer method are two wildly used methods. In do-
ping engineering, polymers, inorganic materials and
base materials are involved. Polymers are brought in
to make the HOMO lower, e. g. tetrafluoroethylene-
perfluoro-3, 6-dioxa- 4-methyl-7-octene-sulfonic acid
copolymer (PFI) """ sodium-poly ( styrenesulfonate )
(S-PSS) .

To neutralize the acidic nature of PE-
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DOT: PSS and protect perovskite EML from etching,
base materials are used including NaOH""*’ or imidaz-
ole'®!. The MoO;-Ammonia; PEDOT; PSS blending
is utilized, aiming to reduce the HOMO and neutral-
ize the acidic nature'”''. While for the interface bar-
rier layer method, polymers are the most common
used buffer layer to isolate PEDOT ;PSS and perovsk-
te, for example poly (9, 9-di-n-octylfluorenyl-2, 7-
diyl) (PFO)"" poly[ (9,9-bis(3’-( N, N-dimeth-
ylamino ) propyl ) -2, 7-fluorene ) -alt-2, 7-( 9 , 9-dioc-
tylfluorene) ] (PFN)'*’. However, there are only a
few reports on the solution processed small organic
molecule interface buffer layer, due to their low solu-
bility in non-polar organic solvents. The organic
small molecule, named triphenylphosphine oxide
(TPPO) , is brought between the HTL and perovskite
layer. The lone pair electrons of P =0 in it can pas-
sivate the defects in perovskite and help the PeLEDs
obtain a maximum external quantum efficiency
(EQE,,. ) of 21.01% .
work, a solution process small organic molecule,
named 4, 4'-cyclohexylidenebis[ N, N-bis ( p-tolyl )
aniline ] ( TAPC ), was demonstrated in the 3D
CsPbBr; PeLEDs showing an improved efficiency with
a EQE of 1. 77% . The low EQE should be attrib-
uted to the high HOMO of TAPC ( -5.5 V)",
which may cause that the holes on HOMO of TAPC
( =5.5¢eV) and the electron on the CB of CsPbBr,
to be quenched via non-radiation and produce joule

heat, and do harm to the PeLEDs. To solve this

problem , a small organic molecule N, N-dicarbazolyl-

In our group’s previous

3,5-benzene ( mCP) was chosen to be an interface
barrier layer for PEDOT ;PSS degradation and exciton
quenching. The EL performance of 3D CsPbBr; per-
ovskite light-emitting diode ( PeLED) based on mCP
was significantly improved, exhibiting the maximum
current efficiency of 4. 86 ¢d/A and the maximum lu-
minance of 14 247 c¢d/m”.
behaviors of mCP are further confirmed in the quasi-
2D PEA,Cs,_,Pb Br,, ., PeLEDs, exhibiting a maxi-
mum EQE of 6.52% with a maximum luminance of

28 438 cd/m”.

And the interface barrier

n-1

2 Experiment and measurement

2.1 Materials and solutions

Materials: CsBr (99.999% ) was bought from
Alfa Aesar. PbBr,( >99.99% ) and 2-phenylethana-
mine bromide ( PEABr, >99.5% ) was purchased
from Xi’an Polymer Light Technology Corp. Anhy-
drous dimethyl sulfoxide ( DMSO, > 99.9% ) and
chlorobenzene (99.8% ) were obtained from Sigma
Aldrich. 1,3-bis (9-carbazolyl) benzene ( mCP, >
99% ) was acquired from Suzhou Fangsheng Photoe-
lectricity Shares Co. , Lid.

The mCP solution is achieved by dissolving mCP
in chlorobenzene at 8 mg/ml. The 10 wt. % CsPbBr,
perovskite precursor is prepared by stirring both CsBr
and PbBr, with a mole ratio of 1: 1.2 for more than
12 h. The quasi-2D PEA,Cs
precursor that was prepared by employing PbBr, , Cs-
Br and PEABr was dissolved in anhydrous DMSO

with molar ratio of 1: 1: 0. 4 at a concentration of 0. 2

Pb,Br,, ., perovskite

n-1

M. Al of the above solutions were prepared in glove
box at room temperature.
2.2 Device fabrication

PeLLEDs were fabricated on indium tin oxide
(ITO, 15 Q sq ') glass substrates. The ITO sub-
strates were firstly ultrasonic cleaned in deionized wa-
ter, ethanol and acetone for 15 min successively.
Secondly, they were dried in an oven at 100 °C for
20 min. At last, they were UV-ozoned ( SunMonde-
UVO3 Clearner-120W) for 5 min to reduce the work
function of ITO to —4.7 eV. ''*) The PEDOT. PSS
layer was deposited on a clean ITO by spincoating
PEDOT . PSS solution at 4500 rpm for 40 s and then
dried by a hotplate in air at 100 °C for 20 min to re-
move the water. The samples were pumped away in a
vacuum chamber at - 1.0 bar for 30 min and then
transferred into the glovebox. mCP solutions, 10
wt. %  CsPbBr, PEA,Cs, _,
Pb Br,, ., perovskite precursors were spincoated on
PEDOT . PSS successively at 4 000 rpm for 60 s. For

each spincoated film, they were pumped away in the

precursors  and/or

transfer chamber for 20 min to remove the solvent.
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And then, the samples were transferred into a ther-
mal deposition chamber ( Shenyang Vacuum Technol-
ogy Research Institute) (5 x107* Pa) to sequential-
ly deposit layers of TmPyPB (65 nm), Liq (2 nm)
and Al (150 nm) at rates of 1 A/s, 0.1 A/s, 2 A/
s, respectively. Finally, all the devices were sealed
with glass covers in a nitrogen-filled glove box. The
electroluminescence ( EL) performances of Pel.LEDs
were tested in ambient air. The active area of the de-
vice depending on the deposition mask was 6 mm”.
2.3 Measurements and characterizations

The top-view of the perovskite films were
scanned by scanning electron microscope (SEM, JE-
OL JSM-7100F ). The X-ray diffractometer ( XRD)
patterns were measured by XRD, TD-3500. UV-Vis
absorption spectra were carried by a UV-Vis spec-
trometer ( Shimadzu UV-2600). Hitachi F-4600 was
used to measure the PL spectra. All the measure-
ments were carried out in ambient air at room temper-
ature.

The current density-voltage (J-V), luminance-
voltage (L-V) and current efficiency-voltage ( CE-V)
relationships of PeLEDs were measured by a light-e-
mitting diode testing system, including a computer
connected Keithley 2400, a calculated Si photodiode
( Photoelectric Instrument Factory of Beijing Normal
University, ST-86LLA). The EL spectra and the CIE
color coordinates were collected by a PR670 spectro-

photometer.

3 Results and discussion

The quality of the perovskite films is very impor-
tant to the EL performance of the PeLEDs. Two films
of ITO/PEDOT; PSS/10 wt. % CsPbBr; ( Film A)
and ITO/PEDOT. PSS/mCP/10 wt.% CsPbBr,
(Film B) were prepared to study the effect of the
mCP underlayer on the morphology , the structure, the
UV-Vis absorption and photoluminescent ( PL) prop-
erties of the perovskite films. The top-SEM images of
Films A and B are shown in Fig. 1 (a) and (b),
respectively. The CsPbBr; particles of Film B ( with

mCP) are smaller and more compact compared to

Film A (without mCP). This plays a positive role in
harvesting excitons, since the diffusion length is shor-
ter in smaller perovskite grains. Meanwhile, the
higher coverage will reduce the current leakage in the
PeLEDs, and thus make the carrier be utilized more

effectively.

CsPbar, 10

——mCP/CsPbBr

| ———a— CsPbBr, 105
ﬁ— ——=e— mCP/CsPbBr .

|

10 20 30 40 50 60 400 500 600 700
20 (degree) Wavelength/nm

Fig. 1 The top-SEM images of (a) Film A and (b) Film B,
(¢) The XRD diffraction patterns and (d) UV-Vis
and PL spectra of Films A and B.
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In Fig. 1 (c), the two films exhibit similar
XRD patterns with two diffraction peaks at 15. 4° and
30. 9° for both films. Besides this, there is an addi-
tional peak at 21. 8° for Film B with an mCP underla-
yer. And all the intensities of the diffraction peaks of
Film B are higher than those of Film A. It is reported
that the diffraction peaks near 15.4°, 21.8° and
30. 5° are corresponding to the (101), (121) and
(202) planes of 10 wt. % CsPbBr;, respectively”).
These suggest that an orthorhombic crystal structure is
formed for both perovskite films. The enhanced dif-
fraction intensity of the perovskite with an mCP un-
derlayer indicates that mCP is beneficial in forming a
preferred orientation of the CsPbBr; film.

Fig. 1(d) exhibits the UV-Vis absorption spec-
tra and photoluminescence (PL) spectra. Similar ab-
sorption spectra and PL spectra shapes are found in
both films. However, both the absorption spectra
peak (512 nm) and the PL spectra peak (525 nm)
of Film B (with mCP) show a slight blue shift, com-
pared to the absorption peak (515 nm) and the PL
peak (526 nm) of Film A ( without mCP) , respec-
tively. These suggest that the size of the perovskite
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particles with the mCP underlayer is reduced accord-

28-29 c 1
: "' which is con-

ing to the quantum size effect
sistent with the observations from the top-SEM ima-
ges.

To investigate the role of mCP in the hole injec-
tion and transporting behavior of the devices, two
hole dominated devices with the structure of: ITO
(120 nm)/ PEDOT;PSS (30 nm) / X / TAPC (15
nm) / Al (120 nm), where X stands for without
mCP ( Device HDD1 ) and with mCP ( Device
HDD2). In Fig. 2, the current density of Device
HDD2 with mCP is much larger than that of Device
HDDI1 at each applied voltage. It indicates that the
mCP layer plays a significant role in improving the
hole injection and transporting ability, which may al-
so have a good effect on improving the EL perform-

ance of PeLEDs.
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Fig.2 The current density-voltage (J-V) curves of the hole-
dominated Devices HDD1 ( without mCP) and HDD2
(with mCP).

In order to study the effect of mCP on the EL
performance of PeLEDs, two PeLEDs have been fab-
ricated with structures of ITO (120 nm) / PEDOT:
PSS (30 nm) / Y / CsPbBr;/ TmPyPB (65 nm) /
Liq (2.5 nm) / Al (120 nm), where Y stands for
without mCP ( Device A-1) and with mCP ( Device
B-1). The schematic diagram of the PeLEDs can be
found in Fig.3 (a). ITO is used as an anode. PE-
DOT PSS is used as the hole injection and transport
layer due to its high conductivity and transparency.
mCP is inserted between PEDOT: PSS and CsPbBr,
as an interface barrier layer to avoid their direct con-

tact and to prevent the exciton quenching at the inter-

face of PEDOT; PSS/CsPbBr;. The energy level a-
lignment of the PeLEDs is shown in Fig.3 (b). The
energy level values of the corresponding materials are
from Refs. [ 14 — 16, 25 -26,30]. Since the high
lowest unoccupied molecular orbital ( LUMO) level
( =2.4 eV) of mCP is much higher than the conduc-
tion band edge of 10 wt. % CsPbBr; ( —3.35 eV),
the electrons can be effectively confined on the VB of
the CsPbBr;emitting layer. And the holes can be in-
jected into the VB of CsPbBr; ( —5.85 eV) via the
HOMO of —-5.90 eV of mCP. Thus, the exciton can
be generated fully between the CB and VB in the
CsPbBr;, and harvest via light emitting more effi-
ciently. The hole should be injected from PEDOT:
PSS to mCP, and then across mCP and into CsPbBr,
since the HOMO of mCP —5.90 V"™ is almost the
same to the valance band (VB) of CsPbBr,( -5. 85
eV). Thus, the electrons and holes can be blocked
and confined efficiently in CsPbBr;. and forming into
excitons efficiently in CsPbBr;. Since the energy gap
(E,) of mCP is 3.5 eV, which is much larger than
that of CsPbBr; (2.5 eV), the excitons can be con-
fined better in CsPbBr; in the mCP based PelLEDs

than in the ones without mCP.

(@) o) , a0
| a0
‘ 2.70
3. @ -3.00
335 il
Lig/Al 2 B Lig/al
10 O  a
TmPyPB > .4 2 5 .-
CsPbBr, 2 wE e ﬁ:
mCcP & -4.80 BN &
PEDOT:PSS -5 ITo o E
ITO -5.20
Glass
e _5.90 -5.85
. .70
Fig.3 (a) The schematic structure and (b) the energy level

alignment of the PelLEDs

The current density-voltage ( J-V) relationship,
luminance-voltage ( L-V) relationship, current effi-
ciency-voltage-external quantum efficiency ( CE-V-
EQE) relationship and normalized EL spectra of the
Devices A-1 and B-1, are shown in Fig. 4 (a) ~
(d). The detailed EL characteristics data of the De-
vices A-1 and B-1 is shown in Table 1. It was ob-
served that the current density of Device B-1 (with
mCP) is larger than that of Device A-1 ( without
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mCP) at each applied voltage. The turn on voltage
decreases from 3.6 V (Device A-1) to 3.2 V (De-
vice B-1). This can be attributed to the enhanced
hole injection and transporting ability by the mCP in-
terface barrier layer, which is demonstrated by the
hole dominated devices. The luminance, current effi-
ciency and external quantum efficiency are signifi-
cantly improved. The maximum luminance (14 247
cd/m”) , the maximum CE (4. 86 c¢d/A), the maxi-
mum EQE (1.26% ) of Device B-1 are about 3. 73,
4.22, and 4.20 folds to that (3 817 cd/m*, 1.15
cd/A and 0.30% ) of Device A-1, respectively. The
normalized EL spectra of the two PeLEDs at 5 V are
shown in Fig. 4 (d). The two PeLLEDs exhibit high
color-purity green-light without sub emission peak.
The emission peak is located at 521 nm. The full
width at half maxima (FWHM) is only 16 nm. This
indicates that the EL spectra of the two PeLEDs are

all from the intrinsic emission of CsPbBr;.
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Fig.4 EL performance of devices A-1 and B-1: (a) current
tel

density-voltage ( J-V), (b) luminance-voltage ( L-
V), (c) current efficiency-voltage-external quantum
efficiency (CE-V-EQE), (d) normalized EL spectra
at 5 V. The inset of (d) is the emission photograph of
the Device B-1 at 5 V

Table 1  The detailed EL characteristics data of the Devices A-1 and B-1
Devices  C*/(mg - mL™") ViV L, /(ed-m™)  CE /(cd-A™")  EQE, /% FWHM'/nm
A-1 0 3.6 3817 1.15 0.30 16
B-1 8 3.2 14 247 4.86 1.26 16

Note: ® The concentration of mCP in chlorobenzene, " The voltage at 1 ¢d/m?, © The maximum luminance, ! The maximum current efficiency, ©

The maximum external quantum efficiency, ' The full width at half maxima at 5 V.

Fig. 5 exhibits the half lifetime of Devices A-1
and B-1, which were operated continuously at a con-
stant voltage. The half lifetime ( Ty,) is defined as
the time duration from the initial luminance (L,) of
the PeLEDs to the half intensity of the L,. In our
work, the L, is 100 ¢d/m’. The half lifetime of De-
vice B (27.8 s) is about 5. 7 fold to that of Device A
(4.9 s). It suggests the EL stability of the PeLEDs

can be improved by inserting a mCP interface barrier

layer between PEDOT ;PSS and CsPbBr,;.
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Fig.5 The EL lifetime of the Devices A-1 (without mCP)
and B-1 (with mCP)

The improved EL performance and stability of
Device B-1 can be ascribed to three main reasons.
Firstly, a higher quality CsPbBr; film with smaller
grains, higher coverage and a preferred orientation of
the CsPbBr, film can be achieved without changing
the orthorhombic crystallization structure and the high
purity color property. Smaller perovskite grains can
reduce the diffusion length of the excitons, and thus
promote the radiative recombination. Thus, the non-
radiative recombination decay paths of excitons is re-
duced. Secondly, excitons can be generated in CsPb-
Br; EML and confined better in it. The holes can be
easily injected into VB of CsPbBr;( —5.85 eV) from
HOMO of mCP ( —5.90 eV) without an injection
barrier. Thus, excitons can be generated well on
CsPbBr,. Meanwhile, the separation of the layers of
PEDOT PSS and CsPbBr; by the mCP interface bar-
rier layer can prevent the excitons diffusing from the
CsPbBr; emitting layer into the PEDOT. PSS layer
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and confine excitons in the CsPbBr; EML better due
to the larger E, (3.5 eV) of mCP compared to that of
PEDOT PSS (3 €V). Thirdly, the hole injection and
transporting abilities are boosted and more excitons
can be formed and utilized in the perovskite layer.
Thus,
quenching and trap assisted charge recombination will
be caused at the PEDOT ; PSS/CsPbBr; interface due

to the long exciton diffusion length of the excitons of

in Device A-1, significant exciton

CsPbBr; and the ionic transportation properties of PE-
DOT.PSS. While in Device B-1 with an mCP inter-
face barrier layer between PEDOT: PSS and CsPb-
Br,, exciton quenching will be largely reduced due to
avoided direct contact of PEDOT: PSS and CsPbBr,
and the remarkably reduced exciton diffusion from
CsPbBr; to PEDOT ; PSS. Meanwhile, the hole trans-
port ability in PeLEDs is enhanced due to the good
hole transport property of mCP. So the EL perform-
ance of Device B-1 is significantly improved.

To verify that the mCP interface barrier layer is
feasible in different perovskite emitters, the quasi-2D
PEA,Cs, ,Pb Br;, ., PeLEDs was fabricated with
structure of ITO (120 nm) / PEDOT:PSS (30 nm)
/ 7/ PEA,Cs,_,Pb Br,,,,/ TmPyPB (65 nm) / Liq
(2.5 nm) / Al (120 nm) , where Z stands for with-
out mCP ( Device A-2) and with mCP ( Device B-
2). The J-V relationship, L-V relationship, CE-V-
EQEF relationship, and normalized EL spectra of the
PelLEDs are shown in Fig.6 (a) ~ (d). The detailed
EL characteristics data of the Devices A-2 and B-2
are exhibited in Table 2.
current density of Device B-2 (with mCP) is larger
than that of Device A-2 (without mCP) at each ap-

It was observed that the

plied voltage. It indicates that the carrier injection
and transporting property can be enhanced by the
mCP. The turn on voltage decreases from 3.6 V
(Device A-2) t0 3.3 V (Device B-2) , which further
indicates that the carrier injection and transporting ef-
ficiency can be increased by introducing the mCP.
The luminance, current efficiency and external quan-
tum efficiency are significantly improved. The maxi-
mum luminance (28 438 c¢d/m’), the maximum CE
(24.79 c¢d/A) , the maximum EQE (6.52% ) are a-
bout 1. 63, 3.40, and 3. 40 fold to that (17 406 cd/
m’, 7.28 c¢d/A and 1.92% ) of Device A2, respec-
tively. And the same pure green color can be found
in both PeLEDs with a peak wavelength around 521
nm and an FWHM of 16 nm at 5 V in Fig. 6(d) and
Table 2.
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Fig.6 EL performance of devices A-2 and B-2; (a) current
density-voltage ( J-V), (b) luminance-voltage ( L-
V), (c) current efficiency-voltage-external quantum
efficiency-voltag ( CE-V-EQE ), (d) the normalized

EL spectra at 5 V

Table 2 The detailed EL characteristics data of the Devices A-2 and B-2

Devices C/(mg - mL™") v,./V L./(cd+m™) CE,/(cd-A") EQE.. /% FWHM/nm
A2 0 3.6 17 406 7.28 1.92 16
B2 8 3.3 28 438 24.79 6.52 16

4 Conclusion

In this work, a very simple but effective inter-

face barrier layer method has been developed. A
small organic molecular mCP interface barrier layer
was inserted between the perovskite EML and the
hole injection and transport layer PEDOT ; PSS by the
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spincoating method. The EL performance of the mCP
based CsPbBr; PeLEDs are significantly improved
with the maximum EQE increased from 0.13% to
1.26%.

Firstly, the film quality is largely improved with

Three reasons should be counted into it.

smaller grains, higher coverage and a preferred orien-
tation of the CsPbBr; film. Secondly, excitons will be
mostly generated on CsPbBr; and confined in the
CsPbBr; EML due to larger E, of mCP and suitable
energy alignment of HOMO of mCP and VB of CsPb-
Bry. Thirdly, the hole injection and transporting abil-

ities are boosted and more excitons can be formed and

utilized in the perovskite layer. Thus, the non-radia-
tive recombination decay paths of excitons is re-
duced, leading to an enhancement in EL performance
of the mCP basd CsPbBr; PeLEDs. Further, this
method was verified in the quasi-2D PeLEDs. The
application of mCP as an interface barrier layer and
exciton confine layer in both the 3D and quasi-2D
PeLEDs greatly improves the EL performance of
PeLEDs. And the fabrication process is simple and
reliable. It provides a feasible method for further re-
search on PeLEDs aiming at high performance and

low cost.
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