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Interfacial engineering for highly efficient
quasi-two dimensional organic–inorganic hybrid
perovskite light-emitting diodes†
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Liang-Sheng Liao ab and Man-Keung Fung *ab

Metal halide-based perovskites are regarded as promising candidates for light-emitting diodes (LEDs)

owing to their high color purity, tunable bandgap and solution processability. However, poor active-layer

morphology and non-radiative charge recombination are still the main obstacles for practical use in

displays and lighting. Here, we report a facile method to achieve high-performance green emitting perovskite

light-emitting diodes (PeLEDs) by inserting an interface buffer layer (BL) based on an amphipathic conjugated

molecule, betaine. We show evidence that the betaine layer controls the grain size of the perovskite and

hence increases the crystalline nucleation sites, which ultimately leads to a high photoluminescence quantum

yield (PLQY) and a device with an external quantum efficiency (EQE) of 11.1%. In addition, the current leakage

is significantly reduced due to the high quality crystallization of the thin film. These results indicate that the

interface BL is an effective strategy to boost the efficiency of PeLEDs.

Introduction

Perovskite-based materials have been attracting enormous atten-
tion in the optoelectronics communities since they can be applied
for a wide variety of devices such as perovskite solar cells, light
amplifiers and photo detectors.1–5 It should be noted that due to
their high color purity, easily tunable emission wavelength, facile
low-cost solution processing and narrow emitting linewidth, this
kind of material has great potential for display and lighting
applications.6–10 During the past several years, significant progress
has been made in green and red-emitting organic electrolumines-
cent devices, which show maximum external quantum efficiencies
(EQEs) of more than 20%.11–13 To fulfil the application of
perovskite light-emitting diodes (PeLED), perovskite-based
materials must at least have a high photoluminescence
quantum yield (PLQY) and extremely smooth film formation.
Simultaneously, the design of a device structure with efficient
carrier transport and injection, good matching of energy level
alignment, and a reduced exciton quenching effect between the
emitting layer and adjacent functional layers also plays a vital

role in acquiring efficient PeLEDs.13–16 For traditional organic
LEDs, PEDOT:PSS is widely utilized as a hole-injecting layer or a
hole-transporting layer (HTL).12,17 However, a number of draw-
backs, such as acidic, aqueous properties, pose a significant
threat to the long-term stability of the devices. Moreover, the
mismatched work function not only hardly forms a cascade
energy alignment between the anode and the perovskite active
layer, but also induces severe exciton quenching, leading to low
device efficiency. P-Type polymeric semiconductors with a large
band gap such as poly(9-vinylcarbazole) (PVK) or poly[bis(4-
phenyl)(4-butylphenyl)amine] (poly-TPD) possess a better energy
level match and injection property, and were successfully utilized
in quantum-dot LEDs (QLEDs) and PeLEDs.18,19 However, one of
the challenges of these polymers is the non-ideal wetting surface
for the overlying perovskite precursor due to their poor compat-
ibility with polar solutions. This constantly results in inferior
surficial coverage with pinholes and higher roughness. Tradi-
tional post treatment methods such as oxygen plasma and ultra-
violet ozone may chemically destory the surface of organic
materials to a certain extent, causing devices to have a higher
turn-on voltage.20–23 In this regard, a surface modification that
facilitates better interface formation between the HTL and the
perovskite active layer is imperative.

Herein, we insert betaine, an interface buffer layer (BL),
between the HTL and the perovskite emitting film, which can
control the surface wetting properties and increase the number
of crystalline nucleation sites, leading to uniform film for-
mation and a confined grain size. Due to the confinement of
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the grain size, the perovskite film deposited on the stacked
layers of PEDOT:PSS/HTL/BL shows a high exciton binding
energy (Eb) of 84.5 meV and a high PLQY. By combining all
the advantages of using betaine as the BL, the corresponding
PeLEDs exhibit a dramatic enhancement in the current effi-
ciency and EQE.

Results and discussion

The contact angles of the perovskite precursor on different
polymeric HTLs, as shown in the top row of Fig. 1, are 561, 521
and 501 for TFB, PVK and poly-TPD, respectively. The contact
angle represents the wetting ability of different substrate sur-
faces for the perovskite precursor.24–26 Here, a modification
layer of betaine (an amphipathic molecule) which can improve
the wettability of perovskite on polymer films is inserted
between the HTL and the active layer. The molecular structure
of betaine is shown in Fig. S1 (ESI†). As shown in the bottom
row of Fig. 1, the contact angle of the perovskite precursor on
the various HTLs diminishes significantly.

Fig. 2a shows the contact angle of a perovskite precursor
dissolved in dimethyl sulfoxide (DMSO) on PVK, which is about
561. This indicates poor wettability which in turn leads to fewer
nucleation sites and a larger grain size during film formation,
as shown in Fig. 2e. Then, we inserted 1 mg ml�1 of betaine in
isopropanol (spinning speed = 5000 rpm) as a surface modifier
between the HTL and the perovskite active layer to improve
the wettability of the perovskite precursor on the PVK film. The
contact angle decreased markedly to 281. As the concentration

of betaine was further increased from 5 mg ml�1 to 10 mg ml�1,
the contact angle decreased continuously to an extremely low
value of 111.

We speculate that there had to be a relationship between the
wetting properties and the number of nucleation sites, in which
the increased number of nucleation sites is the key criterion for
the enhancement of the PLQY and device efficiency. Also, it is
commonly believed that a smaller grain size means a better
recombination of carriers.25 The effect on how the grain
nucleates exerted by the surface tension force can be realized
by comparing the grain size of CsPbBr3 films with different
betaine-treated films, and the results are shown in the scanning
electron microscopy (SEM) images of Fig. 2e–h. It can be noted
that the grain size of CsPbBr3 on bare PVK is much larger than
that of the films modified by different concentrations of
betaine. The grain size of CsPbBr3 grown on bare PVK was
around 200 nm, while that grown on PVK modified by 1 mg ml�1

of betaine decreased obviously. Furthermore, the perovskite film
on bare PVK shows discontinuous grains with many pinholes,
which may cause electric shunt paths. This phenomenon is
frequently observed in perovskite films fabricated by a one-step
spin-coating method.27,28 It has been reported that the addition
of long-chain ammonium groups strongly improves the crystal-
lization process of perovskite films.25,29 Therefore, atomic force
microscopy (AFM) was utilized to investigate the surface mor-
phology of CsPbBr3 on PVK with or without betaine. Fig. 2i–l
show the AFM images of perovskite films prepared with different
concentrations of betaine, from 0 mg ml�1 to 10 mg ml�1.
Pristine perovskite has a relatively bumpy surface with a root-
mean-square (RMS) roughness of 4.3 nm. When the concen-
tration of betaine was 1 mg ml�1, the perovskite film exhibited
a smaller grain size and a reduced surface roughness. When the
betaine concentration further increases to 10 mg ml�1, the
grain size continues to significantly decrease and the RMS
roughness reduces to 0.8 nm, which is beneficial to decrease
the leakage current.

From the above, it is clearly shown that with betaine
modification we could obtain a highly continuous perovskite
film with more uniform coverage, thanks to the amphipathic
nature of betaine.

The structures and compositions of these CsPbBr3 films
were characterized by X-ray diffraction (XRD), as shown in
Fig. 3a. The diffraction patterns of these CsPbBr3 thin films
match well with single crystal perovskite. The dominant and
characteristic diffraction peaks at 15.161, 21.521, 30.631, 37.581

Fig. 1 Contact angles of a perovskite precursor on various HTLs (from left
to right: TFB, PVK and poly-TPD) without betaine modification (upper) and
with 1 mg ml�1 of betaine modification (bottom).

Fig. 2 (a–d) Contact angles of a perovskite precursor with various con-
centrations of betaine (from left to right: 0, 1, 5 and 10 mg ml�1). (e–h) SEM
images and (i) AFM topography images of the perovskite films modified
with different betaine concentrations.

Fig. 3 (a) XRD patterns of perovskites modified with different concentra-
tions of betaine, and (b and c) full-width-at-half-maximum (FWHM) of the
(200) peaks as a function of betaine concentration.
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and 43.521 can be assigned to the diffraction from the (100),
(110), (200), (211) and (202) planes of crystalline CsPbBr3,
respectively. In addition, there is no significant change in the
diffraction peak ratio, indicating that the modification layer
does not alter the crystal orientation. However, as seen in
Fig. 3b and c, the FWHM of the diffraction peaks broadens
with increasing betaine concentration, and the CsPbBr3 film
modified with 10 mg ml�1 of betaine shows the widest FWHM
of 1.081, implying that this film has the smallest grain size,
which is consistent with the SEM results.

To further investigate the optical properties of CsPbBr3

films, the CsPbBr3 film steady-state PL spectra were obtained
under continuous 380 nm UV excitation with a calibrated light
intensity at room temperature (RT). The inset of Fig. 4a shows
the PL spectrum of the CsPbBr3 thin film. Its characteristic is a
highly symmetric emission peak at 512 nm with a narrow
FWHM of 22 nm. Furthermore, the absolute PLQY of the
CsPbBr3 films was measured using a fluorescence spectrometer
with an excitation wavelength of 400 nm. The PLQY of the
perovskite films fabricated by spin-coating CsPbBr3 onto the
betaine modified film was measured, and the value was found
to be within the range of 32% to 48%. Moreover, the PLQY of
the perovskite film directly spin-coated onto the bare PVK was
also measured for comparison, and a relatively low value of 6%
was obtained (Fig. 4a). From this phenomenon we speculate
that the increased photoluminescence yield for the betaine
modified films is attributed to the increase of exciton binding
energy and the electron–hole recombination probability that
has arisen from the smaller CsPbBr3 grain size.10,30,31

In order to further explore the photoinduced excitations in
CsPbBr3 films, the PL decay lifetime is measured from the time-
correlated single photon counting (TCSPC) spectra shown in

Fig. 4b. The PL decay from the CsPbBr3 films can be fitted to a
biexponential decay, exhibiting a weighted-average lifetime (t)
of B20 ns for the pristine film, which is much shorter than
those of CsPbBr3 modified with 5 mg ml�1 betaine, i.e. B80 ns.

To obtain more insight into the photoinduced excitations
and the exciton binding energy of CsPbBr3 which affects the
efficiency of charge transfer and exciton dissociation probability,
temperature-dependent PL measurements which gauge the
exciton binding energy were carried out with the temperature
ranging from 300 K (RT) to 80 K (Fig. 4c). The Eb of the CsPbBr3

films can be obtained by the following equation:32,33

IðTÞ ¼ I0

1þ A exp � Eb

KBT

� � (1)

Here, I0 represents the emission intensity at 0 K, A is a
proportional constant, Eb is the exciton binding energy and
KB is the Boltzmann constant. Upon fitting the curves, the
exciton binding energies Eb are 40.5, 60.5, 84.5 and 104 meV for
pristine CsPbBr3, CsPbBr3-1 mg ml�1 betaine, CsPbBr3-5 mg ml�1

betaine, and CsPbBr3-10 mg ml�1 betaine films, respectively. As
presented in Fig. 4d, CsPbBr3-10 mg ml�1 betaine film displays
the highest Eb, which is consistent with the above result that
this film has the strongest PLQY intensity.

All of these results clearly indicate that a smaller grain size
of perovskite would lead to a longer lifetime (t) of 80 ns and a
relatively high PLQY. A higher PLQY is expected to contribute to the
significant increase in the Eb and electron–hole recombination.34,35

This may also be ascribed to the passivation of the perovskite film
due to hydrophilic betaine.

To further investigate the above inference and ratiocination,
and the rationality of applying the modification layer for efficient
light emission, green perovskite LED devices with a multilayer
structure consisting of indium tin oxide (ITO), PEDOT:PSS, PVK,
betaine (different concentrations), CsPbBr3, 1,3,5-tris(1-phenyl-
1H-benzimidazol-2-yl)benzene (TPBi), lithium 8-hydroxyquino-
linolate (Liq) and Al were fabricated, as shown in Fig. 5a. The
corresponding energy levels of the materials are shown in
Fig. S2 (ESI†). The thicknesses of the emitting layer and the
betaine modification layer with different concentrations are
50 and 7 nm, respectively, which were measured using an
ellipsometer. The device cross-section is illustrated in the
scanning electron microscopy (SEM) micrograph shown in
Fig. 5b, from which an orderly multilayer configuration can
be observed. Fig. 5c depicts the luminescence–current density
(L–J) curves of CsPbBr3 modified by 5 mg ml�1 betaine. The
turn-on voltage (tested at 1 cd m�2) of the PeLED is about 3.8 V.
With a high-quality perovskite film, the highest luminescence of
18 560 cd m�2 was achieved at a current density of 115 mA cm�2.
Fig. 5d displays the voltage–current density characteristics of
devices based on pristine CsPbBr3 and CsPbBr3 treated with
1/5/10 mg ml�1 betaine. Furthermore, the device modified by
betaine exhibited an extremely low leakage current of below
10�4 mA cm�2, as shown in Fig. S3 (ESI†). In addition, the
luminance yield and EQE of the devices as a function of current
density are plotted in Fig. 5e and f, respectively. A device

Fig. 4 (a) PLQY of perovskite, as a function of betaine concentration. (b)
TCSPC spectra of pristine CsPbBr3, CsPbBr3-1 mg ml�1 betaine, CsPbBr3-
5 mg ml�1 betaine and CsPbBr3-10 mg ml�1 betaine films. (c) Temperature-
dependent PL spectra of the CsPbBr3 film recorded at 80 K to 300 K. (d) The
relevant integration of PL intensity based on the CsPbBr3-10 mg ml�1

betaine film.
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fabricated with pristine CsPbBr3 shows the lowest current
efficiency and EQE of 12.48 cd A�1 and 3.48%, respectively.
In contrast, a peak current efficiency and a maximum EQE of
40.4 cd A�1 and 11.11% are achieved when the 5 mg ml�1

betaine film is used as the modification layer. Although both
the 5 mg ml�1 and 10 mg ml�1 betaine modified perovskite
films have similar physical and optical properties, the efficiency
of the PeLED treated with 10 mg ml�1 betaine is lower than that
modified with 5 mg ml�1 betaine. This is because betaine at
such a high concentration may have a relatively poor conduc-
tivity. To verify the repeatability of CsPbBr3 based PeLEDs
treated with 5 mg ml�1 betaine, a histogram of EQEs with an
average value of 9.5% for 32 devices is shown in Fig. S4 (ESI†).

Fig. 6a shows the EL spectra of CsPbBr3-5 mg ml�1 betaine
devices under different biases, which exhibit a single and well-
defined emission peak at 516 nm with the emission intensity
increasing gradually with the voltage. The EL spectra agree well
with the previously measured PL spectra. In addition, the
FWHM of the detected EL spectrum at 7.3 V is about 23 nm.
There is no manifestation of broadening behaviour with the
applied voltage. This narrow EL emission means that the device
has a high color purity. The inset of Fig. 6a shows the device photo
(0.1 cm2) driven at 6.4 V. The color of the device is highly saturated
in the deep green region which corresponds to a Commission
International de Eclairage (CIE) (x, y) of (0.10,0.76), as shown in
Fig. 6b. The angular emission intensity of the device follows a
Lambertian profile, which is shown in Fig. S5 (ESI†).

Experimental section
Materials

PbBr2, CsBr, DMSO (anhydrous, 99.9%) and PVK were purchased
from Sigma-Aldrich. TPBi (99.9%) and Liq were purchased from
Xi’an Polymer Light Technology Corp. PEDOT:PSS (Clevios P VP
Al 4083) was purchased from Heraeus. All the materials were
used as purchased without any purification.

Preparation of perovskite solutions for device fabrication

A hybrid halide precursor solution for the perovskite film was
prepared by dissolving CsBr, PbBr2 and PEABr in DMSO at a
molar ratio of 1.1 : 1 : 0.4, here PbBr2 is fixed at 0.3 M. The
solution was then stirred for 5 h and filtered through polytetra-
fluoroethylene filters (0.45 mm) before use.

Patterned ITO glass substrates were sequentially cleaned
with ethanol and deionized (DI) water. They were then sub-
jected to UV–ozone treatment for 10 min. The HTL was pre-
pared by spin coating PEDOT:PSS (AI 4083) at 5000 rpm onto
the ITO substrate, which was then dried at 150 1C for 30 min to
remove the remaining water. The substrates were then trans-
ferred into a glove box for further processing. The PVK layer was
spin coated onto the PEDOT:PSS film with a 8 mg ml�1

concentration dissolved in chlorobenzene at 4000 rpm. Then
the substrates were subjected to annealing treatment for
10 min on a hot plate at 120 1C. After this step, the perovskite
film with or without the betaine layer was deposited on top of
PVK by repeating the spin-coating procedure mentioned above,
followed by annealing at 85 1C for 8 min. Finally, TPBi (45 nm),
Liq (2 nm) and Al (120 nm) layers were deposited on top of
the perovskite EML in a thermal evaporation chamber with a
vacuum pressure below 4 � 10�4 Pa. The final devices pos-
sessed 4 emitting elements each with an active area of 0.1 cm2.

Film characterization and device measurements

The contact angle data were collected by a DataPhysics OCA.
SEM images of the layers were obtained on a Carl Zeiss Supra
55. AFM measurements were conducted using a Cypher-S
atomic force microscope. XRD spectra were obtained on an
X-ray diffractometer with a Cu Ka source (PANalytical B.V.
Empyrean). PL decay lifetimes were obtained on a fluorescence

Fig. 5 (a) Schematic diagram of device structure: ITO/PEDOT:PSS/PVK/
perovskite/TPBi/Liq/Al. (b) Cross-sectional SEM image of the PeLED. (c)
Luminous yield versus current density of the PeLED. (d) Driving voltage of
the PeLED as a function of current density. (e) Luminance yield versus
current density. (f) EQE of the PeLED.

Fig. 6 (a) EL spectra of the PeLED under different applied voltages,
together with a typical emission photograph of the PeLED with an active
area of 0.1 cm2 (at 6.4 V). (b) CIE coordinates of the PeLED under an
applied voltage of 6.4 V.

Paper Journal of Materials Chemistry C

Pu
bl

is
he

d 
on

 2
1 

fé
vr

ie
r 

20
19

. D
ow

nl
oa

de
d 

by
 F

ai
l O

pe
n 

on
 2

02
5-

07
-2

3 
09

:1
5:

12
. 

View Article Online

https://doi.org/10.1039/c8tc06490c


4348 | J. Mater. Chem. C, 2019, 7, 4344--4349 This journal is©The Royal Society of Chemistry 2019

spectrophotometer (HORIB-FM-2015). Photoluminescence spectra
were recorded on a FluoroMax-4 spectrophotometer (Horiba
Scientific, USA). The temperature-dependent measurements were
performed using a closed-cycle nitrogen cryostat. Excitation power
intensity dependent PL was carried out by employing a neutral
filter and the excitation power density was monitored by a
Thorlabs PM100D 400 LCD power meter.

The EL spectra and electrical output characteristics were
obtained under ambient conditions using a Keithley 2400 and a
Photo Research spectrometer PR650. The devices were swept
from zero bias to forward bias.

Conclusions

In summary, we have proposed a facile method by introducing
a betaine modification layer to improve the crystallinity of
the perovskite layer and obtain a pinhole-free perovskite film.
Benefitting from the small grain size and high Eb, the CsPbBr3-
based PeLED with a 5 mg ml�1 doped betaine modification
layer exhibited a high current efficiency of 40.4 cd A�1 and a
maximum luminance of 18 560 cd m�2. An EQE of 11.1% was
also achieved at a current density of 0.5 mA cm�2. We have
proven that a smooth morphology, a high exciton binding
energy and an increased electron–hole recombination asso-
ciated with a smaller CsPbBr3 grain size are crucial factors that
would determine the device performance. Our results confirm
that incorporation of an interface buffer layer of betaine is an
effective means to boost the efficiencies of PeLEDs.
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