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Amino acid self-assembled monolayers are used in the fabrication of light-emitting diodes based
on organic-inorganic halide perovskites. The monolayers of amino acids provide modified interfa-
ces by anchoring to the surfaces of ZnO charge-transporting layers using carboxyl groups, leaving
the amino groups to facilitate the nucleation of MAPbBr; perovskite films. This surface-
modification strategy, together with chlorobenzene-assisted fast crystallization method, results in
good surface coverage and reduced defect density of the perovskite films. These efforts lead to
green perovskite light emitting diodes with a low turn-on voltage of 2V and an external quantum

efficiency of 0.43% at a brightness of ~5000 cd m™ 2. © 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4945330]

Organic-inorganic hybrid perovskites have received sig-
nificant attention due to their potential applications in low-
cost and high-efficiency solar cells.'™ Because of the high
photoluminescence quantum efficiency, excellent charge
mobility, and tunable band-gap, the hybrid perovskites are
also promising in light-emitting diode applications.*”” After
Tan et al. first reported effective electroluminescence from
three-dimensional perovskite films using a carrier confine-
ment device structure,’ the performance of perovskite light-
emitting diodes (PeLEDs) was significantly improved in the
past year and device external quantum efficiency (EQE) as
high as over 8% was reported, revealing great potential in
low-cost display and lighting fields.*®

Perovskite films with high surface coverage and good
emissive properties are the two key issues for achieving
high-efficiency PeLEDs,*” and a number of approaches have
been introduced to overcome them.”™'! In perovskite solar
cell applications, sequential deposition and two-step spin-
coating methods have been widely adopted to get uniform
CH;NH;PbI; films.'*!* However, these methods can lead to
reduced grain size and crystallinity of perovskite films,
resulting in high defect density and thereby degraded lumi-
nance properties.'*' Li er al. used a blend of perovskite and
polyimide precursor dielectric (PIP) to reduce pinholes in
perovskite film, which significantly enhanced quantum
efficiency of CH3;NH3;PbBr; PeLEDs. Nevertheless, the
obtained luminance of this device is relatively low, due to
the presence of the insulator in the emissive layer.'®
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We previously used a multifunctional polyethyleneimine
(PEI) interlayer between the oxide electron-transporting layer
and the perovskite emissive layer to achieve uniform perov-
skite thin films with low defect densities.* Also, other groups
demonstrated that introducing self-assembling monolayers on
top of electron-extracting layer was an effective method to
enhance the photovoltaic performance of CH;NH;Pbl; perov-
skite solar cells.'”™"” These results suggest that in order to
achieve high-quality perovskite films, it is critical to control
the surface properties of the underlying layers.

Here, we introduce amino acid monomolecular layers with
different alkyl chains (5-ammoniumvaleric acid (SAVA) or 8-
aminooctanoic acid (8AOA)) between ZnO and CH;NH;PbBr3
film to obtain uniform and low defect density perovskites films.
We demonstrate that the amino groups can improve the wetting
property of ZnO layers, thereby favoring the growth of perov-
skite films. We find that CH3NH;PbBr; films with almost full
coverage can be achieved on ZnO/5AVA (or 8AOA) substrates
with the aid of the chlorobenzene(CB)-induced fast crystalliza-
tion processes. The morphology and crystallinity improvement
lead to significantly enhanced device performance of ZnO-
based PeLEDs.

Fig. 1(a) shows the PeLED device structure with multi-
layers of indium tin oxide (ITO)/amino acid-modified zinc oxide
(ZnO, ~20nm)/CH3NH;PbBr; (~50 nm)/poly(9,9-dioctyl-fluo-
rene-co-N-(4-butylphenyl) diphenylamine) (TFB, ~25nm)/
molybdenum oxide (MoOy, ~8nm)/gold (Au, ~100nm). A
schematic of the flat-band energy-level diagram is shown in
Fig. 1(b). ITO-coated glass substrates, with an ITO thickness of
~100nm and a sheet resistance of 15 Q sq_l, were used for de-
vice fabrication. Prior to film deposition, the ITO glass was
cleaned thoroughly followed by oxygen plasma treatment.*

© 2016 AIP Publishing LLC
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FIG. 1. (a) Schematic illustration of the device configuration of the
CH3NH;PbBr; PeLEDs. (b) Flat-band energy level diagram of the
CH;3NH;3PbBr; PeLEDs. (c) XPS spectra (N1s) of the bare ZnO film and
SAVA or 8AOA treated ZnO films.

Then, solutions of ZnO nanocrystals® were spin-coated onto
the ITO glass substrates at 4000 rpm for 45 s and annealed in air
at 150°C for 30 min (The powder XRD data and film PL spec-
trum of the ZnO nanocrystals are shown in supplementary
Figure S1.2"). The substrates were immersed in a 1 mgml ™" so-
lution of amino acid (SAVA or 8AOA) in methanol for 1h to
introduce amino acid on the ZnO surface, and rinsed twice by

]

.

(e) ZnO/8AOA -
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methanol. Then, the substrates were transferred into a glovebox.
The CH3;NH;PbBr; films were deposited by spin coating the
precursor solution (CH3NH3Br and PbBr, with 3:1 molar ratio
in N,N-dimethylformamide (DMF)) onto the amino acid treated
ZnO films, followed by annealing on a hot plate at 60°C.
Alternatively, the substrates were treated by drop-casting CB
during spin-coating CH3;NH;PbBr3 precursor. The TFB layers
were deposited from an m-xylene solution (8mgml™') at
2000 rpm. Finally, the MoO,/Au electrodes were sequentially
thermally evaporated at a rate of 0.05nm s~ through a shadow
mask under a base pressure of ~6 x 10~ Torr. The device area
was 3.24mm?” as defined by the overlapping area of the ITO
films and top electrodes.

All PeLEDs were encapsulated with glass lid using UV-
resin in a high-purity N,-filled glovebox. A Keithley 2400
source meter and a fiber integration sphere (FOIS-1) couple
with a QE-6500 spectrometer were used for the measure-
ments.”>*> A field emission scanning electron microscope
(SEM) (SU-70) was used to obtain SEM images. X-ray photo-
electron spectroscopy (XPS) spectra were collected on a
Thermo ESCALAB 250 equipment in an ultrahigh vacuum
chamber with a vacuum of <10~ ' Torr. Photoluminescence
(PL) spectra of the perovskite films and the time resolved
fluorescence spectra were obtained using an Edinburgh
Instruments (FLS920) spectrometer. For the time-resolved PL
measurements, the perovskite films were excited by a 405 nm
pulsed diode laser (EPL-405) with a fluence of ~4 nJ cm 2.

FIG. 2. SEM images of CH;NH;PbBr3
films on (a) and (b) bare ZnO. (c) and
(d) ZnO/5AVA. (e) and (f) ZnO/8AOA.
(a), (c), and (e) represent CH;NH3PbBr3
films prepared by conventional spin-
coating process and (b), (d), and (f)
show CH3;NH;PbBrj films prepared by
solvent engineering method. The cover-
age of CH3;NH;PbBr; films in (a)—(f)
(estimated from SEM images by ImageJ
Software) are 63%, 68%, 77%, 92%,
85%, and 89%, respectively.



141102-3 Wang et al. Appl. Phys. Lett. 108, 141102 (2016)
—a—7n0 100 ] ZnO
n P [ n
soooo} (a) —a— ZnO/5AVA mn (b) 4 ZnO/SAVA
’;.‘ —e— ZnO/8A0OA S + ZnO/8AOA
. 2 )
& o 1y
340000- 3101_0
2 2
9 9 FIG. 3. (a) PL spectra of CH;NH;PbBr3
520000 r E film formed on top of the ZnO, ZnO/
o ol SAVA, ZnO/8AOA layers. (b) Time-
107k L / , resolved PL decay transient showing the
0 oo T e oo eeo s - - ol L PL lifetime for the CH;NHsPbBrs
Wavelength (nm) 0 50 Timg’?ns) 150 200 formed on top of the ZnO, ZnO/SAVA,
10° and ZnO/8AOA layers, respectively.
(C) =  ZnO+CB (d) (c) Time-resolved PL decay transient
. 4 ZnO/5AVA+CB A ZnO/BAVA+CB  \__ showing the PL lifetime for the
g + ZnO/8AOA+CB - e ZnO/8AOA A CH;3NH;PbBr; formed on different sub-
3 ‘é J strates by solvent engineering. (d) XRD
S10" Q data of the CH3NH;PbBr; films on dif-
b= ZnO/5AVA+CB S 3
z R £ - = L ferent substrates.
2R . 9 1 ZnO/5AVA
2 ' ﬁ!‘,qé‘ X
c
E1 , L m l ZnO+CB A
0 4 l Zn0 A
0 100 200 300 400 500 10 15 20 25 30 35
Time (ns) 20 (°)

The assembly of amino acid onto the ZnO surface can
be realized by the formation of covalent bonds between the
carboxyl groups and Zn ions."”** In order to verify this sur-
face modification process, the surface composition was char-
acterized with XPS as shown in Figure 1(c). The peaks at
400 eV represent the binding energy of N1s related to NH,,*
indicating the modification of amino acid on ZnO. However,
due to the residual zinc acetate in ZnO film, it is difficult to
directly show the presence of the C=0 or C-O groups.

SEM images of CH3;NH;PbBr; films on ZnO with differ-
ent SAM layers are shown in Fig. 2. The formation and cover-
age of CH3;NH;PbBr; film were extremely poor on bare ZnO
films.* After introducing SAVA or 8AOA between ZnO and
CH;NH;PbBr; film, the film coverage of CH3;NH;PbBrj is
significantly improved. The improved morphology is probably
due to hydrogen-bonding or electrostatic interactions between

the amino groups and the perovskites framework,?® which can
facilitate the nucleation of CH;NH;PbBr; crystals.

Figures 3(a) and 3(b) show the PL spectra and PL decay
of CH3;NH3PbBr3 films on different substrates. It can be seen
that the PL spectra of CH;NH3PbBr3 are consistent with dif-
ferent substrates, while the PL intensity on amino acid modi-
fied ZnO was significantly increased, especially on SAVA
SAM. Moreover, the PL lifetime (1/e of the initial value) for
the CH5NH;PbBr; film was increased to ~4ns after the
modification of SAVA or 8AOA monolayer (Figure 3(b)).
The increased PL lifetime is consistent with the morphology
improvement as shown in Fig. 2, which may be due to lower
defect densities in the perovskite bulk films or reduced sur-
face defects.

Fig. 4(a) shows the electroluminescence (EL) emission
peaked at 536 nm, which is consistent with the PL. emission
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TABLE I. Performance of PeLEDs with different interfacial layers and film
formation processes. We measured over 20 devices for each structure and
the relative standard deviations in peak EQEs are below 15%.

Von Luminance,,, EQE,ax
Device V) (cdm™?) (%)
ZnO 2.6 40 0.002
ZnO/5AVA 2.2 2330 0.11
ZnO/8AOA 2.3 1370 0.08
ZnO + CB 2 60 0.008
ZnO/5AVA +CB 1.9 4890 0.43
ZnO/8AOA + CB 2 2970 0.19

spectrum of the CH3;NH;PbBr; perovskite film. No electrolu-
minescence from the ZnO or TFB layers can be detected.
The device parameters of PeLEDs with or without SAM are
compared in Fig. 4 and Table 1. The device on bare ZnO sub-
strate has a turn-on voltage of 2.6 V and a maximum lumi-
nance of 40cd m~2 at 3.2V. After introducing SAM, the
device with ZnO/5AVA layer has a reduced turn-on voltage
of 2.2V, where an EQE of 0.11% is achieved at a luminance
of 2000 cd m 2. Similar enhancement is observed for devices
fabricated on 8AOA modified ZnO films, showing that
amino acid SAM can effectively improve the PeLEDs device
performance by tuning the interfacial properties. Apart from
the high crystallinity and uniform surface of CH3;NH;PbBr;
films using the SAMs, the increase in device performance
could also be from the reduction of energy barrier between
ZnO and CH;NH;PbBr; emitter.* To determine whether the
SAMs have effects on changes in energy barrier, we meas-
ured the work function of ZnO with or without SAM using
ultraviolet photoelectron spectroscopy (UPS). The UPS data
show that the work function of ZnO, ZnO/5AVA, ZnO/
8AOA are 3.6eV, 3.6eV, and 3.5¢V, respectively. This
minor variation of ZnO work function is unlikely to contrib-
ute to the significant enhancement of the PeLED device
performance.

Based on the above analyses, we suggest that the
improvements of the morphology of the perovskite films
can effectively enhance the PeLED device performance.
However, as shown in Figs. 2(c) and 2(e), some pin-holes
still exist in the CH;NH;PbBr; films on SAM modified ZnO
layer. In order to further improve the film uniformity, we use
chlorobenzene to assist crystallization of CH;N H3PbB1r3.27’28
As shown in Figs. 2(b), 2(d), and 2(f), the solvent engineer-
ing method can significantly improve the morphology of
perovskite films on top of SAM modified ZnO layer.
CH;NH;PbBr; films with almost full coverage can be real-
ized using the SAVA SAM modification combining with the
quick crystallization process. After using CB-assisted film
formation method, the PL lifetimes of the CH3;NH3;PbBr;
films were also increased, from ~4ns to ~14ns (Fig. 3(c)),
indicating reduced defects. As shown in Fig. 3(d), the X-ray
diffraction data show that all CH3NH3;PbBr; diffraction
peaks were enhanced after increasing crystallization rate,
especially for films on SAVA SAM. The full-width-at-half-
maximum of their diffraction peaks almost remains the
same, suggesting that in our experiment, the CB-assisted
film formation method does not increase the grain size, while

Appl. Phys. Lett. 108, 141102 (2016)

mainly improves the surface coverage of the perovskite
films.

PeLED devices are also fabricated based on the obtained
more uniform and less defect perovskite films using solvent
engineering method as shown in the Fig. 4. The device on
ZnO exhibits a decreased turn-on voltage of 2V and an
increased EQE of 0.01%. However, the EQE is still low due
to the discontinuous CH3NH3;PbBr3 film. Furthermore, the
device on ZnO/SAVA layer achieves a maximum EQE of
0.43% at 2.7 V and a maximum luminance of ~5000cd m~2,
corresponding to a 200 times increase to that of control de-
vice without interface modification and solvent treatment of
perovskite film. The CB solvent method also worked for per-
ovskite film on 8AOA modified ZnO, showing a maximum
EQE of 0.19% at 2.7 V and a luminance of 2970 cd m 2. The
fact that the SAVA devices show superior performance than
8AOA devices indicates the importance of appropriate chain
length in assistance of perovskite film formation. We note
that similar effect has been observed previously in perovskite
solar cells.?

In conclusion, we have demonstrated that the amino-acid
SAMs are effective in tuning the interfacial properties of
ZnO/perovskite, thereby improving PeLEDs performance by
increasing film quality of the CH;NH;PbBr; emitter. The
amino group assembled on ZnO by carboxy group can facili-
tate the nucleation and growth of CH3;NH;PbBr; perovskites
with increasing film coverage and reducing defect states.
Using chlorobenzene-induced fast crystallization method, the
film crystallization and morphology can be further improved
on top of the SAM modified ZnO layers, leading to signifi-
cantly (~200 times) improved PeLED device performance.
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