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Inorganic perovskite solar cells (IPSCs) have attained attention due to their excellent thermal and phase stability. In
this work, we demonstrate a novel approach for fabricating IPSCs, using the strategies of interface passivation and
anti-solvent before spin-coating perovskite. Poly(methyl methacrylate) (PMMA) and chlorobenzene (CB) are used as
passivator and anti-solvent, respectively. The CB improves the perovskite crystal morphology. Meanwhile, PMMA
passivates the defects between poly(3, 4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT: PSS) and
perovskite layer, thus increasing the short-circuit current. Excitingly, we find that PMMA benefits the grain boundaries
(GBs) of perovskite, which makes it more humidity-resistant, increasing the stability of perovskite film. Especially,
PMMA mitigates interfacial charge losses, and the devices based on CsPbl;_ Br, passivated by PMMA ex-

hibit the power conversion efficiency (PCE) much higher than those based on pure CsPbl;_Br,.
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In the past decade, the power conversion efficiency
(PCE) of the perovskite solar cells (PSCs) had already
surpassed that of monocrystalline silicon solar cells, and
the efficiency reached a staggering 25%!"?. Perovskite
materials have the advantages of adjustable bandgap,
high absorption coefficient, long carrier lifetime, and
high carrier mobility®). However, the organic-inorganic
hybrid perovskite tends to degrade under heat or humid
conditions, which originates from their organic cations.
As a direct bandgap semiconductor, its conduction band
and valence band energy levels are hybridized by the sp
orbitals of boron (B) and X elements, and the bandgap is
adjustable”. The stability of the cubic structure is deter-
mined by the Schmidt tolerance factor'®. The inorganic
perovskite CsPbX; (X=Cl, Br, I) owes a suitable energy
bandgap, which is great to configure a tandem device.
CsPbl; owes a suitable energy bandgap of 1.7 eV’
However, black CsPbl; with poor stability easily con-
verts to its yellow d-phase in the ambient atmosphere.
Therefore, the stabilization of the a-CsPbl; phase is an
important factor in the fabrication of all-inorganic
perovskite solar cells (IPSCs). An obvious way of tuning
the tolerance factor of the cubic phase is partially substi-
tuting iodide with the smaller radius, further stabilizing
the a-phase by incorporating Br” ions into the lattice!'*'".

Inverted PSCs (p-i-n structure) have been becoming
more and more attractive, owing to their easy fabrication,
cost-effectiveness, and suppressed hysteresis characteris-
tics!'">* In such a structure, common hole transport ma-
terial (HTM) is poly(3, 4-ethylenedioxythiophene)-poly-
(styrenesulfonate) (PEDOT: PSS) and electron transport
material (ETM) is [6,6]-phenyl-Cq¢;-butyric acid methyl
ester (PCBM)!'"*'%. We made the inverted PSCs with a
structure of FTO/PEDOT: PSS/CsPbl;_Br,/PCBM/Al,
which is a simple structure in an inverted structure!'”.
High-quality perovskite film is the key to high-efficiency
solar cells!'™™. Although the PEDOT: PSS thin film ex-
hibited excellent performance, there are lots of defects in
PEDOT: PSS and perovskite interface. And solution
prepared CsPbl; Br, films usually have lots of defects
that demand to be passivated and also their degradations
often happen at the grain boundaries (GBs) of the
perovskite!'”). Poly(methyl methacrylate) (PMMA) can
be passivation effect of perovskite films by reducing the
surface traps or filling the cracks!'*?!. In our process of
fabricating solar cell devices, the temperature is not
higher than 210 °C.

Anhydrous ethanol and chlorobenzene (CB) were
purchased from Sinopharm Chemical Reagent Co., Ltd.
The PMMA was purchased from Sigma-Aldrich. Lead
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bromide (PbBr;, 99.99%), lead iodide (Pbl,, 99.99%),
cesium iodide (Csl, 99.99%), and PEDOT: PSS (Clevios
PVP, AI 4083) solution were purchased from Xi’an
Polymer Light Technology Corporation. Hydroiodic acid
(HI, 57 wt.% in water), N, N Dimethylformamide (DMF
99.8%) and Dimethyl sulfoxide (DMSO 99.9+%) were
purchased from Alfa Aesar. The PCBM (99%) came
from Solenne B.V. The F-doped SnO, (FTO) glasses
were purchased from Yingkou Libra New Energy Tech-
nology Co., Ltd.

DMAPbI; (DMA=(CH;),NH,") precursor was pre-
pared by dissolving Pbl, (2.3 g) in DMF (5 mL), and
when Pbl, was dissolved completely, HI was added,
stirred at 70 °C for 6 h to ensure complete reaction. The
precursor was washed in diethyl ether to obtain the
light-yellow precipitate. Next, the yellow powder was
obtained and dried overnight in a 50°C vacuum
oven*>%l,

To prepare the inorganic perovskite precursor solution,
Csl (0.1870¢g), DMAPDLI; (0.3804¢g) and PbBr,
(0.0734 g) were dissolved in solvent of 1 mL
DMF/DMSO (volume ratio of 850: 150). The solution
was stirred at room temperature for 3 h for complete
dissolution and was used after filtering. Dilute the PE-
DOT: PSS with water (volume ratio of 1: 2), used after
filtering. To prepare PMMA solution, the PMMA (5 mg)
was dissolved in CB (5 mL). For PCBM solution, the
PCBM (40 mg) was dissolved in CB (2 mL). A small
amount of PMMA was added to the antisolvent CB and
dripped on the hole transport layer before the perovskite
film was spin-coated, and the perovskite layer was spun
directly without annealing.

g/\

DMF+PbIZ+HI+Hp

Ether cleaning
Vacuum drying 12 h

DMAPbI,

Fig.1 (a) DMAPDI; synthetic diagram; (b) Perovskite
synthetic diagram

Firstly, FTO glasses (2.5 cmx2.5 cm) were washed
with deionized water, acetone and ethanol in ultrasonic
cleaner. Then FTO glasses were treated in O, plasma
cleaner for 3 min. For an HTM, the PEDOT: PSS solu-
tion was spin-coated on the FTO substrates with
6 000 rpm for 30 s. Afterward, the substrates were heated
on a hot plate in air at 210 °C for 10 min. The control
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group spin-coated the perovskite layer at 4 000 rpm for
30 s directly. Other group spin-coated 100 pL PMMA
solutions with different concentrations (0 mg/mL,
0.5 mg/mL, 1 mg/mL, 1.5 mg/mL) were coated on the
PEDOT: PSS film at 4 000 rpm for 30 s then spin-coated
the perovskite films immediately, finally annealed at
200 °C for 5 min. For an ETM, the PCBM solution was
coated on the perovskite films at 4 000 rpm for 30 s and
then annealed at 100°C for 10 min. Finally,
100-nm-thick Al electrode was prepared on ETM film by
thermal evaporation method to accomplish the device
fabrication.

Current-voltage (J-V) characteristics were measured in
dry air by a Keithley 2400 source meter under standard 1
sun AM 1.5 simulated solar irradiation system (SAN-EI
100 mW-cm™) from Giant Force Technology Co., Lim-
ited. Ultraviolet-visible (UV-Vis) spectra were collected
on the UV-2600 UV-Vis spectrophotometer (Sunny op-
tical technology (group) Co., Ltd., Ningbo, China).
Steady photoluminescence (PL) spectra were recorded
on a fluorescence spectrophotometer (Hitachi F-7000)
with a 535 nm excitation. X-ray diffraction (XRD) pat-
terns of the perovskite film samples were measured by
Bruker D8 DISCOVER with Cu Ka radiation
(1.540 5 A). The PL spectra were obtained by a spectro-
photometer (Flurolog, Horiba Jobon Yvon), and the ex-
citation wavelength was 510 nm. Scanning electron mi-
croscope (SEM) used TESCAN VEGA3 SBH.

Fig.2 shows the spin coating and annealing processes
of the perovskite film. We see that the color changed
during the spin coating process of the perovskite solu-
tion. Annealing on a heating table at 200 °C for 5 min
can form a black film. In fact, it looks like a dark brown
semitransparent film because some visible light can pass
through it.

Fig.2 (a)—(c) Spin coating and (d)—(f) annealing
processes of perovskite film

Fig.3(a) compares the UV-Vis diffusion absorption of
different phases of perovskite. The a-CsPbl;_ Br, shows
excellent visible light absorption performance, and the
black phase of the perovskite phase changes to the
8-CsPbl;.Br, yellow phase due to water and oxygen ero-
sion, so light absorption is significantly reduced.
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Therefore, the stable existence of black phase
perovskite is a necessary condition for making high effi-
ciency PSCs. A Tauc plot is used to determine the optical
bandgap of semiconductors. As shown in Fig.3(b) and
(¢), Tauc plots of the a-CsPbl; Br, and 8-CsPbl; Br,
show that the black phase bandgap is 1.74 eV and yellow
phase bandgap is 2.88 eV. The phase had been changed,
and the bandgap of perovskite became bigger. It means
higher energy photons are absorbed, which is not condu-
cive to the absorption of visible light, making PSCs de-
vices efficiency reduced.
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Fig.3 (a) UV-Vis absorbance spectra of a-CsPbl;.Bry
and 0&-CsPbls,Br,; Tauc plot curves of (b)
a-CsPbl;.Brx and (c) 5-CsPbl;_Bry

Fig.4 displays the structure of the solar cells and the
energy band alignments. The photon was absorbed by the
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perovskite layer, an electron hole pair was generated, and
electron transition from the valence band to the conduc-
tion band appeared. Then, the electrons and holes flowed
from the conduction band of PCBM and the valence
band of PEDOT: PSS to the electrode. Conduction band
and valence band of absorption layer and other layers
matching is also an important factor affecting efficiency.
We note that PMMA can effectively prevent electrons
from moving to the HTM layer. However, holes can
move towards HTM layer due to quantum tunneling.
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Fig.4 (a) Schematic structure of the PSCs and (b) en-
ergy band alignments

Fig.5 compares the XRD patterns of perovskite ab-
sorbers films with those of the CB solutions with differ-
ent concentrations of PMMA. All the samples presenting
strong perovskite characteristic peaks are identified as
(100) and (200) located at 14.3° and 28.9° with the same
intensities, indicating that the PMMA treatment neither
induces the formation of new phases nor affects the
crystallinity of the obtained perovskite films. Therefore,
this passivation treatment has a negligible effect on crys-
tallinity.
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Fig.5 XRD pattern of perovskite thin films with differ-
ent concentrations of PMMA

Steady-state PL results of the perovskite films with
different concentrations of PMMA and without PMMA
are shown in Fig.6. The perovskite films all exhibit a
band edge of ~714 nm. Apparently, the optimized film
exhibits a higher PL intensity than the control film. The
results indicate that the defects of optimized film are
significantly reduced.

E=1240/1. @))]
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Through Eq.(1) of the relationship between wave-
length and energy, we can calculate the corresponding
photon energy is 1.74 eV, corresponding to a bandgap of
inorganic perovskite CsPbl;_Br,.
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Fig.6 PL spectra for perovskite films with different
concentrations of PMMA

To intuitively acquire the result of PMMA acting on
the morphology of CsPbl; Br, perovskite film, the
top-view SEM images are shown in Fig.7. It is observed
from Fig.7(a) that lots of pores are distributed on the
surface of the control group. When the CB solutions with
different concentrations of PMMA increased from
0 mg/mL to 1.5 mg/mL were added, the number of pores
decreased and the surface of the films became denser.
But the perovskite film became uneven when PMMA
concentration was 1.5 mg/mL.

Fig.7 Top-view SEM images of perovskite films with
different concentrations of PMMA: (a) Control group;

(b) Omg/mL; (c) 0.5mg/mL; (d) 1 mg/mL; (e)
1.5 mg/mL; (f) Top-view SEM image of PCBM films

In order to evaluate the humidity stability, the stability
of perovskite films was tested in air, as shown in Fig.8.
The color trends were observed when perovskites de-
graded in a humid environment. The PMMA-treated
perovskite film exhibited higher stability than pure per-
ovskite film. The improved stability of the perovskite
films could be attributed to that PMMA can passivate the
GB of perovskite films.

Optoelectron. Lett. Vol.18 No.6 * 0341

(@ (b) © (@ (e)

Fig.8 Photographs of perovskite films with different
concentrations of PMMA at different time

Fig.9 shows J-V curves of the solar cells. The common
performance parameters, such as V., short circuit current
density (J), fill factor (FF), and PCE, are listed in
Tab.1.
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Fig.9 J-V curves of the solar cells with different con-
centrations of PMMA

Tab.1 PSCs with different PMMA passivated contents
under an AM 1.5 illumination (100 mWIcmz)

sc

Sample (mA-cm?) Voe (V) FF (%) PCE (%)
Control 15.98 0.92 41.16 6.06
0 mg/mL 17.24 0.93 47.57 7.67
0.5 mg/mL 17.12 0.93 51.33 8.20
1 mg/mL 20.36 0.95 54.80 10.63
1.5 mg/mL 20.03 0.95 52.93 10.14

We can see the PCE of the solar cells is increased
from 6.06% to 10.14%, because the J,. is increased, and
the FF is also increased. We consider the possible reason
of the improved device performance upon the addition of
the PMMA interlayer. We think PMMA could form a
thin layer where tunnelling effect is strongly. It can ef-
fectively prevent the recombination of electrons in HTM
layer, and PMMA could effectively passivate the perov-
skite at surface and its GBs.

In summary, we fabricated inverted structure IPSCs
and we demonstrated that the insertion of an insulating
PMMA layer could improve J. and FF. We find that our
PMMA-based devices exhibited 40% improvement in
PCE relative to the control solar cells. Thus, the PMMA
passivation treatment presents to improve IPSCs and
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opens a window to design outstanding perovskite opto-
electronics for future applications.
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