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Abstract: Perovskite solar cells (PSCs) with structure of TiO,/ZrO,/carbon triple-layer are attractive recently because
of their inexpensive raw materials, scalable fabrication process, and outstanding stability. But little progress has been
made in the low temperature fabrication of TiO,/ZrO,/carbon triple-layer structured PSCs. A major reason is that it is
rather difficult to construct the ZrO, spacer layer at low temperature. Herein, we report a facile low-temperature
spray-coating method to prepare effective ZrO, spacer layer in TiO,/ZrO,/carbon triple-layer PSCs using urea to tune
the porosity. After optimizing the amount of urea and the thickness of zirconia to 1100 nm, power conversion
efficiencies (PCE) of 14.7% for a single cell and 10.8% for a module with 5 cells connected in series (5x0.9 cmx
2.5 cm) were achieved. Furthermore, the PSCs could be stable for 200 d at constant temperature (25 ‘C) and humidity
(40%). With this spray coating method, the zirconia layer on flexible substrate can endure 50 times of bending without
any cracking. Compared to the conventional screen-printing method of ZrO, spacer layer, the spray-coating alternative

developed in this work shows advantages of more convenient to process, preparation under lower temperature, and

compatibility to flexible substrate.
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Perovskite solar cells (PSCs), firstly reported by
Miyasaka, et al™ in 2009, has drawn tremendous atten-
tions>™. After years of intensive studies, PSCs showed
great improvements on both power conversion efficiency
(PCE) and stability!®®!. PSCs are generally composed of
the electron transporting layer, the perovskite light-
absorbing layer, the hole transporting layer and two
contact electrodes. Several architectures of PSCs were
developed, such as fully-printable triple-layer PSCs,
planar and inverted structured PSCs!''. Among them,
the fully-printable TiO,/ZrO,/carbon triple-layer PSCs
own advantages of inexpensive raw materials, scalable
fabrication process, and outstanding stability!">"'"). How-
ever, TiO,/ZrO,/carbon triple-layer PSCs requires deli-
cate steps to fabricate screen printable pastes of TiO,,
ZrO, and carbon, including addition of organic additives,
adjustment of viscosity, homogenization, efc. The pastes
were then screen printed sequentially on substrate, and

high temperature calcination is necessary to remove the
organics. The high temperature process is incompatible
with plastic flexible substrate, limiting the potential app-
lication of the TiO,/ZrO, /carbon triple-layer PSCs.

In the PSCs research community, flexible substrate-
compatible fabrication process is appealing!"*'?\. In this
context, a number of techniques were developed for
building flexible planar or inverted structured PSCs,
including sputtering, evaporation, low-temperature sinte-
ring?*?*. But none of these methods are applicable to
fabricate the TiO,/ZrO,/carbon triple-layer flexible PSCs.
Chemical sintering of mesoporous titania layer at
low-temperature were widely reported in dye-sensitized
solar cells’®!. Recently, a low temperature method was
developed to fabricate the carbon layer®. However, it is
still challenging to fabricate the ZrO, layer at low
temperature for triple-layer PSCs.

In order to assemble flexible triple-layer PSCs, a low-
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temperature method to fabricate ZrO, layer is necessary.
In this work, a facile spray coating method was developed
to fabricate porous ZrO, layer for TiO,/ZrO,/carbon
triple-layer PSCs at low temperature using urea as poro-
sity adjustor, which was well-compatible with flexible
substrates, and easier to be scaled up than the conven-
tional screen-printing method.

1 Experimental

1.1 Materials

Lead (II) iodide (Pbl,, 99%), methylammonium iodide
(MALI, 99%), anhydrous N, N-dimethylformamide (DMF),
titanium diisopropoxide bis(acetylace tonate) (75% in
isopropanol), isopropanol, urea, SrCl, were purchased
from Sigma-Aldrich. Zirconia was purchased from
Aladdin. All chemicals were used as-received without
further purification.
1.2 Perovskite solution

The perovskite solution was made by dissolving
0.159 g MAL, 0.461 g Pbl, and 16 mg SrCl, in 1 mL DMF.
1.3 Zirconia ink for spray coating

0.5 g of ZrO, powder was dispersed in a mixed solu-
tion containing 5 mL H,0O and 5 mL isopropanol by soni-
fication for 3 h. Urea was then added into the solution
with w(ZrO,) : w(urea)=2 : 1.
1.4 Titania, zirconia and carbon pastes for
screen-printing

Titania, zirconia and carbon pastes were prepared
according to the previous report’®”). Typically, 1 g powder
was dispersed in 20 mL ethanol under sonification. 0.5 g
ethyl cellulose was dissolved in 4.5 g ethanol and 5 g
terpineol. They were mixed together and then homoge-
nized with ultra-sonification and ball milling for 10 h.
Finally, ethanol was removed through rotary evaporation
to form the paste.
1.5 Device fabrication

The solar cells were fabricated at room temperature
under ambient air condition without using glove-box.
Fluorine-doped tin dioxide (FTO) coated glass was

(@
Perovskite ~ Carbon TiO, c-TiO,

Fig. 1

patterned by 2 mol/L HCI solution and zinc powder,
cleaned sequentially by detergent, deionized water and
isopropanol, each for 30 min under ultrasonication. The
compact titania (c-TiO,) layer was prepared by spraying
titanium diisopropoxide bis(acetylacetonate) in isopro-
panol (1:10 (in volume)) at 500 ‘C and annealed for
30 min. The mesoporous TiO, (m-TiO,) layer was screen-
printed on the ¢-TiO, layer and then annealed at 500 C
for 30 min. The zirconia ink was sprayed on the m-TiO,
layer at 180 'C for 10-20 cycles, followed by washing in
water. Afterwards, carbon paste was screen-printed on
the ZrO, layer and sintered at 400 'C for 30 min. The
titania and carbon layer were optimized to be 700 nm and
10 pm, respectively. Finally, PSCs were accomplished by
drip-casting perovskite solution onto the carbon electrode
and dried at 50 ‘C for 1 h (Fig. S1). For comparison,
screen-printing method was used to fabricate the zirconia
layer with the zirconia paste and sintered at 500 C for
30 min. To build a PSC module, a 5-cell series was designed
on a single FTO substrate as the previous report®”.
Zirconia layer was sprayed on the substrate covered with
a metal patterned mask. The other fabrication process of
the PSC module was the same to that of the single cell.
The spray-coating was done with an Iwata HP-BP spray pen
(3%10° Pa).

2 Results and discussion

Fig. 1(a) shows the structural schematic illustration of
Ti0,/ZrO,/carbon triple-layer PSCs, and the correspon-
ding energy diagram is displayed in Fig. 1(b). The pero-
vskite layer absorbs incident light to generate electrons
and holes, which diffuse/transport to the interfaces. Then
electrons are injected into the titania layer, and holes are
transferred to the carbon electrode, respectively. Accor-
ding to the structure and mechanism of TiO,/ZrO,/carbon
triple-layer PSCs, the porous zirconia layer takes important
roles, not only separating the titania layer from the carbon
electrode to avoid cell short circuit, but also providing a
channel for perovskite to conduct electrons and holes.

Structural schematic illustration (a) and energy diagram (b) of TiO,/ZrO,/carbon triple-layer PSCs
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However, the importance of fabrication of titania and
carbon layers at low temperature were overestimated,
while the zirconia layer was neglected by researchers. In
order to assemble flexible triple-layer PSCs, high-quality
zirconia layer prepared at low temperature is essential as
well. Here, a low-temperature spray-coating method was
developed to fabricate porous zirconia layer for high-
performance TiO,/ZrO,/carbon triple-layer PSCs. Fig. S2(a)
is the TEM image of zirconia particles. The size of the
zirconia particles is 2060 nm. XRD pattern (Fig. S2(b))
shows that the zirconia particles are well crystallized to afford
monoclinic phase (JCPDS 65-1024). Before spraying, the
zirconia particles were dispersed in the water and
isopropanol solution to form a stable colloid, and urea
was added. Fig. 2 shows SEM images of the zirconia
films prepared by the spray-coating method. Without urea,
the resultant zirconia film nearly doesn’t contain any
pore among zirconia particles (Fig. 2(a)). After the addition
of urea, the pores in the zirconia film enlarged significantly.
Fig. 2(b, c¢) compare SEM images of the zirconia films
prepared with different ratios of zirconia to urea. It is
observed that higher urea content results in larger pore
size. Ammonia gases produced from decomposition of
urea during spray process contribute to the formation of
pores. These large pores in the zirconia film benefit the
filling of perovskite into the underneath titania layer during
the fabrication of TiO,/ZrO,/carbon triple-layer PSCs.

Fig. 3 compares the performance of the triple-layer PSCs
with the zirconia layer prepared by the spray-coating
method at different weight ratios of zirconia to urea.
Without urea, the cell shows neglectable PCE, mainly
attributed to the too small pores to fill the perovskite.
After adding urea, their photovoltaic performance was
dramatically promoted. PCE of PSCs with the zirconia
layer prepared at w(zirconia):w(urea)=2:1 and 1:1
reaches 8.43% and 11.6%, respectively. The formula of
w(zirconia) : w(urea)=1 : 1 provided higher short-circuit
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current density (Js.), resulting from better filling of the
perovskite in the zirconia pores (Fig. 2(d, e)). In addition
to control the porosity, there may be some N-containing
species on the surface of zirconia, which lead to en-
hanced PCEP**"., To further confirm the effectiveness of
spray-coating zirconia, hysteresis behaviors of PSC con-
taining the zirconia layer prepared with w(zirconia):
w(urea)=1 : 1 were examined (Fig. 3(b)). PCE with for-
ward scanning is 10.8%, up to 93.1% of PCE with reverse
scanning, which shows good hysteresis performance.
Besides the porosity, the thickness of zirconia layer
also greatly influences the performance of triple-layer
PSCs. By fixing w(zirconia) : w(urea)=1: 1, PSCs with
different thicknesses of zirconia layer were fabricated by
changing the spray-coating cycles. Fig. S3 shows the
cross-sectional SEM images of the triple-layer PSCs with
different thicknesses of zirconia layer before and after
perovskite filling. 10, 15 and 20 cycles of spray coating
produced zirconia films with the thicknesses of about
750, 1100 and 1500 nm, respectively. The titania and

Fig. 2 SEM images of the zirconia film prepared by spray-
coating without urea (a), with w(zirconia) : w(urea)= 2 : 1 (b)
and 1:1 (c), cross-sectional SEM images of PSCs containing
zirconia layer prepared with w(zirconia) : w(urea)= 2 : 1(d) and
1:1(e)

Circled areas in (d) are not completely filled
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Fig.3 J-V curves of PSCs prepared with w(zirconia) : w(urea)=2 : 1 and 1 : 1(a), and J-V curves from forward and
reverse scanning of PSC prepared with w(zirconia) : w(urea)=1 : 1 (Zirconia layer thickness at ~1000 nm) (b)
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carbon layer were optimized to be 700 nm and 10 pm,
respectively, as previous report!'“?”), Perovskite could fully
fill into all three porous zirconia films. Fig. 4(a) com-
pares the corresponding J-V curves of three cells. Among
them PSC with zirconia film thickness of 1100 nm dis-
played the highest PCE value (14.7%) with J, of
22.2 mA-cm 2, open-circuit voltage (V,.) of 0.93 V, and
fill factor (FF) of 71.20%. Fig. 4(b) shows IPCE
spectrum of the optimized chip, which display broad
plateau in the wavelength from 380 to 750 nm with the
highest value reaching 90%. The integrated current
density from the incident-photon-to-current conversion
efficiency (IPCE) spectrum reaches 20.94 mA-cm 2,
reasonably a little bit lower than J,.. To demonstrate the
reproducibility of fabrication and photovoltaic perfor-
mance, a batch of 30 chips were fabricated with three
different thicknesses of zirconia layer (10 chips per
thickness). Fig. 4(c) summarizes their performances, the
1100 nm thick zirconia layer delivered a mean PCE of
13.9%, and a small standard deviation of 0.4454,
suggesting excellent reproducibility of the spray-coating
fabrication method. The PSCs output performance was
tested at the fixed applied potential of 0.75 V. As shown
in Fig. 4(d), PSC produces stable photocurrent density
(19.1 mA-cm ?) with corresponding PCE of 14.3%.

To demonstrate the effectiveness of this spray-coating
method, its performance was compared with the conven-
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tional screen-printing method. PSCs with screen-printed
zirconia layer were optimized to afford J,=22.23 mA-cm 2,
V0e=0.960 V, FF=71.22% and PCE=15.2% (Fig. 4(a)).
PCE of PSCs with spray-coated zirconia layer is slightly
lower, mainly caused by the difference of V.. But the
spray coating method spares the delicate process to
prepare zirconia paste and high temperature to remove
organic additives.

Benefitted from the low temperature process, the
spray coating method could be used to prepare zirconia
layer on flexible Polyethylene terephthalate (PET) sub-
strate. The film with the thickness of 1.1 um can tolerate
high bending angle, as depicted in Fig. 5(a), mainly
because the zirconia particles are not closely packed.
Fig. 5(b) displays the photograph of the zirconia film on
the flexible PET substrate bended to form a circle
(¢4 cm). After 50 times bending cycles, the zirconia film
keeps intact without cracks.

Film uniformity is critical for solar cell modules. Any
defects in the film cause serious performance loss to the
PSCs!?'2 To verify the potential of our developed
spray-coating method for large-area PSCs, rectangular
triple-layer PSCs cells with active area of 2.5 cmx0.9 cm,
and PSCs modules with 5 cells connected in series were
fabricated (insets in Fig. S4(a, b)). To understand the
effect of active area on cell performance, J-V curves
were recorded with different illumination areas, which
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Fig. 4 J-V curves of the triple-layer PSCs with spray-coated and screen-printed zirconia layer(a), IPCE spectrum and corresponding
integrated current density of the PSC with 1100 nm thick zirconia layer(b), PCE distribution of 30 chips with three different

thicknesses of zirconia layer(c), and

stabilized power output of PSCs with optimized spray-coated zirconia layer (d)
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was precisely defined by a non-reflective aperture. PSCs
with 0.126 cm?® (44 mm aperture) and 0.196 cm? (45 mm
aperture) illumination area displayed the same PCE
(13.94%). PCE kept as high as 13.18% with larger
illumination area (1.5 cmx0.8 cm), indicating high
uniformity of the film. The decline of PCE for the cell
with larger active area is mainly due to the decrease in FF,
resulted from the increment of series resistance from
FTO and carbon electrode. V. increases when the mask
area approaches the cell size®. For practical application,
large PSCs module with 5 cells connected in series on a
single FTO substrate was fabricated (inset in Fig. S3(b)).
J-V test shows that the PSCs module can deliver PCE=
10.8%, Vo=4.49 V, J,=3.82 mA-cm * and FF=62.91%.

Stability poses a serious challenge for PSCs. The
stability of the triple-layer PSCs with screen-printed and
spray-coated zirconia layer was studied and compared.
The initial PCE of the sprayed-coating zirconia PSC and
screen-coating zirconia PSC is 13.2% and 14.1% respe-
ctively. As displayed in Fig. 6, both PSCs maintained
excellent stability for 200 d without degradation when
stored in a cabinet with constant temperature of 25 C
and relative humidity of 40%.

Fig. 5 Schematic illustration (a) and photograph (b) of the
bending zirconia film on PET
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Fig. 6 Stability performance of PSCs with screen-printed and
spray-coated zirconia layer

3 Conclusion

A facile low-temperature spray-coating method was
developed to fabricate zirconia spacer for the TiO,/ZrO,/
carbon triple-layer PSCs. The thickness and porosity of
the zirconia spacer layer can be easily controlled by

spray cycles and the urea content. The optimized PCE
achieves 14.7% for the single cell and 10.8% for the

module. Compared to conventional screen-printing

method, the spray coating method developed in this work
shows advantages of low-temperature process, less
chemical usage, facile scale-up and compatibility with
flexible substrate.

Supporting Materials

Supporting materials related to this article can be
found at https://doi.org/10.15541/;im20220155.
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Zirconia Spacer: Preparation by Low Temperature Spray-coating and
Application in Triple-layer Perovskite Solar Cells
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(1. Jiangxi Province Key Laboratory of Synthetic Chemistry, East China University of Technology, Nanchang 330013, China;
2. CAS Key Laboratory of Materials for Energy Conversion, Shanghai Institute of Ceramics, Chinese Academy of Sciences,
Shanghai 201899, China.)

Characterization

Without specific stated, the cells used in test were small sized cells with active area of 0.6 cmx0.8 cm. A picture of
30 cells is shown in Fig. S1. An aperture with 3 mm diameter is used to define the illustration area. Light illumination was
performed using an Abet 2000 solar simulator. J-V curves were recorded on a Keithley 2400 source meter. The IPCE
spectra were measured using a lock-in amplifier (Stanford Research Systems, SRS 810) with white light channeled from
a Newport 300 W Xenon lamp through a 17 Hz mechanical chopper wheel and a monochromator (Oriel Cornerstone
130). For stability tests, PSCs were kept in an electronic cabinet with humidity of ~45%. X-ray diffraction (XRD)
patterns were recorded on a Bruker D8 X-ray powder diffractometer. Transmission electron microscopy (TEM) images
were taken on a JEOL JEM-2100 field emission electron microscope operated at 200 kV. Field emission scanning
electron microscopy (FESEM) images were taken on a JEOL JSM-6701F electron microscope.

Fig. S1  Picture of 30 cells on a hotplate with active area of 0.6 cm>0.8 cm
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Fig. S2 (a) TEM image and (b) XRD pattern of the zirconia nanoparticles
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Fig. S3  Cross-sectional SEM images of PSCs before filling perovskite with the zirconia thickness of (a, b) 750,
(¢, d) 1100 nm and (e, f) 1500 nm ((a, c, €) before and (b, d, f) after filling perovkite)
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Fig. S4 (a) J-V curves of the cell with different illumination areas with inset showing the tested cell photograph;
(b) J-V curve of PSCs module with five cells connected in series with inset showing the tested cell photograph



