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Self-healing perovskite solar cells
based on copolymer-templated
TiO, electron transport layer
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Inorganic hole-transport materials (HTMs) such as copper indium disulfide (CIS) have been applied

in perovskite solar cells (PSCs) to improve the poor stability of the conventional Spiro-based PSCs.
However, CIS-PSCs’ main drawback is their lower efficiency than Spiro-PSCs. In this work, copolymer-
templated TiO, (CT-TiO,) structures have been used as an electron transfer layer (ETL) to improve

the photocurrent density and efficiency of CIS-PSCs. Compared to the conventional random porous
TiO, ETLs, copolymer-templated TiO, ETLs with a lower refractive index improve the transmittance
of input light into the cell and therefore enhance the photovoltaic performance. Interestingly, a large
number of surface hydroxyl groups on the CT-TiO, induce a self-healing effect in perovskite. Thus,
they provide superior stability in CIS-PSC. The fabricated CIS-PSC presents a conversion efficiency of
11.08% (Jsc=23.35 mA/cm?, Voc=0.995, and FF =0.477) with a device area of 0.09 cm? under 100 mW/
cm?. Moreover, these unsealed CIS-PSCs retained 100% of their performance after aging tests for

90 days under ambient conditions and even increased from 11.08 to 11.27 over time due to self-
healing properties.

Perovskite solar cells (PSCs) have attracted significant attention over the past few years concerning the applica-
tion of clean and renewable energy'~”. The unique characteristics of optoelectronic perovskite solar cells (PSCs),
such as high absorption coefficient, suitable absorption wavelengths in UV and visible light regions, and direct
bandgap, have encouraged research on these cells®'>. Over time, the power conversion efficiency (PCE) of PSCs
has increased from 3.8 to 25.7%'%"7. A conventional perovskite solar cell possesses the configuration of Glass/
FTO/compact TiO,/nanocrystalline random porous TiO, (RP-TiO,)/MAPbI;/Spiro-OMeTAD/Au. In this type
of solar cell, the optical photons are first absorbed by the perovskite absorbent layer, followed by the generation
of coulombically bounded electron-hole pairs. The electrons move to the electron transport layer (ETL), and the
holes enter the hole transport layer (HTL) from the opposite side. Finally, the electrons exit the system through
metal electrodes, arrive at the external circuit, and establish an electric current. PSCs must have good stability
along with good efficiency for commercial purposes'é. In this regard, moisture'”'¥, UV light'*?, oxygen?', and
temperature!’-?! effectively make PSCs unstable and damage them?’. CH;NH,PbI, perovskite interaction with
H,O molecules and degradation to Pbl,, HI, and CH;NH, is a reason for the instability of PSC. Photocatalytic
degradation of perovskite materials, especially in the presence of an anatase TiO,, is the reason for the instabil-
ity of PSC against UV light. Oxygen diffusion into the MAPbI; lattice and O, production against light leads
to the deprotonation and destruction of perovskite. MAPbI; can be degraded at 85 °C while kept in an inert
atmosphere as well.

Furthermore, although some additives such as lithium salts (Li-TFSI) and 4-tert-butyl pyridine (TBP) are
added to Spiro-OMeTAD to increase the conductivity of this HTL, the lithium salt is hydrophilic, destroys
the perovskite layer over time, and reduces the stability of the cells*>**. Some inorganic compounds such as
CuSCN*2¢, NiO?%, CuGa0,?, CulnS,?, CulnSe,*, Cu,ZnSnS,*"*? and Cu(In,Ga)(S,Se),*"** can replace Spiro-
OMeTAD since they are cheaper, easier to synthesize and more stable against moisture. Among the above
semiconductors, CulnS, has been used more in solar cells due to its excellent properties, such as low toxicity
and suitable bandgap®**.
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Despite their attractive features, CulnS,-based PSCs (CIS-PSCs) currently present lower PCE in comparison
to their common counterpart®>*—. Ly et al. used CulnS, quantum dots (QD) as HTL in PSC with the configura-
tion of TiO, (mesoporous)/CH;NH;Pbl;,/HTL/Au, and modified the surface of CulnS, QDs by cation exchange
to improve the carrier transport. CulnS, QDs with a ZnS shell layer were capable of achieving an efficiency of
8.38%3!. The highest efficiency reported so far for these cells is known to be 10.85%*”. However, only very few
reports exist on CIS-PSCs**>*. Hence, developing novel strategies, which provide the construction of highly
efficient and stable CIS-PSCs, is necessary. One approach to increase the efficiency of this type of cell could be
the substitution of general ETL RP-TiO, with copolymer-templated TiO, (CT-TiO,) compounds. The template-
supported approach is one of the facile and low-cost routes for preparing mesoporous films. This method uses
three-block copolymers such as P123 and F127 as templates. These block copolymers are removed from the
inorganic framework hybrid film after the growth of the material to generate pores®®**. Compared to the RP-
TiO, layer, a CT-TiO, film provides a larger surface area, allowing more perovskite uptake. Moreover, the porous
structures obtained using these templates exhibit a highly progressive impact on the transparency of the coated
film*~*2 Thus, in parallel with the higher transparency, given the regular interconnection of all pores and higher
perovskite loading, these compounds could result in higher photocurrent density and improved efficiency**-*°.
Furthermore, utilizing a simple method to prepare a solution and a dip-coating method to fabricate ETL is very
promising regarding commercialization. However, rigorous research is required to explore further the advantages
of template-assisted mesoscopic construction in PCE and the stability of CIS-PSCs to fulfill the demands for
the commercialization of this strategy. For example, perovskite self-healing can be one of the properties of these
template-assisted ETLs due to bearing high surface hydroxyl groups.

In the present study, P123 triblock copolymer has been used as the template for a titanium dioxide sol-gel
solution to fabricate a novel smooth, low refractive index and transparent ETL for improving the efficiency
and stability of the CulnS,-based PSC cells. In this regard, the dip coating method was applied to prepare the
CT-TiO, ETLs. According to morphological and structural studies, anatase TiO, ETLs were highly transparent,
uniform, and pinholes free. The fabricated CIS-PSC based on CT-TiO, yielded a conversion efficiency and a
high photocurrent efficiency of 11.27% and 23.35 mA/cm?, respectively. Remarkably, unsealed CIS-PSCs showed
excellent performance in stability tests during 90 days under ambient conditions. Strikingly, the perovskite coated
on the templated TiO, showed self-healing property under vapor spray. Moreover, the perovskite film and the
corresponding devices could rapidly recover to their original phase and performance after exposure to vapor
spray and drying in ambient air. As a result of their self-healing properties, the unsealed CIS-PSCs-based CT-
ETL retained 100% of their efficiency after 90 days of aging tests under ambient conditions and even improved
from 11.08 to 11.27% over time. Based on the fabricated CT-TiO, films, this ETL material suggests considerable
potential to be used in stable mesoporous PSCs.

Results and discussion

Characterization of CT-TiO, layers. CT-TiO, films with different thicknesses were prepared using a P123
block copolymer via the sol-gel process. In this regard, the role of this novel ETL on the light transmittance and
photovoltaic performance in CIS-PSCs was investigated.

Figure 1la illustrates the XRD patterns of the CT-TiO, and RP-TiO, films coated on the FTO substrate. The
TiO, anatase peak of the (101) plane is observed at 25.28°. As the number of layers increases, the peak inten-
sity grows. The anatase crystal sizes were estimated to be around 28.37, 19.54, 15.97, and 49.92 nm, using the
Debye-Scherrer equation, corresponding to CT-TiO, of one layer, two layers, three layers, and RP-TiO, film,
respectively. In fact, a CT-TiO, film is composed of a semi-crystalline network, including a significant amount
of amorphous titania and anatase nanocrystals*®. Therefore, the small amount of anatase crystalline phase could
result in less UV light absorption by CT-TiO, film. Therefore, a more stable cell could be obtained compared
to RP-TiO, cells.

Figure 1b shows the transmittance spectra of FTO-coated glasses in the presence of CT-TiO, films with differ-
ent thicknesses. These CT-TiO, films increase the visible light transmission of the FTO glass substrate. Moreover,
the compact TiO, and RP-TiO, meso-film, generally used for PSCs, show less transmittance than CT-TiO, films.
This can be attributed to the higher porosity of the former and, namely, a lower refractive index of the CT-TiO,
films*”*. Another reason for the higher optical transmittance of the templated films can be related to less root-
mean-square (RMS) roughness of the surface of titania CT-TiO, films prepared via the dip-coating method®".
Therefore, increasing the light transmittance using P123 templates increases the light-harvesting, which helps
improve the efficiency of the cells.

Atomic force microscopy (AFM) was performed to investigate the effect of root-mean-square (RMS) rough-
ness on input light transmittance. The AFM images indicate that the RMS of the surface for the 1 to 3 layers of
CT-TiO, and blank FTO (15 Q/sq) film were 22.5, 29.9, 36.3, and 37 nm, respectively (Table 1 and Fig. 1c). As
observed, the 1-layer CT-TiO, film surface is the smoothest, and all CT-TiO, films are smoother than blank FTO
glass. Overall, as UV-Vis spectra show, lower RMS values can increase the input light transmittance. Meanwhile,
the lower the surface roughness, the more input light passes through this layer to reach the perovskite active layer.
On the other hand, with the decrease in roughness, the surface becomes smoother. Furthermore, FE-SEM images
were used to observe the morphology of RP-TiO, and CT-TiO, films with different thicknesses and discover the
correlation between thickness and connections between particles (Fig. 2).

As observed, unlike the RP-TiO, layer, all the CT films are uniform and smooth. Similar results were observed
in the literature*’. Moreover, the particle sizes of the CT-TiO, films are very small compared to the RP-TiO,. On
the other hand, the CT-TiO,-1 layer and CT-TiO,-2 layer are pinhole free. However, with increasing the thick-
ness to 3 layers due to repeated deposition and calcinations, significant pinholes between the titania particles is
appeared, and the connections between the particles are reduced. Reducing the connection in the arrangement
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Figure 1. (a) XRD patterns of TiO, layers, black) FTO/1 layer CT-TiO,, red) FTO/2 layer CT-TiO,, blue)
FTO/3 layer CT-TiO,, and green) FTO/1 layer RP-TiO, The symbol (*) corresponds to the peaks of the FTO
substrate. (b) Transmittance spectra of TiO, layers coated on FTO with different configurations. (c) AFM of
CT-TiO, layers placed on the FTO (15 /sq).

(a) 1 layer 22.5
(b) 2 layer 29.9
() 3 layer 36.3
(d) Blank FTO (15 Q/sq) | 37

Table 1. Relationship between layers and roughness.
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500 nm

Figure 2. Top view and cross-sectional FE-SEM images of NC-TiO, and CT-TiO, layers on FTO coated glass
(~ 15 Q/sq) (a,b) RP-TiO,-1 layer, (¢,d) CT-TiO,-1 layer, (e,f) CT-TiO,-2 layer, and (g,h) CT-TiO,-3 layer (4, 5,
and 6 CT-TiO, layers are shown in the supporting information).

of electron transfer particles can make electron transport more difficult and reduce the photocurrent. Finally, it
is worth mentioning that FE-SEM images confirm AFM results, especially the smoothness of the CT-TiO, layers.
Thus the perovskite layer could be better placed on the CT electron transfer layer, which causes fewer trap paths
and consequently decreased recombination®*->2. This can be confirmed by UV-Vis absorption spectroscopy and
photoluminescence (PL) of the perovskite on the CT and RP ETL (Fig. 3).

To study the charge extraction from the perovskite layer to CT and PR TiO, ETLs, photoluminescence (PL)
spectroscopy was carried out. As a result, the PL intensity of CT-TiO, ETL/perovskites is weaker than that of
the RP-TiO, ETL/perovskite configuration. This confirms that the electron transfer from perovskite to CT-TiO,
is greater than that of the RP-TiO, structure, which in turn shows better interconnection on the interface of
CT-TiO,/perovskite compared to RP-TiO,/perovskite.

Photovoltaic performances of titania templated electron transport layer (ETL). A titania tem-
plated film prepared by P123 block copolymer was used as ETL to substitute conventional PR-TiO, meso layer
in CIS-PSCs. In this regard, the ETL thickness was changed by the number of layers and the change in the with-
drawal speed of dip-coating. The cross-sectional FE-SEM images of perovskite devices with a configuration of
FTO/compact TiO,/CT-TiO,/Csg os(MAg 1;FA( g3)0.05Pb (1) g3Brg17)3/CIS/Au have been demonstrated in Fig. 4.

Scientific Reports |

(2023) 13:6368 | https://doi.org/10.1038/s41598-023-33473-9 nature portfolio



www.nature.com/scientificreports/

3.0

0.5

0.0

P

(a)

——— FTO/compact/2layer CT-TiO2/Perovskite
== FTO/compact/1layer CT-TiO2/Perovskite

900 1

(b)

800

700

600

3
o

PL intensity
8
o

8
o

200 -

100 - Perovskite
FTO/compact/1layer RP-TiO2/Perovskite —— Random ETL/Perovskite

400

Templated ETL/Perovskite
0
1

T T T T T 1
500 600 700 800 700 750 800 850
Wavelenght(nm) Wavelength(nm)

Figure 3. (a) The UV-Vis absorption spectra of the perovskite on different titania films, and (b) PL intensity for
perovskite, RP-TiO, ETL/perovskite, and CT-TiO, ETL/perovskite.

The cross-sectional FE-SEM images of perovskite devices with different thicknesses of ETL utilizing the
dip-coating method indicate that different thicknesses of mesoporous templated films have been obtained by
changing the number of layers and withdrawal deposition speeds.

Table 2 and Fig. 5a illustrate the photocurrent density to voltage (J-V) characteristics of CIS-PSCs bearing
various thicknesses of CT-TiO, films.

As observed in the table, by increasing thickness up to 151.37 nm, Jsc, Voc, and fill factor have increased
while decreasing at higher thicknesses. Thus, maximum Jsc, Voc, and fill factor were observed for the CIS-PSC
with a thickness of 151.37 nm (image 4d). The effect of ETL thickness on electron extraction and transporting is
significant because thinner ETL increases the risk of pinholes directly contacting the FTO substrate and perovs-
kite layer. Moreover, the high thickness of ETL gives rise to an increment in series resistance and electron-hole
recombination. As a result, in both cases, the Jsc and FF of the devices decrease®>**. Thus, achieving the optimum
thickness for ETL is very important (Fig. 4g).

As observed in Fig. 5, one layer of templated ETL deposited at the speed of 48 mm/min and the thickness
of 151.37 nm showed the highest J. and best performance. According to the transmittance and absorption
diagram in Figs. 1b and 3a, the higher the transmitted light, the higher the absorption with perovskite and
current efficiency*’. However, increasing the thicknesses beyond 151.37 nm can raise series resistance and elec-
tron-hole recombination. The Incident Photon to Current Efficiency (IPCE) curves of the CIS-PSCs measured
in wavelength light absorption range of 400-800 nm are shown in Fig. 5b. These IPCE data are in line with the
J-V curves. Regarding the Voc data, by reducing the band gap (Fig. S7), more electrons diffuse from the valence
band to the conduction band, which results in an increase in open circuit voltages. The closer the Fermi level to
the conduction band edge, the better electron extraction to the bottom electrode®.

In the next step, the photovoltaic performance of the best cell, which was TiO, templated single layer pre-
pared at 48 mm/min, dip-coating speed, was compared with that of the standard cell. The current density in
the CT-TiO, is higher than that of the standard cell because the former has a less refractive index, which helps
more light enter the cell and increases light absorption by perovskite materials. However, the fill factor, which
indicates the arrangement of particles and pores and is essential for electron transport to the external circuit,
was lower than that of the standard cell. Notably, FF in the CT-TiO, cell increases during 90 days of the stability
test discussed in the stability part. Figure 5¢ shows the impedance spectra (Nyquist plots) of CIS-PSCs. Under
optimum conditions (1 layer, speed 48), the device exhibits the lowest resistance (diameter of the arc). The opti-
mization of processing conditions leads to minimum transport resistance within the CT-TiO, films. The Nyquist
plot for CIS-PSCs-based RP-TiO, compared to the best CT-TiO, films is shown in Fig. 5d. Also, the Nyquist plot
for CIS-PSCs-based RP-TiO, is shown in Fig. S2.

Stability of titania templated electron transport layer in CIS-PSCs. The CIS-PSCs with CT-TiO,
(thickness: 151.37 nm) and RP-TiO, ETLs were compared in stability tests for 90 days at ambient temperature
and humidity (Table 3 and Fig. 6).

As shown in Fig. 6, on the first day, the random porous cell (standard cell) presents a higher fill factor and,
therefore, higher efficiency than the templated cell. However, the FF in the templated cell improves over time.
Interestingly, the power conversion efficiency of the templated CIS-PSCs enhanced from 11.08 to 11.27% after
90 days. This can probably be due to the completion of pore filling in templated TiO, during the time. In other
words, first, the perovskite materials do not probably fill the pores of the CT-TiO, electron transfer layer well
and reduce the FF compared to the RP-TiO, cells. Then, over time, the perovskite materials fill the templated
pores, increasing FF and efficiency®". Moreover, the reduction of defects in CT-TiO, after exposure to water
molecules and recovery can be another reason for increasing efficiency.
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Figure 4. (a-f) Cross-sectional FE-SEM images of perovskite devices with different thicknesses of ETL
including a configuration of FTO/TiO, block layer/TiO, layer/Cs o5(MA 1;FA 83)0.05Pb(Iy g3Br 17)3 /CIS/

Au. (g) Electron transfer and electron transport mechanisms in different thicknesses of ETL. (1) No ETL (e~
(FTO) +h*(perovskite)), (2) ultra-thin ETL, (3) ideal thickness of ETL (best performance), (4) ultra-thick ETL,
and (e” (ETL) +h* (perovskite)).

Layer thickness (nm) | Jsc (mA cm™) | V,. (V) | Fill factor | Efficiency (%)
1-layer, speed: 10 75.69 14.41 0.655 0.446 4.21
1-layer, speed: 20 108.15 18.68 0.855 0.42 6.71
1-layer, speed: 30 118.93 19.51 0.905 0.466 8.22
1-layer, speed: 48 151.37 23.35 0.995 0.477 11.08
2-layer, speed: 48 200.04 18.97 0.824 0.518 8.09
3-layer, speed: 48 475.78 12.55 0.885 0.466 517
1-layer RP 145.97 20.52 0.965 0.637 12.61

Table 2. Effect of the thickness of CT and RP-TiO, layer on the device performance of CIS-PSCs (the active
area of the cells is 0.09 cm?).
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Figure 5. (a) J-V curve of PSCs bearing different thicknesses of CT-TiO,. (b) IPCE analysis of CIS-PSCs
devices with different thicknesses of CT-TiO, ETL. (c) Nyquist plots of CIS-PSCs devices with different
thicknesses of 1 layer of CT-TiO, ETL prepared by different withdrawal dip-coating speeds. (d) Compared
impedance Nyquist of random porous and best templated porous.

Jsc Jsc Voc Voc FF FF n n
Cell CT RP CT RP CT RP CT RP
First day 2335 |20.52 [0.995 |0.960 |0.477 |0.637 |11.08 |12.61
Second day 16.97 9.40 |0.899 |0.945 |0.470 | 0.580 7.17 5.18
Sixth day 17.70 | 10.44 |0.975 |0.970 |0.460 |0.502 7.94 5.09
Twenty-seventh day | 21.23 6.80 |0.974 |0.850 |0.530 |0.480 |10.96 2.77
Ninetieth day 18.82 0 0975 |0 0.614 |0 11.27 0

Table 3. PV performance of CIS-PSCs with CT and RP TiO, ETLs measured during 90 days at ambient
temperature and humidity.

It is worth mentioning that the templated CIS-PSCs retain their initial efficiencies at ambient conditions over
90 days without encapsulation. In contrast, the efficiency of control devices based on RP-TiO, drops rapidly,
reaching zero under the same aging conditions.

CH;NH;PbX; (s) 29 CH3NH;X (s) + PbX, (s)

As previously indicated, lead halide perovskite materials are susceptible to ambient humidity and easy to
dissolve and degrade in a humid environment, as shown in the following reaction®*. This irreversible reaction
can be reversed by self-healing with the help of the surface ~-OH groups and hydrogen bonding. The -OH groups
of the templated TiO, surface can be bonded to the nitrogen of the methylammonium on one side and lead
halide on the other, which helps bring methylammonium and lead halide closer and regenerate the perovskite
composition®’. Having been kept away from water vapor, Pbl, in the film reacts with nearby MAI to regener-
ate the perovskite MAPbI; phase, which is very similar to the two-step synthesis. The instant decomposition-
regeneration mechanism explains the fast self-healing process. The corresponding mechanism for the self-healing
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Figure 6. Stability of photovoltaic parameters of standard and templated TiO,-based CIS-PSCs measured
during 90 days under ambient conditions (25-30 °C, relative humidity of 30-45%). Evolution of ], V., FE, and
efficiency.

of perovskite on the surface of the templated TiO, is observed in Fig. 7a,b, which show the images of perovskite
films in healing tests. As observed in the figures, the perovskite film and the corresponding devices can recover
rapidly to their original phase and performance after vapor spraying and drying in ambient air.

To evaluate the water-repellency properties of ETL surfaces, water contact angle measurements were per-
formed on the surfaces of the CT-TiO, and RP-TiO,. The CT ETL contact angle is 22, much lower than RP-TiO,
(67). This shows that there are much more OH groups on the surfaces of the templated TiO, compared with
random TiO,, which can improve perovskite self-healing more effectively in the presence of moisture (Fig. 7c¢).

Based on the high-resolution XPS spectrum of the O 1 s shown in Fig. 8a, two peaks are observed, with the
O1 peak centered at =~530.1 eV attributed to the lattice oxygen and the O, peak centered at =531.5 eV to the
surface adsorbed OH groups. Comparing the two samples, the CT-TiO, sample has a higher ratio of 02/01,
suggesting a higher hydroxyl group concentration. In other words, the oxygen vacancies in the templated film
are prone to adsorb H,O molecules after exposure to water. The water molecules on the surface of the titania
film are adsorbed in the oxygen vacancy, forming chemisorbed H,O (surface hydroxyl). Thus, these -OH groups
may be responsible for the self-healing property of the templated film®*-2. Meanwhile, the XPS spectra for the
samples before facing the water molecules are shown in Fig. Sé6.

The FTIR spectra of TiO, samples are shown in Fig. 8b. The broad band centered at 3700-2700 cm™ is
assigned to the intermolecular interaction of the hydroxyl group for water molecules with the TiO, surface. As
observed, the peak area for CT-TiO, increased, confirming that CT-TiO, encompasses more surface OH groups
compared to the RP-TiO,. The broad band centered at 500-600 cm™ is attributed to the bending stretching
(Ti-O-Ti) bonds in the TiO, lattice. It appears that, after the H,O molecules are trapped by oxygen vacancies
in CT-TiO,, bridging oxygen is formed®. This, in turn, can be a reason for improving the performance of the
CT-TiO, device over time after exposure to water molecules.

Furthermore, the stabilized efficiency and photocurrent density of CIS-PSCs biased at maximum power points
and also the efficiency of CIS-PSC-based CT-TiO, and RP-TiO, under light-soaking are shown in Figs. S8 and
S9. As can be seen, the photocurrent of the CT-TiO,-based device quickly reached the steady-state photocurrent.
However, the photocurrent of the RP-TiO,-based cell needed more time to saturate, which is consistent with
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Figure 7. (a) Schematic representation of the mechanism for the self-healing perovskite on surface templated
TiO,. (b) Images of perovskite films in healing test in the beginning, upon water-spraying, and after 6 min
(movies and other images are in the supporting information), and (c) contact angle images of water on the
templated structure (22°) and random porous (67°) TiO, structure.

the larger hysteresis of the device based on RP-TiO,. Considering the light-soaking profile, the RP-TiO,-based
cell exhibited more severe degradation compared to the CT-TiO, device. This can be related to the suppressed
activation of the trap sites originating from the oxygen vacancies of the CT-TiO, layer. This may be also attrib-
uted to the higher UV stability of the CT-TiO,-based cell due to a smaller anatase crystallite size compared with
the RP-TiO,".

Conclusion

To improve the photocurrent density and efficiency of low-eflicient copper indium disulfide-based PSCs, uniform
copolymer-templated TiO, (CT-TiO,) ETLs (1, 2, and 3 layers with different dip coating rates) were employed
as alternatives for conventional random porous TiO, ETL. XRD results confirmed an anatase TiO, structure.
CT-TiO, ETLs enhanced the input light transmittance into the cell owing to its lower refractive index and
therefore raised the photocurrent density and photovoltaic performance. Meanwhile, 1-layer CT-TiO, ETLs
prepared with a dip coating rate of 48 mm min™! presented the highest performance in the PSC device. Interest-
ingly, CT-TiO, induced a self-healing effect in perovskite, probably due to a large number of surface hydroxyl
groups on TiO, and therefore presented superior stability in CIS-PSC. In this regard, CIS-PSC-based 1-layer
CT-TiO, exhibited a conversion efficiency of 11.27% and a high photocurrent density of approximately 23 mA/
cm?. Moreover, these unsealed CIS-PSCs retained their performance in stability tests during 90 days at ambi-
ent conditions. Considering all the factors mentioned, templated TiO, layers with more oxygen vacancies have
great potential as highly efficient and smoothly fabricated ETLs for inducing self-healing properties in unstable
perovskite materials of PSCs.

Experimental section

Materials. Titanium isopropoxide (Ti(IP),, 95%), Zn powder (particle size < 45 pm), Hydrochloric acid
(HCL, 36 wt%), Ethanol (> 99.99%), Acetone (> 99.5%), 2-propanol (> 99.8%), N,N-Dimethylformamide
(DME 99.8%), Dimethyl sulfoxide (DMSO, 99.8%) were purchased from Merck. Cesium iodide (Csl, 99.9%),
Pluronic P123 surfactant, 1-butanol (99.8%), Chlorobenzene (99.98%), Chloroform (> 99%) were obtained
from Sigma-Aldrich. Lead bromide (PbBr,, 99.99%), Lead iodide (PbI,,99.99%), Formamidinium iodide (FAIL,
> 99.5%), Methyl ammonium bromide (MABr, > 99.5%) were supplied from Luminescence technology corp
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Figure 8. (a) High-resolution O 1 s XPS spectra and (b) FT-IR spectra of CT-TiO, and RP-TiO,.

(Lumtec). TiO, paste (PST-20T) and CulnS, ink (INK-20 CIS) were prepared from Sharif Solar. FTO (resistance
15 Q sq7!) coated glass was supplied from Dyesol. Gold (Switzerland, 99.99%). All chemicals were used without
further purification.

Preparation of initial solutions for coating. To prepare the solution containing P123 copolymer-*,
first, P123 copolymer (2 g) was dissolved in three different quantities of 1-butanol (Aldrich, 18.15, 27.22, and
36.3 g). These three mother solutions in various concentrations were then vigorously stirred to dissolve the P123
copolymer completely. Next, concentrated HCI (Merck, 36% wt, 4.85 g) was slowly added to titanium tetraiso-
propoxide (Merck, 6.35 g) under vigorous stirring on an ice bath due to the exothermic nature of the hydrolysis
and condensation reactions. Finally, the solutions of P123 were slowly added to the HCI/Ti(IP), solutions, fol-
lowed by stirring for 3 h before coating (Fig. 9).

Fabrication of perovskite solar cells.  To electrically isolate the photoanode and cathode, etching of FTO
substrates was performed by zinc powder and diluted HCI*. The electrodes were then cleaned by sonication
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Figure 9. Scheme of the preparation procedure for CT-Solution.

in ethanol, acetone, DI water, and isopropanol for 15 min, respectively. Next, to remove the traces of organic
residues, the substrates were heated at 450 °C for 30 min. Next, a TiO, solution containing TTIP in anhydrous
ethanol (0.15 M) was spin-coated and then annealed at 500 °C to deposit a compact layer on the FTO substrate.
Next, to coat the random porous TiO, layer, a commercial TiO, NPs paste was diluted in ethanol solvent (1:5.5
wt. ratio) and coated on FTO/compact TiO, films by spin-coating at 4000 rpm for 30 s. Finally, to remove terpi-
neol and cellulose and form the titania anatase phase, the porous layer was annealed at 500 °C for 1 h.

For templated mesopores, TiO, film was prepared by dip-coating (withdrawal rates of 48, 30, 20, and 10 mm/
min) of the solution on TiO, compact coated on FTO. Next, several layers were deposited via a stabilization step
between each coating cycle. This stabilization process was executed by heating the fresh film for 15 min on a
hot plate pre-heated at 300 °C. Afterward, the final sintering of the prepared films was conducted at 450 °C for
1 h (heating rate: 1 °C/min) to fully condense the inorganic network, crystallize the anatase phase and remove
all surfactant residues.

First, to coat the Csgo5(MA, 1;FA(53)0.05Pb(Ig43B1,17); perovskite, a solution containing FAI (1 M), CsI
(0.05 M), Pbl, (1.1 M), MABr (0.2 M), and PbBr, (0.22 M) in anhydrous DMF: DMSO solvent (4:1 volume ratio)
was prepared, which was then deposited on TiO, using spin-coating method via a two-step process at 1000 rpm,
10 s, and 4000 rpm for 20 s. Chlorobenzene solvent was slowly added during the final 5 s of the second step of
the spin coating process. The as-prepared layers were then heated at 100 °C for 1 h. Next, the inorganic HTL CIS
layer was prepared according to a reported method*'. In a typical method, a CIS solution in chloroform (20 mg/
mL) was spin-coated over the perovskite film at 3000 rpm for 60 s and then heated at 100 °C for 5 min. Finally,
the metal contact (Au) was evaporated onto the HTL (Fig. 10).

Characterization. X-ray diffraction (XRD, Bruker D8 advance, Cu Ka, A=1.54 A, scan rate of 0.04 (26/s))
was used to characterize the crystalline phase. Field emission scanning electron microscopy (FE-SEM, TESCAN,
Czech Republic) and atomic force microscopy (AFM, Dualscope/Rasterscope C26, DME, Denmark) were used
to study the morphology and thickness of the prepared films. The optical characteristics of the films were studied
by UV-Vis spectroscopy using a Cary instrument (wavelength range of 190-900 nm). The solar cells’ photocur-
rent-voltage (J-V) characteristics were obtained under one sun (AM1.5G, 100 mW/cm?) light illumination
using Sharif solar simulator. Electrochemical impedance spectra (EIS) were recorded in the dark under a reverse
bias of V=0 to Voc. The frequency range was set from 100 to 2 x 10° Hz. The EIS measurements were carried out
using an AUTOLAB PGE-18 (Metrohm Autolab, Utrecht, and The Netherlands) potentiostat/galvanostat. The
incident photon to current conversion efficiency (IPCE) was measured using Sharif Solar IPCE-015 equipment.
Using an Avaspec2048Tech spectrophotometer, the steady-state photoluminescence (PL) spectra were recorded.
The FTIR spectra were recorded on Fourier Transform Infrared Spectroscopy (FT-IR) 6300 JASCO, Japan. X-ray
Photoelectron Spectroscopy (XPS) UHV analysis system, SPECS Company, was used to determine the surface
concentration of hydroxyl groups.
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