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Flocculating-Regulated TiO, Deposition Enables the
Synergistic Effect of Doping for Perovskite Solar Cells with
Efficiency Exceeding 25.8%

Huilin Yan, Xing Zhao, Hao Huang, Danxia Wu, Pengkun Zhu, Danni Li, Bingbing Fan,
Yujie Qiu, Yuqing Yang, Qi Geng, Peng Cui, Yingying Yang, Zhineng Lan, and Meicheng Li*

The planar perovskite solar cells (PSCs) using TiO, as the electron transport
layer (ETL) are undergoing a stagnated efficiency improvement, which the
inferior TiO, ETL mainly limits. Herein, a flocculating-regulated TiO,
deposition using SnCl,-2H,0 is reported as the flocculate to control the
nanopatticle size finely for optimizing TiO, deposition and to achieve a
synergistic Sn doping. The SnCl,-2H,0 incorporated into bath precursor can
bridge-link the suspended nanoparticles, which promotes the precipitation of
large-sized nanoparticles and leaves the smaller-sized nanoparticles for
deposition, leading to a compact TiO, film with marked reduced surface
roughness. Meanwhile, along with flocculating-regulated TiO, deposition, it
can also be achieved the Sn-doping of TiO,, which increases the conductivity
of TiO, thin films by ~2.5 times. As a consequence, attributing to the
optimized interface contact and accelerated interfacial electron transport, the
planar PSCs achieved a certification efficiency of 25.85%, the highest value
among the TiO,-based planar PSCs to date. In addition, the PSCs can

planar PSCs only obtain a PCE of
25.76% with a lower certificated PCE
of 25.38%.[¢1 This inferior photovoltaic
performance should result from the
property of TiO, film and its interfa-
cial contact property. The TiO,-based
PSCs are reported to suffer from strong
electron accumulation and low open-
circuit voltage due to the low conduc-
tivity of TiO, ETL, and its mismatched
band alignment with the perovskite.”*]

To enhance the quality of TiO, ETL,
researchers have extensively explored
various deposition techniques, includ-
ing spin-coating, spray pyrolysis, and
chemical bath deposition (CBD).1* No-
tably, CBD possesses the advantages of
low-temperature and conformal deposi-
tion, making it particularly suitable for

maintain 99% of their initial efficiency after more than 4500 h of storage in

ambient air, showing excellent stability.

1. Introduction

Perovskite solar cells (PSCs), as an emerging photovoltaic tech-
nology, have developed rapidly with the latest certificated power
conversion efficiency (PCE) of 26.15%.!!1 In n-i-p planar PSCs,
the electron transport layer (ETL) plays a crucial role in realiz-
ing high PCE since it is responsible for extracting and trans-
porting photo-generated electrons. Among various ETLs, SnO,,
TiO, and ZnO are the most commonly used electron transport
materials.[>* At present, SnO,-based planar PSCs have achieved
a PCE of more than 26%.°] However, as for the TiO,, a more
inexpensive and reserved-abundant material, the corresponding
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light-managing textured substrates like
fluorine-doped tin oxide (FTO). How-
ever, this method still faces challenges
with low-temperature processes, such
as unmanageable crystal nucleation and orientation,'?! as well as
a strongly corrosive acidic environment (pH < 0.5), which can de-
compose many organic or inorganic additives. Several strategies
have been applied to regulate the TiO, deposition during the CBD
method. Huang et al. introduced a ligand engineering strategy
to finely tune the TiO, film and interface structures, achieving
a peak power conversion efficiency (PCE) of 24.8%.13] Wu et al.
proposed a mild continuous pH control strategy for effectively
regulating the hydrolysis process of TiCl, post-treatment, achiev-
ing the efficiency of the carbon electrode-based PSC of 18.08%.114]
Although TiO,-based PSCs fabricated using the CBD method
have achieved the highest reported efficiency of 25.76%,!°! there
is still a gap in efficiency compared to SnO,-based PSCs. Con-
sequently, based on the strategy to regulate the TiO, deposition,
further improving the electrical performance of TiO, is still nec-
essary for enhancing the photovoltaic performance of TiO,-based
PSCs. Various attempts have been reported to modify TiO, prop-
erties in past years.['>"8] Among these attempts, doping has been
substantiated as an efficacious approach for regulating the en-
ergy levels and conductivity of TiO,, including doping with met-
als (such as Mg, Zn, Ag, Li, Rb, Ta, Nb, etc.['*?*]) and non-
metals (such as F, Cl, N, etc.?>?7]). However, few studies have
mentioned and achieved a balance between the deposition and
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doping processes of TiO, in low-temperature chemical bath
preparation to achieve synergistic optimization. Building upon
the insights above, we believe that the synergistic integration of
deposition control and doping could represent an effective strat-
egy for acquiring high-quality TiO, ETL, thereby enhancing the
performance of PSCs for various applications.

Herein, we synchronously realize the deposition regulation
and doping of TiO, by incorporating SnCl,-2H,0 aqueous so-
lution to the chemical-bath precursor. The SnCl,-2H,O can ag-
glomerate and remove the over-large size TiO, nanoparticles
through a flocculating effect, leaving the suitable-sized TiO,
nanoparticles for deposition. This flocculating-effect regulated
deposition can deposit smaller nanoparticles and achieve a com-
pact TiO, film with reduced surface roughness. Meanwhile, the
SnCl, can also participate in hydrolysis, in which Sn** ions can
successfully incorporate into the TiO, lattice, thereby increasing
its conductivity for better charge carrier transport. Based on this
modified Sn-doped TiO, ETL, the planar PSC achieves a certifi-
cated PCE of 25.85%, which is the highest value reported for
TiO,-based planar PSCs so far. In addition, the planar PSCs also
exhibit enhanced stability with negligible efficiency decline after
storage in ambient air over 4500 h.

2. Results and Discussion

2.1. Deposition and Characterization of TiO, ETLs

Here, we deposited TiO,-based ETLs using a feasible CBD
method using TiCl, as a Ti source.l”] Referring to the SnO, depo-
sition using the SnCl,-2H, O as the precursor, where the hydroly-
sis of SnCl, is similar to the TiCl,, but requires a higher temper-
ature and longer time.[?8] We attempt to incorporate SnCl,-2H,0
into TiO, chemical-bath precursor, longing to regulate TiO, de-
position and its electrical properties synchronously. The optimal
concentration of SnCl,-2H, 0O was determined to be 0.5 mol% of
TiCl, for achieving high-performance ETL, and the details are
shown in the experimental section and Figure S1 (Supporting In-
formation). Specifically, the TiO, obtained through SnCl,-2H,0
flocculating regulation is hereafter named as FR-TiO,.

To systematically explore the influence of SnCl,-2H,0 on TiO,
film topography, we carried out the scanning electron microscope
(SEM) to observe the morphology changes of TiO, and FR-TiO,
films with different bath times. As shown in Figure 1a,b, we can
observe the conformal growth of TiO, on the FTO substrate as the
bath time increases to 5 min, and the incorporated SnCl,-2H,0O
mitigates the growth of TiO, nanoparticles. After 15 min of bath,
both the TiO, and FR-TiO, nanoparticles begin to land on the
surface of FTO, as shown in Figure 1c,d. At this stage, we ob-
serve that the size of FR-TiO, nanoparticles is smaller than that
of TiO, nanoparticles. In Figure 1e f, as the bath time increases
to 25 min, we can observe the growth of deposited TiO, and FR-
TiO, nanoparticles, and the continuous film begins to form on
the substrate. However, it is worth noting that the TiO, nanopar-
ticles begin to agglomerate at this stage, which is supposed to fur-
ther impact TiO, film topography in the following deposition pro-
cess. When the bath time is 35 min (Figure 1g,h), the TiO, film
possesses a rough surface with needle-like aggregates. In com-
parison, the FR-TiO, film is smoother with reduced particle ag-
gregation. In the FR-TiO, film, we can still capture the outline of
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FTO grains, which is completely hidden under the TiO, film, sug-
gesting that the FR-TiO, film is more uniform and denser with a
smaller thickness. This allows the FR-TiO, film to tightly adhere
to both the FTO substrate and the perovskite film in the PSCs.
Figure 1i,j show the cross-sectional SEM images of FTO/TiO,
and FTO/FR-TiO,, respectively, where the FR-TiO, film is thin-
ner and denser with reduced surface nanoparticle aggregation,
compared to the TiO, film, which is consistent with the surface
SEM images shown in Figure 1a—h. The atomic force microscope
(AFM) was also carried out to characterize the TiO, and FR-TiO,
films. As shown in Figure 1k, FR-TiO, film exhibits smaller
nanoparticle size with reduced aggregation, compared to TiO,
film. In addition, the root mean square (RMS) was calculated to
evaluate the surface roughness quantitatively. The surface RMS
of the FR-TiO, films was 33.45 nm, which is much smaller than
that (62.23 nm) of the TiO, film. Based on the above results, we
can find that incorporating SnCl,-2H, O into the chemical bath
precursor of TiO, can mitigate the TiO, growth, which decreases
the size of the nanoparticle and reduces the surface aggregating,
leading to a denser FR-TiO, film with a smoother surface.

The smaller grain size and fewer needle-like aggregates in FR-
TiO, film demonstrated by SEM and AFM measurements seem
to contradict the macro-scale phenomena observed during the
bath processes. As shown in Figure S3 (Supporting Information),
when incorporating the SnCl,-2H, O into the chemical bath pre-
cursor, the solution includes more suspended particles and its
color turns from milky white to light yellow. After static settle-
ment for 10 h, the sediment in the chemical bath precursor with
SnCl,-2H, O is more than twice that in the control chemical bath
precursor, making the precursor clearer. Dynamic light scattering
(DLS) analysis was performed on the supernatant of the chemi-
cal bath precursor to quantitatively characterize the nanoparticle
size. As shown in Figure 1m, after incorporating SnCl,-2H, 0O,
the nanoparticle size in the supernatant decreases significantly
from 488-537 to 37-76 nm. These smaller nanoparticles are ben-
eficial for depositing compact FR-TiO, film with a smooth sur-
face. During the CBD process, the TiCl, will hydrolysis inten-
sively as Equations S1-S3 (Supporting Information) and form
suspended particles in the chemical bath precursor.'*! When
placed on a substrate, the small-sized nanoparticles will pref-
erentially deposit on the substrate through nucleation growth,
driven by a decrease in free energy.['*] And large-sized ions tend
to suspend in the solution, while large-sized aggregated parti-
cles will land on the substrate surface, driven by gravity, and this
process occurs relatively late. After incorporating SnCl,-2H, O,
the Sn?* ions can coordinate with the hydroxyl compounds!®! of
[Ti(OH),Cl,,]>~, forming polar bridging structures, thereby pro-
moting the large-sized aggregated particles. The schematic di-
agram of the SnCl,-2H,0O regulated CBD process is shown in
Figure 2, the addition of SnCl,-2H, 0O is just like a flocculant dur-
ing hydrolysis, which can adsorb and bridge-link suspended TiO,
particles, promoting the flocculation and precipitation of TiO,
nanoparticles. After the CBD process, we obtain FR-TiO, film
with larger coverage and denser grain density compared to TiO,
film, as shown in Figures S4a,b and S5 (Supporting Informa-
tion). When rinsing the different films under deionized water,
the sediments attached to the substrate will be washed away and
the FR-TiO, sample turns more transparent than the TiO, sam-
ple, which was well confirmed by SEM images in Figure 2 and
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Figure 1. Topography characterization of TiO, and FR-TiO, films. a—h) Top-view SEM images of TiO, and FR-TiO, films in different bath times deposited
on FTO. i,j) Cross-sectional SEM images of TiO, film and FR-TiO, film on FTO. k,I) AFM images of TiO, film, and FR-TiO, film, the graph size is 2x2 um.
m) DLS spectra of TiO, solution in CBD process with and without Sn source.

Figure S4c (Supporting Information). This flocculant effect can
sift out the large particles and leave out the small nanoparticles to
deposit, which is highly beneficial for the fabrication of smooth
and compact FR-TiO, ETLs. Consequently, this method achieves
smaller nanoparticle size with reduced aggregation, fewer pin-
holes, and tighter arrangement of the FR-TiO, film, which can
effectively reduce leakage issues caused by direct contact between
perovskite and the FTO substrate.

Now we turn to explore the Sn element doping and its in-
fluence on the electrical property of TiO,. To confirm the pres-
ence of Sn in TiO,, we first conducted energy dispersive X-ray
spectroscopy (EDS) analysis on TiO, and FR-TiO, powders ob-
tained by centrifuging the corresponding chemical bath precur-
sor. From Figure 3a, we observe the existence of Sn element in
the FR-TiO, powder, with the atom ratio of Sn increasing from
0 to 0.59%, as shown in Tables S1,S2 (Supporting Information).
The X-ray photoelectron spectroscopy spectra performed directly
on TiO, and FR-TiO, films also validate the existence of Sn in
TiO,. As shown in Figure 3b, the presence of Sn 3d;,, and Sn
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3d;,, peaks at 485.55 and 493.95 eV, respectively, indicate the Sn
dopant in TiO,, consistent with the EDS results. In the Ti 2p
spectrum shown in Figure 3c, after incorporating SnCl,-2H,0
into bath precursor, the Ti 2p,, and Ti 2p,,, peaks shift from
457.05 and 462.75 eV to the higher binding energy of 457.65 and
463.35 eV, respectively (Figure 3c). This shift is attributed to the
higher electronegativity of Sn (1.96) compared to that (1.54) of Ti,
indicating that Sn incorporates into the TiO, lattice, which can
also be validated by the results of X-ray diffraction (XRD) mea-
surements (Figure 3d).

A good ETL should meet conditions such as weak light ab-
sorption in the visible spectrum and high electrical conductiv-
ity. To explore the bandgap and light absorption of TiO, and
FR-TiO,, UV-vis absorption characterization was performed on
Glass/FTO/TiO, and Glass/FTO/FR-TiO, (Figure S6a, Support-
ing Information). There is a blue shift in the absorption edge of
FR-TiO, compared to TiO,, with the bandgap increasing from
3.43 to 3.52 eV, which may be due to the quantum confinement
effect of the smaller size of FR-TiO, particles.*") A wider bandgap
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Figure 2. The schematic diagram with and without the SnCl,-2H, O regulated CBD process. All scale bars are 250 nm.

allows more light to penetrate the absorption layer, thereby en-
hancing the PSCs’ efficiency in utilizing light. Then the UV pho-
toelectron spectroscopy (UPS) measurements for TiO,, FR-TiO,,
and perovskite films are shown in Figure 3f and Figure S6b
(Supporting Information). The secondary electron cut-off (E_,,. )
edge of FR-TiO, shifts from 16.33 to 16.71 eV. We further calcu-
late the valence band maximum energy (Ey\) value of FR-TiO,
to be 8.4 eV, and the E, ), of TiO, to be 8.6 eV. Combining the
results of UV-vis absorption characterization (Figure S6a, Sup-
porting Information), we also calculate the conduction band min-
imum energy (Ecgy) value of TiO, to be 5.17 eV, and the Eqp of
FR-TiO, to be 4.88 eV. Based on the energy level information of
ETLs and perovskite (Figure S6b, Supporting Information), the
Energy level diagram of TiO,, FR-TiO, and perovskite is depicted
in Figure 3g. The energy level offset (AE = ECB Perovskite —
ECB TiO2) is reduced from 0.44 to 0.15 eV, which suggests that
the FR-TiO, is beneficial for interfacial electron transport. To
characterize whether Sn doping can improve the conductivity of
the TiO, ETL, the dark current densities of Glass/FTO/TiO,/Au
and Glass/FTO/FR-TiO,/Au were measured (Figure 3e). Com-
pared to the TiO, film, the conductivity of FR-TiO, increased ~2.5
times higher than TiO, . This indicates that Sn doping contributes
to enhanced conductivity, possibly because Sn incorporates into
the TiO, lattice. The higher conductivity of ETL helps to improve
the electron transport within TiO,, which is beneficial for accel-
erating electron transport and reducing hysteresis effects.

2.2. Optimized Optoelectronic Performance of Perovskite Film
We fabricated perovskite films on TiO, and FR-TiO, ETL sub-

strates using a two-step spin-coating method,3!! followed by
SEM, XRD, and UV-vis absorption analysis to observe the film
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properties. Figure 4a,b show SEM images of the perovskite
films. Compared to TiO,-based samples, the perovskite film
deposited on FR-TiO, has larger grain sizes and fewer, smaller
PbI, crystalst®?! on its surface. XRD analysis in Figure 4e and
Figure S7a (Supporting Information) indicates the perovskite
film grown on FR-TiO, shows a significant decrease in the
proportion of the Pbl, peak at 12.8 degrees (Figure S7a, Sup-
porting Information). Although residual PbI, is reported to
passivate the perovskite defects, its instability, especially under
illumination, will deteriorate the perovskite stability.[****] Hence,
decreasing the amount of residual Pbl, may contribute to an
enhanced stability of perovskite film. Compared to the perovskite
film on TiO,, the perovskite film on FR-TiO, exhibits a higher
proportion of the (111) plane at 24.5 degrees and a smaller
full width at half maximum the of (111) plane (Figure S7b,
Supporting Information), indicating an enhanced facet ori-
entation and crystallinity. Figure 4c,d depict cross-sectional
views of PSCs structured as FTO/ETLs/perovskite/2,2",7,7'-
tetrakis[N,N-di(4-methoxyphenyl)amino]-9-9'-spirobifluorene
(Spiro-OMeTAD)/Au. The cross-sectional images show that the
FR-TiO, film is thinner than the TiO, film, and the perovskite
film exhibits tight and continuous contact with FR-TiO,, which
may result from the decreased surface roughness and a re-
duced contact angle, based on flocculating-regulated deposition
(Figure S8, Supporting Information). UV-vis absorption char-
acterization (Figure 4f) was also performed on perovskite films
deposited on different ETLs. The absorption edge of perovskite
film shows negligible change, but the absorption intensity of the
perovskite film on FR-TiO, increases, indicating a higher quality
of perovskite film.

To evaluate the defects density of perovskite films based on
TiO, and FR-TiO,, we prepared electron-only device structures as
FTO/TiO, or FR-TiO,/perovskite/[6,6]-phenyl-C61-butyric acid

© 2024 Wiley-VCH GmbH

85U8017 SUOWILOD 8A1TER1D) 8|qeot dde auy Aq peusAob e Sepie YO ‘8sh JO S9N 10j AIq1T 8UIIUO 481 UO (SUONIPUOD-PUB-SWBIALI0D" A3 1WA euq 18U JU0//SANY) SUONIPUOD pue SWis | 8yl 8es *[7Z0z/2T /2] uo Ariqitauluo Ajim ‘Aiseaiun Buelbyz Aq 002E0vZ0zZ WUse/Z00T OT/10p/woo" A3 1M A g 1 pul|uoy/sdny woiy papeojumod ‘0 ‘0v89yTIT


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED
SCIENCE NEWS

ADVANgED
ENERGY
MATERIALS

www.advancedsciencenews.com

www.advenergymat.de

v e S Sl Al e T = e e e e | |

b Sna3d| C 457.65 eV Tin d g
485.55 eV - ?
i TiO, 3,
3 TO, ass95ev| 3 —FR-TiO, £
8 —FR- 8 463.35 eV =
=) FR-TIO, = 8
e = c
2 5 b Nt L £ |
9 o r"osev '§ _
E e e LN £ ' 0.6 eV 0 W L G T e— L
! ! e = Rutile TiO, PDF#21.1276
e Ry TR T 3 I A Y
483 486 489 492 495 454 456 458 460 462 464 466 2 30 40 50 80
e Binding energy (eV) f Binding energy (eV) 2 Theta (degree)
& 100 547 eV -4.88eV -473eV
}E — 110 = FR-TIiO, ~——FR-TIO, "
o 2 —Ti0, -Tio,
E 50F —FR-TiO, 3
ol LA
% 0 "->'-" 392eV
v -
é % 16.73 eV : Ti0,  FR-TiO, -6.27 eV
& -50 IS . - .
£ _/ ¥ -
8_100 " 1 n 1 1 1

05 18 16 146 5 4 3 2
Binding Energy (eV)

S
o

0.0
Voltage (V) -86eV  _g4ev

Figure 3. a) TiO2 and FR-TiO, powder and Elemental face mapping images. b,c) Sn 3d and Ti 2p spectra of TiO, film and FR-TiO, film on AZO,
respectively. d) XRD patterns of TiO, film and FR-TiO, film deposited on glass. e) Characterization of conductivity of TiO, and FR-TiO, films. f) UPS
measurements for TiO, and FR-TiO, film on FTO. g) Energy level diagram of TiO,, FR-TiO, and perovskite.

methyl ester (PCBM)/Au and then performed the space-charge
limited current (SCLC) measurement(Figure 5a,b).353¢] The de-
fect densities were calculated by fitting the curves to obtain Vi
and then substituting them into the Equation 1:

VTFL = eLZNtmp/ZEOEr (1)

where the Vi, ¢, L, €, and €, are the trap-filled limit voltage, ele-
mentary charge, thickness of perovskite films, permittivity of vac-
uum, and dielectric constant of the perovskite, respectively. We
calculated the defect density of perovskite films for devices based
on TiO, and FR-TiO, to be 1.24 x 10'® and 8.42 x 10 cm™3, re-
spectively. The reduced defect density should result from the op-
timized perovskite crystallization and the perovskite/ETL inter-
face. Steady-state photoluminescence (SSPL) spectroscopy and
time-resolved photoluminescence (TRPL) were utilized to inves-
tigate the charge carrier dynamics of the perovskite films de-
posited on different ETLs. As shown in Figure 5c, the PL intensity
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of perovskite film on FR-TiO, shows an obvious sequence, indi-
cating accelerated interfacial electron transport. In Figure 5d, by
fitting the TRPL spectra of perovskite films according to a biex-
ponential decay (Table S3, Note S2, Supporting Information), the
average carrier lifetime of perovskite film on FR-TiO, is 263 ns,
which is much shorter than that (613 ns) of the perovskite film
on TiO,, validating the accelerated interfacial electron transport.

The carrier transport dynamics and physical properties of
PSCs with SnO, and FR-TiO, were characterized by measure-
ments of electrochemical impedance spectroscopy (EIS) and
ideal factor calculation. Figure 5e shows the EIS spectra ob-
tained in ambient air under dark conditions, with fitting infor-
mation shown in Table S4 (Supporting Information). It is re-
ported that the semicircle in the high-frequency region responds
to impedance (Rct) arising from the charge transport between
the electron (hole) transport layer with the perovskite layer, and
the semicircle in the low-frequency region is associated with the
carrier recombination impedance (Rre).’”] The EIS spectra of
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Figure 4. a,b) Top-view SEM images of perovskite films deposited on TiO, and FR-TiO, films. ¢,d) Cross-sectional SEM images of perovskite films

deposited on TiO, and FR-TiO, films. e) XRD patterns of perovskite films deposited on TiO, film and FR-TiO, film. f) UV-vis absorption spectra of
perovskite films on TiO, and FR-TiO, films.

PSCs with FR-TiO, exhibit a smaller Rct and alarger Rre, indicat-  nIDkBT(In Plight)/q + constant, where nID is the ideal fac-
ing the optimized interface contact and reduced carrier recom-  tor, kB is the Boltzmann’s constant, T is the temperature and
bination within the device. Besides, we calculated the ideal fac-  q is the elementary charge.[*®] As shown in Figure 5f, the PSC
tor (n;p) of PSCs with TiO, and FR-TiO, to evaluate their defect-  with FR-TiO, exhibits a nID of 1.2, which is smaller than that
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Figure 6. a) Statistical results of PCEs (reverse scan) fitted from 20 planar PSCs with various ETLs. b) Statistical results of FFs (reverse scan) fitted from
20 planar PSCs with various ETLs. c) J-V curves (forward and reverse scan) of champion planar PSCs with TiO, and FR-TiO,, the active area of the
cells is 0.1 cm?. d) Steady-state efficiency at the maximum power point for PSCs with different ETLs. e) J-V curves measured at the National Institute
of Metrology, an independent solar cell-accredited laboratory. f) PCE comparison between our PSC and reported PSCs, the active area of these PSCs is
~0.1 cm?. g) Stability tracking of cells in the air for 4656 h. h) Operational stability tracking of cells under steady-state light illumination and bias voltage

for 1188 h.

carrier recombination. These results confirm that the FR-TiO,
can optimize the interface contact, accelerate the interfacial elec-
tron transport, and reduce the defect-induced carrier recombina-
tion, potentially enhancing the efficiency of PSCs.

2.3. Improved Performance of PSCs

We fabricated planar PSCs with TiO, and FR-TiO, and charac-
terized their photovoltaic performance, the structure is shown
in Figure S9 (Supporting Information). The Statistical charts of
photovoltaic parameters from 20 PSCs with TiO, and FR-TiO,,
respectively, are shown in Figures 6a,b and S10 (Supporting In-
formation). The PCE distribution histograms indicate that the
PSCs with TiO, and FR-TiO, both exhibit good reproducibil-
ity, which should result from the well-regulated TiO, deposition
process. In Figure 6a, the average efficiency of PSCs increases

Adv. Energy Mater. 2024, 2403200

2403200 (7 of 9)

from 24.91% for TiO, ETL to 25.48% for FR-TiO, ETL mainly
resulting from the increased average fill factor (FF). In detail,
the average ] of PSCs with FR-TiO, is 26.30 mA cm™2, higher
than that (26.03 mA cm~2) of PSCs with TiO,, which may be
attributed to the blue shift in the absorption edge and the in-
creased light transmittance of FR-TiO,, as confirmed by exter-
nal quantum efficiency characterization (Figure S11, Supporting
Information), which demonstrated that FR-TiO, film exhibited
significantly stronger light absorption in the 400-900 nm range
compared to the TiO, film. The FF of PSCs with FR-TiO, is also
effectively increased, the average FF is 84.32%, and the highest
FF is even up to 85.7%. This increased FF should contribute to
the improved conductivity of TiO, and optimized interface con-
tact. The PSCs with FR-TiO, achieve a champion PCE of 25.81%
with Jsc of 26.37 mA ecm™, V. of 1.15 V, and FF of 85.3%
(Figure 6¢, Table S5, Supporting Information). In comparison,
the PSCs with TiO, achieve a champion PCE of 25.20% with [

© 2024 Wiley-VCH GmbH
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0f26.34 mA cm™?, Vo 0f 1.13'V, and FF 0f 83.56%. The stabilized
PCE of both PSCs was also measured (Figure 6d; Figure S12, Sup-
porting Information), the stabilized PCE for FR-TiO,-based PSC
is certificated to be 25.5%, which shows a negligible decrease af-
ter tracking for 300 s. Encouragingly, one of the best-performing
PSCs with FR-TiO, ETL was sent to a third-independent insti-
tute of the National Institute of Metrology for certification. As
shown in Figure 6e and Figure S12 (Supporting Information),
the PSCs with FR-TiO, achieve a certificated PCE of 25.85% with
Jsc 0£26.42 mA cm™2, V. 0f 1.64 V, and FF of 84.04%. We con-
ducted a PCE comparison among the reported works that fabri-
cated planar PSCs using TiO, as the ETL (Figure 6f, Table S6,
Supporting Information). Our certificated PCE of 25.85% is the
highest value among the TiO,-based planar PSCs, which signifi-
cantly promotes the advance of TiO,-based planar PSCs, indicat-
ing the positive effect of our deposition regulation on improving
the photovoltaic performance of PSCs.

Finally, the air and operational stability of PSCs using differ-
ent ETLs have been investigated, as shown in Figure 6g,h. For air
stability, the unencapsulated devices were stored in the ambient
condition with relative humidity of 20% at 25 + 5 °C and the PCE
was monitored. As shown in Figure 6g, the PSC with FR-TiO,
maintains 99% of its initial PCE after storage for 4656 h, show-
ing a negligible efficiency decline. In comparison, the PSC with
TiO, shows an obvious efficiency decline after storage no more
than 3000 h. For operational stability, the PSC with FR-TiO, re-
tains ~89% of its initial PCE after continuous operation under
one sun illumination at the maximum power point for 1188 h,
while the PSC with TiO, only retains x73% of its initial PCE
(Figure 6h). In summary, the stability tests confirm that the FR-
TiO, positively affects PSCs’ stability, which should be attributed
to the optimized interface contact and perovskite crystallization.

3. Conclusion

In this work, we propose a flocculating-regulated TiO, deposi-
tion to optimize the surface microstructure and improve the elec-
trical property of Sn-doped TiO, ETL, achieving an impressive
photovoltaic performance of planar PSCs. Compared with TiO,,
FR-TiO, is more compact and smoother with reduced surface
roughness, and the conductivity is also increased by ~2.5 times.
Contributing to the optimized TiO, /perovskite interface contact
and promoted interfacial electron transport, the resulting planar
PSCs obtained a certificated PCE of 25.85%, the highest value
among the TiO,-based planar PSCs to date. In addition, the PSCs
also demonstrate enhanced long-term aging and operational sta-
bility. This work reports a simple and repeatable approach to
fabricating high-quality ETL, providing more opportunities for
achieving high-efficiency PSCs and other thin-film optoelectric
devices.

4. Experimental Section

The experimental section is shown in the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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