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Organic-inorganic halide perovskite solar cells (PSCs) have recently become a promising and potentially
commercially-ready photovoltaic device. However, the hysteresis effect is one of the most significant problems
hindering this progress. The main reasons can be attributed to the lower electron mobility of TiO2, causing the
imbalance of electron and hole flux. The shallow trap states close to the conduction band are formed by oxygen
vacancy, leading to charge recombination. Therefore, elements doping is a valuable strategy for improving
electron properties and passivating defects. Herein, we proposed Sn as a dopant in mesoporous structure TiO2
(meso-Sn:TiO2), causing the conduction band minimum and valence band maximum to be slightly upward
shifted. The defect states decreased, and the carrier extraction improved. The PSCs with meso-Sn:TiO2 electron
extraction layer improved the power conversion efficiency from 16.86% to 20.55%, enhanced the fill factor from
76.62% to 81.72%, and reduced hysteresis index from 0.16 to 0.03. This study proves that the Sn dopant is an
effective strategy to improve the photovoltaic performance of PSCs.

1. Introduction
Organic-inorganic halide perovskite solar cells (PSCs) have poten
tially become the most commercially-ready solar cell because of their
advantages: excellent photoelectric properties, low-cost process, solu
tion process, long electron-hole diffusion lengths, and excellent photo
voltaic performance. Therefore, the PSCs’ power conversion efficiency
(PCE) has rapidly climbed from 3.8% to 25.5% in the last years [1,2]. In
addition, the most efficient and certified PCE of PSCs is based on the n-ip structure. The n-i-p device structure of PSCs is composed of substrate/
transparent conductive oxide (TCO)/ electron extraction layer (EEL)/
perovskite (PSK) active layer/ hole extraction layer (HEL)/ electrode.
Although the n-i-p structure is widely used in PSCs, it still suffers from
some problems that need to be overcome. The major problem of n-i-p
structured PSCs is the hysteresis effect [3-8]. Namely, the different
scanning directions in current density–voltage (J-V) measurement will
cause the PCE mismatch in an n-i-p device. Therefore, many researchers
have made lots of efforts to figure out the reasons for hysteresis effects.
The reasons were summarized as follows: lower electron mobility of
TiO2 causes the imbalance carrier (electron and hole) flux [9], the
shallow trap states close to the conduction band are formed by oxygen

vacancy, cation interstitials, and cation Frenkel defect, which leads to
charge recombination [10-12].
In early studies, the planar EEL layer was widely used in PSCs.
However, the low surface area increased the carrier flux imbalance,
leading to acute hysteresis effects. Hence, a new EEL structure has been
developed to replace the conventional planar structure EEL. In 2012,
Snaith et al. introduced scaffold structure into PSCs for the first time
[13]. The scaffold material has a significant breakthrough in PSCs; even
the scaffold material (Al2O3) was not an EEL. Next, Grätzel et al. using
the mesoporous structure TiO2 as the EEL revealed the efficient PCE, and
the PSK active layer can introduce into the mesoporous structure
[14,15]. The electron mobility and shallow and deep defect levels of
TiO2 is still an unsolved problem. Thus, metal-doped TiO2 is one of the
effective and facile strategies. In order to dope metal ions into the lattice
of TiO2, many preparation methods have been demonstrated to acquire
metal-doped TiO2. The sol–gel process is the most common strategy to
synthesize metal-doped TiO2. Another is the thermal diffusion method,
which means that the metal precursor solution was spin-coated onto the
mesoporous TiO2 and annealed at 450 ◦ C for 30 min [16-18]. Moreover,
the sol-flame doping method with high-temperature annealing and high
heating/cooling rates is also adopted to obtain metal-doped TiO2 [19].
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Many research groups have also found successful candidates as dopants
for TiO2, such as Ba [20], Nd [21], Li [17], Nb [22], Mg [23], Co
[18,19], Ag [24], Zn [25], etc. [26-33]. These dopants have proven to
manipulate the conductivities, defect densities, and band structures of
EELs. Besides, TiO2 can reduce the shallow trap states by using dopants
and also enhance electron mobility. According to the above reasons, we
considered metal doping into mesoporous structure TiO2 can resolve
hysteresis effect and defect states.
Herein, we proposed an approach synthesizing mesoporous metaldoped TiO2 (meso-M:TiO2) as the EEL. Sn ion is selected as the dopant
in the mesoporous TiO2 due to the following reasons: (1) the ion radii of
Sn4+ (~69.0 pm) ions and Ti4+ (~60.5 pm) ions are similar; (2) most
delocalized Sn 5 s orbitals are mixed with the Ti 3d orbitals at the TiO2
conduction band, which improved the carrier mobility of TiO2; and (3)
lower formation energies for substitution of Sn for Ti instead of O
[34,35]. Owing to the shallow distribution of the energy diagram of Sn,
the conduction band minimum (CBM) and valence band maximum
(VBM) have been slightly up-shifted when Sn is doped into TiO2. That
helps to obtain a higher open-circuit voltage (VOC). Also, the appropriate
band alignment between the EEL and the PSK active layer facilitates
electron injection into the EEL. Furthermore, Sn-doped TiO2 can
decrease defect states and reduce charge recombination and accumu
lation. Finally, we successfully fabricated the hysteresis-free PSCs with a
meso-Sn:TiO2 EEL, demonstrating the champion device’s PCE of 20.55%
with a high fill factor (FF) of 81.72% and a hysteresis index of only 0.03.

Hence, in the present study, we decided to further investigate the rela
tionship between the Sn doping concentration of meso-TiO2 and the
photovoltaic performance of PSCs.
First, we observed the effect of the crystal structure of Sn-doped
meso-TiO2 with various concentrations using an X-ray diffractometer
(XRD). The XRD diffraction patterns of various Sn-doped meso-TiO2 are
shown in Fig. 2 (a). XRD diffraction patterns can confirm that the
anatase phase formed (JCPDS Card NO. 21–1272), even with various Sn
doping levels. Besides, no other impurities and crystal phases are formed
in the meso-TiO2 layer. In addition, we investigated the crystal faces of
(1 0 1) and the diffraction peak slightly down-shifted when doping
concentration increased (Fig. 2 (b)). These results can be ascribed to the
ion radii of Sn ions (Sn2+: 112.0 pm, Sn4+: 69.0 pm) being larger than
the Ti ion radius (Ti4+: 60.5 pm). Next, shown in Fig. S2, the absorption
spectra of meso-Sn:TiO2 were seen as an apparent red-shift with
increasing Sn doping concentration. The bandgaps of meso-Sn:TiO2 with
various Sn doping concentrations were measured from Tauc-plots,
converted by absorption spectra, as shown in Fig. 2 (c). The bandgaps
were 3.76, 3.75, 3.73, and 3.70 eV for non-doped meso-TiO2, 0.50 mol%
meso-Sn:TiO2, 1.00 mol% meso-Sn:TiO2, and 3.00 mol% meso-Sn:TiO2,
respectively. The decreased bandgap can be attributed to the slightly
upward shift of VBM while increasing Sn doping concentrations.
Furthermore, we used X-ray photoelectron spectra (XPS) to analyze
the elemental composition and valence electron of Sn ion doped into
meso-TiO2. Afterward, we chose 1.00 mol% meso-Sn:TiO2 for further
investigation because of its high photovoltaic performance. Fig. 3 shows
the XPS core level spectra of the Ti 2p, O 1 s, and Sn 3d peaks for nondoped meso-TiO2 and 1.00 mol% meso-Sn:TiO2, respectively. The sur
vey spectra of non-doped meso-TiO2 and 1.00 mol% meso-Sn:TiO2 are
shown in Fig. 3 (a). Compared to the non-doped meso-TiO2, the XPS
core-level spectra of Ti 2p1/2 and Ti 2p3/2 peaks of 1.00 mol% meso-Sn:
TiO2 slightly shift to higher binding energy (Fig. 3 (b)). It indicated that
Sn atoms interacted with Ti and O atoms and formed a stronger Ti-O-Sn
bond than the Ti-O-Ti bond because of its relatively high electronega
tivity. In Fig. 3 (c), the core level spectra of the O 1 s at 529.9 eV can be
attributed to Ti-O bonding. The O 1 s of 1.00 mol% meso-Sn:TiO2 exhibit
higher binding energy due to the stronger Ti-O-Sn bonding. Moreover,
the higher intensity of O 1 s spectra may imply that Sn doping can reduce
oxygen defects. As shown in Fig. 3 (d), XPS core level spectra of the Sn
3d (3d5/2 and 3d3/2) doublet at 486.6 eV and 495.4 eV can be assigned to
the Sn4+ species [32,36]. It also confirmed that Sn4+ existed in the lat
tice of TiO2. Besides, the core level spectra of Sn 3d doublet were
increased with increasing Sn doping concentrations (Fig. S3).
In our previous work, we had investigated how the surface

2. Results and discussion
Previously, we have investigated the influences of Ag and Zn doping
into mesoporous TiO2 (meso-TiO2), and the results showed the upshift of
band structure and reduced trap states. These results provide the supe
rior photovoltaic properties of mesoporous TiO2, and lead to the im
provements of open-circuit voltage (VOC), short-circuit current density
(Jsc), and fill factor (FF) of PSCs. Therefore, we summarize the PCE of
PSCs with optimized meso-M:TiO2 and PCE distribution of devices as
shown in Fig. 1 and Table S1. Doping 1.00 mol% Ag into meso-TiO2 can
effectively increase FF with better conductivity and enhanced carrier
mobility and have achieved an average PCE of 16.81% with this Ag
doping concentration [24]. The 5.00 mol% Zn-doped meso-TiO2 also
exhibits high conductivity and carrier mobility and has achieved a PCE
of 18.73% [25]. Here, we observed the PCE was significantly improved
when Sn was doped into meso-TiO2. After optimizing the doping con
centration (Fig. S1 and Table S2), 1.00 mol% Sn-doped meso-TiO2
showed the average PCE of 19.51%, compared to Ag and Zn doping.

Fig. 1. (a) The J-V curves of average PCE and (b) the PCE distribution of PSCs based on the optimized meso-M:TiO2.
2
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Fig. 2. (a) The XRD diffraction patterns, (b) magnified XRD pattern at 2θ ranged from 24.0◦ to 29.0◦ , and (c) Tauc-plots of meso-Sn:TiO2 with various Sn doping
concentrations.

Fig. 3. (a) XPS survey spectrum of 1.00 mol% meso-Sn:TiO2, and the XPS core-level spectra of (b) Ti 2p, (c) O 1 s and (d) Sn 3d of non-doped meso-TiO2 and 1.00 mol
% meso-Sn:TiO2.

morphology and roughness of EEL affected the morphology and crys
tallinity of the PSK active layer [25]. Previous results showed that to get
the high quality and smooth PSK active layer, lower surface root-meansquare (RMS) roughness of EEL is necessary. Besides, the smooth and
uniform PSK active layer can provide a better connection with HEL [37],
preventing the defect between the PSK active layer and HEL and
improving the carrier extraction property. Therefore, we examined the
surface morphology and topography of various meso-Sn:TiO2 EELs using
field-emission scanning electron microscopy (FE-SEM) and atomic force
microscopy (AFM), respectively. The FE-SEM images of various meso-Sn:
TiO2 EEL are shown in Fig. S4 (a-d). The meso-Sn:TiO2 EEL with various
doping concentrations did not show a significant difference when

observing both surface morphology and particle size. Since the surface
morphology of the EEL directly affects the deposition and charge
transport of perovskite [38], we presented the surface topography of
various meso-Sn:TiO2 EEL through AFM, as shown in Fig. S4 (e-f). The
RMS roughness of non-doped meso-TiO2 EEL was 16.3 nm. The 1.00 mol
% meso-Sn:TiO2 EEL exhibited minor RMS roughness at 11.5 nm
(Table S3). Generally, the small surface roughness of EEL offers better
contact with PSK active layer. However, more Sn ions doping into TiO2
can generate more defects in the TiO2 lattice, resulting in non-uniform
grain distribution [24,39]. Therefore, the RMS roughness increased
when Sn doping was further increased to 3.00 mol% [40,41]. Besides,
the RMS roughness of the PSK active layer also relies on the surface
3
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roughness of EEL (Fig. S5 and Table S4). The absence of the impurity
phases in the XRD pattern of PSK active layer can be observed (Fig. S6).
The 1.00 mol% meso-Sn:TiO2 EEL can perform a low series resistance
(Rs) and helps to reduce defects at the interface between EEL and PSK
active layer. These effects directly influence the PCE of devices and
result in a better photovoltaic performance than the PSCs based on
pristine meso-TiO2 EEL.
The steady-state photoluminescence (PL) quenching and timeresolved photoluminescence (TRPL) were investigated to understand
the charge carrier dynamics between the PSK active layer and various
meso-Sn:TiO2 EEL. Fig. 4 (a) shows the steady-state PL spectra of
perovskite deposited on various meso-Sn:TiO2 EEL excited by 532 nm
laser and detected at 770 nm. The PL quenching was increased when the
Sn doping concentration increased to 1.00 mol%, meaning that the Sndoped meso-TiO2 EEL demonstrated effective electron extraction.
Moreover, the PL quenching was decreased when the Sn doping con
centration reached 3.00 mol%. The PL decay time was presented in
Fig. 4 (b) and fitted by the biexponential decay function as follows:
(
(
)
)
t
t
F(t) = A1 exp −
+ A2 exp −
(1)

τ1

Table 1
The characteristics of fast decay time (τ1), slow decay time (τ2), and PL average
lifetime (τavg) for FTO glass/ meso-Sn:TiO2 with various doping concentrations/
MAPbI3 device.

∑Ai τi
Ai
i

A1 (%)

τ1 (ns)

A2 (%)

τ2 (ns)

τavg (ns)

Non-doped meso-TiO2
0.50 mol% meso-Sn:TiO2
1.00 mol% meso-Sn:TiO2
3.00 mol% meso-Sn:TiO2

0.40
0.41
0.42
0.38

4.79
4.28
2.91
3.04

0.60
0.59
0.58
0.61

22.36
19.06
17.19
17.56

15.33
12.97
11.21
12.02

understand the charge recombination mechanism of PSCs with various
meso-Sn:TiO2 EEL. Fig. 5 (a) shows that the Jsc is linearly related to light
intensity. The relationship between the VOC to the light intensity is based
on the function as shown in equation (3):
VOC = Vs +

nkB T P
ln
q
Ps

(3)

where VOC is the open-circuit voltage at a different light intensity, VS is
the open-circuit voltage under standard light intensity (100 mW/cm2), n
is an ideality factor, kB is the Boltzmann constant, T is the absolute
temperature (298.15 K), q is the elementary charge, P is a different light
intensity, and PS is the standard light intensity. Fig. 5 (b) shows the semilog plots of VOC versus light intensity. The ideal factor was calculated by
fitting the light intensity of the various VOC. The n value of PSCs with
non-doped meso-TiO2 and 1.00 mol% meso-Sn:TiO2 EEL were 2.12 and
0.96, respectively. When the n value is close to 2, VOC shows less
dependence on the light intensity and indicates that the charge recom
bination by the interfacial defect is suppressed [43,44]. Moreover, the
optimized metal-doped EEL of 1.00 mol% meso-Ag:TiO2 and 5.00 mol%
meso-Zn:TiO2 show the n value are 1.58 and 1.42, respectively. There
fore, we can infer that 1.00 mol% meso-Sn:TiO2 decreases the defect
state and charge recombination more effectively than 1.00 mol% mesoAg:TiO2 and 5.00 mol% meso-Zn:TiO2.
Besides the interface between the PSK active layer and meso-TiO2
EEL, the charge transport property in meso-TiO2 EEL is another key
factor affecting PSCs performance. Hence, we measured the I-V curve of
non-doped meso-TiO2 and 1.00 mol% meso-Sn:TiO2 EEL using the space
charge limited current theory (SCLC), which is shown in Fig. 6 [45]. The
device used for the SCLC I-V curve fitting is composed of FTO glass/ nondoped meso-TiO2 or 1.00 mol% meso-Sn:TIO2 EEL/ Au. The I-V curve can
be divided into three regions: ohmic region (I ∝ V), trap-filled limit (TFL)
region (I ∝ Vn, n > 2), and Child’s region (I ∝ V2). The I-V curves reveal
an ohmic contact region with a linear relationship at a low bias voltage
region. The current will rise quickly in nonlinearity with increasing bias,
indicating that trap states have been filled. The bias corresponding to the
transition point is the trap-filled limit voltage (VTFL), and the

τ2

where A1 and A2 represent the proportional fraction that are indepen
dent coefficients of time. τ1 and τ2 indicate the fast decay time and slow
decay time, respectively. The following equation:

τavg =

Sample Name

(2)

The fitting results of PL decay time and PL lifetime were summarized
and listed in Table 1. From Table 1, for the perovskite deposited onto the
non-doped meso-TiO2, PL decay times of τ1, τ2, and τavg were 4.79 ns,
22.36 ns, and 15.33 ns, respectively. However, the PL decay time
decreased in the cases of Sn-doped meso-TiO2. For the 1.00 mol% mesoSn:TiO2, the fast decay lifetime decreased from 4.79 ns to 2.91 ns, and
the proportional fraction of A1 increased from 0.40 to 0.42. The PL
average lifetime also reduced from 15.33 ns to 8.7 ns, confirming that
the electron extraction has been effectively promoted. In addition, we
observed that when the Sn ion doping concentration exceeded 1.00 mol
%, the PL average lifetime increased, attributed to the formation of the
carrier recombination center by the excess Sn ions [42]. This interfered
with electrons being transported through potential differences to FTO
glass, which affected the photovoltaic performance of PSCs. Therefore,
we speculated that the increased electron extraction and suppressed
charge recombination were beneficial to enhance the PL quenching and
PL lifetime and resulted in the desired condition for the operation of the
devices.
The light intensity-dependent J-V characteristic is an effective way to

Fig. 4. (a) The steady-state PL spectra and (b) TR-PL spectra measured for FTO glass/ meso-Sn:TiO2 with various doping concentrations/ MAPbI3 devices.
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Fig. 5. Light intensity dependence of PSCs with non-doped meso-TiO2 and 1.00 mol% meso-Sn:TiO2 EEL. (a) Jsc versus light intensity and (b) VOC versus
light intensity.

Fig. 6. The electronic property characterization of PSCs based on the non-doped meso-TiO2 and the 1.00 mol% meso-Sn:TiO2 EEL. (a) The TFL voltage derived from
SCLC measurement, (b) conductivity and (c) mobility derived from the ohmic region and Child’s region, respectively.

relationship presented by the trap-filled limit voltage and the trap
density (Nt) is as follows:
2

VTFL =

eNt d
2εε0

9
V2
J = μεε0 3
8
d

(4)

where μ is the charge carrier mobility, ε is the dielectric constant of TiO2,
ε0 is the permittivity of free space, and d is the thickness of meso-TiO2

EEL. The carrier mobilities of both EELs were calculated to be 4.27 × 105
cm2/Vs for the non-doped meso-TiO2 and 5.05 × 10-5 cm2/Vs for the
1.00 mol% Sn doped meso-TiO2, respectively. The 1.00 mol% meso-Sn:
TiO2 showed the highest carrier mobility compared to our previous
study [24,25]. According to the above results, the 1.00 mol% meso-Sn:
TiO2 can effectively facilitate carrier extraction, reducing the charge
accumulation as well as recombination at the interface. Therefore, we
speculated that the hysteresis effect of PSCs can be decreased with the
1.00 mol% meso-Sn:TiO2 EEL.
Fig. 7 (a) provides a schematic illustration of PSCs with various mesoM:TiO2 EEL. The J-V curve of the champion device is shown in Fig. 7 (b)
and Fig. S7, and the photovoltaic parameters of PSCs are summarized in
Table S5. The PSCs with 1.00 mol% meso-Sn:TiO2 EEL demonstrated a
higher PCE of 20.55% than 1.00 mol% meso-Ag:TiO2 EEL and 5.00 mol%
meso-Zn:TiO2 EEL, and showed the lowest series resistance (Rs) that led
to the high FF of 81.72%. Besides, as we pointed out in the beginning,
the hysteresis effect is a severe problem in the n-i-p structure devices for
the PCE measurement, which results in an inaccurate estimation of the
PCE. Hence, we believe that improving carrier mobility and passive
defect density may eliminate the hysteresis effect. To quantify and un
derstand the hysteresis effect, the equation of hysteresis index (HI) was
calculated as follows:

where VTFL is the trap-filled limit voltage, Nt is the trap density, e is the
elementary charge, ε is the dielectric constant of TiO2, ε0 is the
permittivity of free space, and d is the thickness of meso-TiO2 EEL. The
VTFL can be obtained from Fig. 6 (a), the calculated Nt of non-doped
meso-TiO2 and 1.00 mol% meso-Sn:TiO2 were 4.02 × 1017 cm− 3 and
3.16 × 1017 cm− 3, respectively. It can be inferred that the trap density
can be effectively reduced with 1.00 mol% meso-Sn:TiO2 and the nonradiation recombination can be effectively reduced. Moreover, the I-V
curves in the ohmic region reveal linear behavior at low bias, as shown
in Fig. 6 (b). The electrical conductivity can be calculated from the
ohmic region with the following equation:
I = σ0 (A/d)V

(6)

(5)

where A is the device’s active area, d is the thickness of meso-TiO2 EEL,
and σ0 is the electrical conductivity. The electrical conductivity of 1.00
mol% meso-Sn:TiO2 was raised from the non-doped meso-TiO2 4.32 ×
10-8 mS/cm to 3.22 × 10-7 mS/cm. As the bias was increased to about 4
V, the current is dominated by charge carriers injected from the contacts
in Child’s region, as shown in Fig. 6 (c). Consequently, the charge carrier
mobility (μ) can be estimated from the following equation by MottGurney law:
5
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Fig. 7. (a) Schematic illustration of PSCs with various meso-M:TiO2. (b) The J-V curve of the champion device with the 1.00 mol% meso-Sn:TiO2 EEL. (c) The J-V
curves of PSCs with the non-doped meso-TiO2 EEL and the 1.00 mol% meso-Sn:TiO2 EEL were measured in the forward and the reverse scan. (d) PSCs’ stability test of
devices with the non-doped meso-TiO2 EEL and the 1.00 mol% meso-Sn:TiO2 EEL under the ambient condition without encapsulation.

HI =

JRS (0.8Voc ) − JFS (0.8Voc )
JRS (0.8Voc )

80% of Voc for the reverse scan and the forward scan [8,46,47]. The J-V
curves of the reverse scan and the forward scan of the device with
various meso-M:TiO2 EEL are shown in Fig. 7 (c) and Fig. S8, and HI
values were summarized in Table S6. The PSCs with the 1.00 mol%

(7)

where JRS (0.8Voc ) and JFS (0.8Voc ) represent the photocurrent density at

Fig. 8. Schematic illustration of carrier extraction mechanism of PSCs with (a) the non-doped meso-TiO2 and (b) the 1.00 mol% meso-Sn:TiO2.
6
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meso-Sn:TiO2 EEL had the smallest HI value. Moreover, we examined the
stability of PSCs with the non-doped meso-TiO2 EEL and the 1.00 mol%
meso-Sn:TiO2 EEL in the ambient atmosphere (about 35% relative hu
midity, 25 ◦ C)(Fig. 7 (d)). The PSCs with the non-doped meso-TiO2 EEL
retained only 32% of its initial efficiency after storage over 1,000 h,
whereas the PSCs with the 1.00 mol% meso-Sn:TiO2 EEL retained over
83% of its initial PCE. In the previous studies, the stability of PSCs was
related to crystallinity and defect of the perovskite, charge accumulation
and recombination between the EEL and the perovskite interface, and
trap states at the grain boundary or EEL [48]. Here, all the PSCs had the
same configuration except EEL. Thus, we believe that the degradation of
PSCs stemmed from the electronic properties of EEL. In this work, we
improved the conductivity, mobility, and passive trap states. Therefore,
the 1.00 mol% meso-Sn:TiO2 EEL presented efficient electron extraction
properties, leading to the suppression of the charge accumulation and
recombination of the interface between EEL and PSK active layer.
Based on the above measurements and discussion, we try to provide
the schematic of energy level regulation and trap states passivation in
Fig. 8. The energy level diagram of the non-doped meso-TiO2 and the
1.00 mol% meso-Sn:TiO2 were calculated from ultraviolet photoelectron
spectroscopy (UPS) (Fig. S9) and UV–Vis spectra. The VBM and CBM for
the non-doped meso-TiO2 were − 7.77 eV and − 4.01 eV, respectively,
and − 7.70 eV and − 3.97 eV, respectively for the 1.00 mol% meso-Sn:
TiO2. The results indicated that doping Sn into TiO2 could shift the VBM
and CBM to a high energy level. Thus, the suitable band alignment could
facilitate the electron injection from PSK active layer to the 1.00 mol%
meso-Sn:TiO2 EEL. In addition, Sn doping reduced trap states of TiO2 and
the charge accumulation and recombination at the interface between the
PSK active and the EEL. Finally, we summarized photovoltaic parame
ters of the PSCs with various elements doped meso-TiO2, shown in
Table S7. By using different elements, doping can effectively improve
the photovoltaic performance of PSCs, where n-type doping is the
common strategy. For PSCs with n-type doped meso-TiO2, most studies
provided excellent PCE and reduced hysteresis effect. In contrast, our
Sn-doped meso-TiO2 achieved high PCE and highest FF, proving that Sn
doping is one of the efficient ways to passivated trap states, enhance
carrier extraction, and reduce the electronic accumulation of meso-TiO2.

methoxy-phenyl)amino]-9,90-spirobifluorene (spiro-OMeTAD) was
purchased from FrontMaterials. Dimethyl sulfoxide (DMSO, 99.9%), and
zinc nitrate hexahydrate (Zn(NO3)2⋅6H2O, >97%) were purchased from
ECHO. α-terpineol (C10H18O, 90%) was purchased from Merck. Lead
iodide (PbI2, 99.9985%) was purchased from Alfa Aesar. Acetonitrile
(ACN, 99.5%), ethyl cellulose (EC, ethoxyl content 48%, 22 cps), and
toluene (>99.8%) were purchased from Acros. All the chemicals and
reagents were directly used in this study as received without any further
purification.
4.1.2. Preparation of metal-doped TiO2 nanoparticles and paste
The metal-doped TiO2 (M:TiO2) nanoparticles were synthesized by
the sol–gel method. First, the titanium precursor solution was prepared
by adding 2.5 g titanium(IV) isopropoxide into 1.0 mL 2-propanol. After
that, the metallic salts (AgNO3, Zn(NO3)2⋅6H2O, Sn(CH3COO)2) were
dissolved in 19.0 mL of 3.5 M acetic acid solution with various stoi
chiometric ratios. Next, the titanium precursor solution was slowly
dripped into the acetic acid solution while vigorously stirring in the ice
bath for 12 h. Then, the white translucent solution was obtained after 12
h of hydrolysis and heated at 80 ◦ C for 8 h for polymerization. The white
translucent gel solution was transferred into an autoclave and treated at
170 ◦ C for 6 h. The white precipitate of M:TiO2 nanoparticles was
washed with ethanol several times and centrifuged to remove the sol
vent. For paste preparation of screen printing, α-terpineol and ethyl
cellulose were added and mixed with M:TiO2 nanoparticles to obtain the
23 wt% M:TiO2 paste.
4.1.3. Preparation of perovskite precursor solution
The perovskite precursor solution was prepared by dissolving 786
mg PbI2 and 270 mg MAI in 1 mL mixture solution (DMSO/GBL, 1.0/1.0,
v/v). Next, the perovskite precursor solution was stirred at 55 ◦ C for 12
h.
4.1.4. Preparation of spiro-OMeTAD precursor solution
The spiro-OMeTAD precursor solution was prepared by adding 80
mg of spiro-OMeTAD, 25.8 μL of tBP, 17.5 μL of Li-TFSI solution (104 mg
Li-TFSI dissolved in 200 μL ACN), and 1 mL of CB with continuous
stirring.

3. Conclusion

4.2. Device fabrication

In summary, we demonstrated a highly efficient PSCs with the Sndoped meso-TiO2 EEL that possesses a compatible band alignment and
superior electron properties. After doping Sn into meso-TiO2, the SCLC
measurement indicated that the trap density decreased. XPS analysis
showed that the energy level was upward shifted, attributed to the
formation of Ti-O-Sn bonds. The analysis showed that Sn doping effec
tively passivated trap states and improved the carrier extraction of TiO2.
Sn doping also effectively enhanced the VOC, JSC, FF, and the PCE of PSCs
and decreased the hysteresis effect. The PCE with the 1.00 mol% mesoSn:TiO2 achieved 20.55%, higher than the 16.86% of the device with the
non-doped meso-TiO2 EEL. Moreover, compared to other dopants, Sn
doping reached a highest FF of 81.72%, proving that it is an effective
strategy to improve the photovoltaic performance of PSCs.

The FTO glass was cleaned with detergent, deionized water, acetone,
and isopropanol in that order. To modify the hydrophobic surface to
hydrophilic, the FTO glasses were treated by UV-ozone for 20 min. After
cleaning, the 0.05 M titanium diisopropoxide bis(acetylacetonate) so
lution was sprayed onto the FTO glasses at 450 ◦ C to get the compacted
TiO2 layer (c-TiO2). The as-prepared M:TiO2 paste was coated on c-TiO2
by screen-print method, and the substrates were transferred to a 125 ◦ C
oven immediately for 10 min to remove residual solvent. After that, the
substrates were calcined at 500 ◦ C for 30 min to obtain a mesoporous M:
TiO2 (meso-M:TiO2) electron extraction layer (EEL) with the desired
crystal structure and crystallinity. The perovskite precursor solution was
spin-coated onto the meso-M:TiO2 layer at two different rates to obtain a
homogenous thickness layer. In the first 10 s, the spin rate was kept at
1,000 rpm, followed by a 5,000 rpm spin for 20 s. Before finishing this
spin-coating process, 100 μL of anti-solvent of toluene was quickly
dropped on the PSK active layer 3 s before ending the spin. Then, the
anti-solvent treated PSK active layer was annealed at 100 ◦ C for 10 min
immediately after dripping the anti-solvent. The spiro-OMeTAD pre
cursor solution was coated onto the PSK active layer at 2,500 rpm for 30
s to finish the hole extraction layer. Finally, a shadow mask deposited
the 120 nm thick silver electrodes and 0.09 cm2 active area onto the hole
extraction layer by thermal evaporation.

4. Experimental section
4.1. Materials and sample preparation
4.1.1. Materials
Titanium(IV) isopropoxide (Ti(OCH(CH3)2)4, >97%), silver nitrate
(AgNO3, ≥99%), tin(II) acetate (Sn(CH3COO)2), γ-butyrolactone (GBL,
≥99%),
clorobenzene
(CB,
99.8%),
lithium-bis(trifluoromethanesulfonyl)imide (Li-TFSI, 99.95%), and 4-tert-butyl
pyridine (tBP, 96%) were purchased from Sigma-Aldrich. 2-propanol
((CH3)2CHOH, IPA, >99.8%), and methyl-ammonium iodide (MAI,
>98%) were purchased from STAREK. 2,20,7,70-tetrakis[N,N-di(47
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4.3. Characterization of materials and devices
[6]

The crystal structure was analyzed using an X-ray diffractometer (D2
phaser, Bruker) equipped with Cu Kα radiation (λ ~ 1.5406 Å). The
absorption spectra were acquired using a UV–vis spectrometer (V-730,
Jasco). The surface morphology and microstructure were characterized
by a field-emission scanning electron microscope (SU-8010, HITACHI).
The surface roughness was collected by an atomic force microscope
(Bruner Multimode2-U-NSV, Bruker) in the tapping mode. The chemical
bonding, composition, and chemical state were analyzed using X-ray
photoelectron spectroscopy (K-Alpha X-ray photoelectron spectrometer,
Thermo Fisher Scientific). The steady-state photoluminescence spectra
were performed on a 532 nm diode laser (LDH-P-C-405, PicoQuant).
Time-resolved photoluminescence spectra were recorded by a system
(UniDRON-plus, UniNano Tech). The energy levels were conducted by
ultraviolet photoelectron spectroscopy (UPS, Sigma Probe, Thermo VGScientific) with a HeI lamp at 21.2 eV (B50 W).
The current–voltage (J-V) characteristics were recorded using a
digital source meter (2400, Keithley) under simulated solar illumination
in ambient conditions. The intensity of the light source was calibrated to
100 mW cm− 2 (AM 1.5G) with a KG5-filtered silicon reference cell (BS520BK, Bunkokeiki). The J–V curves were measured in a reverse scan
from 1.2 V to − 0.1 V and a forward scan from − 0.1 V to 1.2 V with a step
voltage of 0.01 V and a delay time of 200 ms.
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