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A B S T R A C T   

Bulk and interface defects are the culprits of power conversion efficiency (PCE) loss of the perovskite solar cells 
(PSCs). Meanwhile, notorious hysteresis is also an obstacle on the road of the PSCs commercialization process. 
Consequently, it is urgently needed to develop a multifunctional modification strategy to address the above is-
sues. Herein, we report a multifunctional buffer molecule (oteracil potassium, OP) for suppressing hysteresis and 
passivating defect in stable and efficient methylammonium-free PSCs (Rb0.02(FA0.95Cs0.05)0.98PbI2.91Br0.03Cl0.06). 
Experimental and theoretical results prove that multi-functional OP has strong chemical interaction with SnO2 
and the perovskite layer. It can not only reduce the oxygen vacancy defects in SnO2 film but also passivate the 
under coordinated Pb2+ in perovskite. At the same time, it can significantly inhibit hysteresis. Due to these 
beneficial effects, the PCE of the OP-modified device is over 22%, and the unencapsulated modified device 
exhibits more excellent humidity stability. This work provides guidance for the development of multifunctional 
modified molecules for high PCE, stable, and non-hysteresis PSCs.   

1. Introduction 

In the past decade, the star perovskite material has attracted re-
searchers extensively. There is no doubt that perovskite has been widely 
used in various fields, such as perovskite solar cells (PSCs),[1–3] 
perovskite light-emitting diode,[4–6] and memristor[7,8] due to its 
strong light absorption, suitable bandgap, long exciton lifetime, and 
diffusion length.[9–11] In all of these applications, PSCs have shown 
amazing potential. Up to now, the certified record power conversion 
efficiency (PCE) of single-junction devices has achieved 25.7%.[12] 
Early PSCs were based on titanium dioxide (TiO2) electron transport 
layers (ETL) material. However, TiO2 is limited by its high-temperature 
fabrication, poor ultraviolet (UV) stability, and inability in flexible de-
vices.[13–16] Compared with TiO2, tin dioxide (SnO2) is a more suitable 
ETL material due to its excellent UV stability and easy fabrication pro-
cess at low temperatures. It is reported that a sea of high-performance 
PSCs with the PCE higher than 23% are all based on SnO2 ETL. 

[17–19] Even so, there are still a lot of problems that need to be solved, 
such as poor film crystallization, interface defects, and non-negligible 
hysteresis. 

The PCE and stability of PSCs are closely related to the film quality of 
perovskite.[20–24] However, a large number of defects would be 
introduced in the final polycrystalline perovskite film, resulting in 
nonradiative recombination loss and device performance decline. A host 
of strategies have been developed to improve the quality of the film, 
such as additive engineering, substrate engineering, composition engi-
neering, antisolvent engineering, etc.[25–31] Among these, changing 
the deposition substrate is one of the viable ways to improve the quality 
of perovskite film.[32–36] Zhang and their co-worker also got the 
stressed-free perovskite film by introducing a protonated amine silane 
coupling agent to modify the ETL and perovskite layer. So, substrate 
engineering is very important for obtaining high-quality perovskite 
films.[34]. 

In addition to the poor film quality, interface nonradiative 
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recombination caused by defects (halide vacancies, cation vacancies, 
and Pb-I anti-sites) can also result in device performance loss.[37] It has 
been well demonstrated that unfavorable SnO2/perovskite interface 
contacts would lead to poor performances.[36,38,39] Bi and his co- 
workers employed KPF6 to release the stress between ETL and perov-
skite layer, improve the electronic transmission capacity, and reduce the 
defects that exist in the interface. The results showed that both the PCE 
and stability of the target device were enhanced.[38] Zuo et.al used (2- 
carboxyethyl) dimethyl sulfonium chloride to modify the interface be-
tween SnO2 ETL and the perovskite layer.[36] It proved that both 
modifiers can not only passivate the defects from the surface of perov-
skite and SnO2 films but also reduce interfacial energy barrier via 
ameliorating energy band alignment. After modification, the PCE is 
increased from 20.72% of the control device to 22.22% of the target 
device. Finally, notorious hysteresis is also a stumbling block on the road 
of commercialization of perovskite solar cells.[40–42] Hitherto, a 
multitude of work has been done to reduce the interface non- 

recombination and hysteresis. Our previous work has introduced the 
KPF6 as a buffer layer to reduce the interface nonradiative recombina-
tion and hysteresis.[38] For MA-free SnO2 based perovskite solar cells, 
only a few works focus on both reducing both the nonradiative recom-
bination and hysteresis. So, it is urgent to develop a multifunctional 
interface buffer to realize the improved crystallization morphology, and 
reduced interface nonradiative recombination and hysteresis. 

Hither, we develop a multifunctional buffer molecule (oteracil po-
tassium, OP) to modify the SnO2/perovskite interface, which consists of 
K+ and multifunctional anion simultaneously. Fourier transforms 
infrared (FTIR) spectroscopy proves that there is a strong chemical 
interaction between SnO2 and OP. Meanwhile, energy dispersive X-Ray 
spectroscopy (EDS) and time of flight secondary ion mass spectroscopy 
(ToF-SIMS) reveals that the K+ exists both at the ETL/perovskite inter-
face and inside the perovskite film. The multiple functions of OP enable 
the modified PSCs to provide exceptional photovoltaic performance 
with a PCE of 22.09% and attractive stability. The enhanced 

Fig. 1. (a) Device structure in this work. In which, OP was spin-coated on the ETL (SnO2). Perovskite: Rb0.02(FA0.95Cs0.05)0.98PbI2.91Br0.03Cl0.06; (b) Schematic 
diagram showing the interface connection roles of OP; (c) J-V curves and (d) IPCE spectra of the champion control and target devices; (e) Continuous maximum 
power point tracking for the champion control and target device; (f) Statistical hysteresis index (HI) distribution; (g) Cross-section elemental liner scan based on the 
structure of ITO/SnO2/OP/perovskite; (h) PCE as a function of time for the unencapsulated control and target devices aged under a relative humidity of 40–50% at 
room temperature in the dark. 
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performances can be attributed to the that our method could improve 
perovskite crystallization, passivate the interface defect, improve 
interfacial energy level alignment synchronously, and reduce hysteresis 
dramatically. This work highlights the critical role of multifunctional 
molecule strategy in realizing high PCE and stable MA-free SnO2-based 
perovskite solar cells. 

2. Results and discussion 

As exhibited in Fig. 1a, the device structure of ITO/SnO2/OP/ 
perovskite/Spiro-OMeTAD/Au was used, in which, the perovskite is 
composed of Rb0.02(FA0.95Cs0.05)0.98PbI2.91Br0.03Cl0.06. The OP was 
introduced to the SnO2 ETL/perovskite interface, and the corresponding 
schematic diagram is shown in Fig. 1b. First, the carbonyl group (C = O) 
can be able to passivate the halogen vacancy defects in the perovskite 
film. Second, the ester group (–COO) is expected to passivate the oxygen 
vacancy defects in the SnO2 and reduce the hydroxyl groups (–OH) on 
the surface of SnO2.[33] Last but not least, potassium ion (K+) has been 
widely proved that it can both reduce the notorious hysteresis effect and 
improve the crystallization of the perovskite film.[38,43,44] In brief, 
introducing the OP as the interface layer can realize the multiple func-
tions, which is a very attractive and urgently needed strategy. 

First, the photovoltaic performances of the PSCs modified with 
different concentrations of OP were studied and the result was exhibited 
in Fig. S1 and Table S1. It was found that the PCE increased as the 
increased OP concentration and the target device was obtained when the 
concentration of OP was 0.75 mg/mL. Fig. S2 shows statistic J–V curves 
of control and target devices measured in reverse scan (RS) and forward 
scan (FS) under simulated AM 1.5G one sun illumination of 100 mW/ 
cm2. Compared with control device with the average PCE of 19.70% 
(JSC = 24.74 mA/cm2, VOC = 1.08 V, FF = 73.73%), the target device 
shows a higher average PCE of 21.67% (JSC = 24.88 mA/cm2, VOC =

1.12 V, FF = 77.78%). Manifestly, VOC and FF have a significant increase 
after being treated by OP. Fig. 1c and d show the J-V curves and incident 
photon-to-current conversion efficiency (IPCE) spectra of the devices 
modified without or with OP, respectively. The champion control device 
gave a JSC of 24.41 mA/cm2, a VOC of 1.08 V, an FF of 76.12%, and a PCE 
of 20.07%, while the target device with 0.75 mg/mL OP gave a JSC of 
24.82 mA/cm2, a VOC of 1.12 V, an FF of 79.48%, and a PCE of 22.09%, 
which is very competitive (see in Supplementary Table S2). The inte-
grated current density obtained from Fig. 1d was estimated to be 23.75 
mA/cm2 (control) and 24.43 mA/cm2 (target), which is consistent with 
that obtained from J-V curves. Fig. 1e shows the stable output current 
density and PCE of devices with or without OP modification, respec-
tively. Compare with the target device, the control device takes a longer 
time to reach a steady-state. Finally, the current density increased from 
22.81 mA/cm2 (control device) to 24.77 mA/cm2 (target device), and 
PCE increased from 19.57% to 21.79%, respectively. This indicates that 
SnO2 with OP modification can improve the stability of the device. 
Further, the hysteresis index (HI) of the device was established by the 
following equation:[33]. 

HI = (PCER − PCEF)/PCER (1)  

where PCER and PCEF stand for the PCE in reverse scan (R) and forward 
scan (F), respectively. As presented in Fig. 1f, the averaged HI was 
substantially reduced from 0.053 to 0.020 after OP modification. Lots of 
work have proved that the K+ has a positive effect on reducing HI due to 
K+ could exist in the interstitial site, after which X− anions (X: halogen 
atom) are bonded with K+ to form immobile KX-like compounds, which 
can not only eliminate the mobile halide ion defects in perovskite films 
but also suppress the ion migration, resulting in improved stability and 
hysteresis-free PSCs.[38,43–47] The cross-section liner scan result of 
EDS and time of flight secondary ion mass spectroscopy (ToF-SIMS) 
were employed to verify the distribution of K+. As exhibited in Fig. 1g 
and S3, K+ diffuses into the perovskite film, which can exist at the 

boundaries and lattice of perovskite and this is consistent with previous 
reports.[43] 

Further, we evaluated the long-term stability of unencapsulated de-
vices under a relative humidity range of 40–50% at room temperature 
(Fig. 1h). As expected, after 500 h, 87% of the original efficiency can still 
be maintained for the target device, while the control device degrades to 
60% of its beginning PCE. It hints that humidity stability increased after 
the SnO2 is modified by OP. As shown in Fig. S4, the thermal stability is 
characterized by placing the devices on the hot plate in the dark air 
condition. After thermal aging at 60℃ for 100 h, the PCE of the target 
device degrades to 80% of the initial PCE, whereas the PCE of the control 
device degrades to 40%. The above results indicate that the target device 
shows the improved thermal stability. The improved environmental 
stability can be related to the following aspects: (1) the –COO is expected 
to form a strong chemical interaction with Sn2+ so as to reduce the 
oxygen defects of SnO2. (2) it is anticipated that C = O and –NH2 could 
passivate anionic defects (e.g., undercoordinated I− , antisite PbI3− and 
formamidinium (FA+) vacancies) and cationic defects (e.g., under-
coordinated Pb) at ETL/perovskite interface. (3) OP can act as an 
interface chemical bridge to enhance interface contact between ETL and 
perovskite layer. In a word, reduced defects and improved interfacial 
contact both could improve the device stability. 

Subsequently, FTIR (Fig. 2a) and X-ray photoelectron spectroscopy 
(XPS) technology (Fig. 2b-c) were adopted to characterize the chemical 
interactions between SnO2 and OP or between OP and perovskite 
clearly. As displayed in Fig. 2a, after modifying the OP on SnO2, the 
characteristic peak of O-Sn-O shifted from 791 cm− 1 to a higher wave-
number (798 cm− 1), and the stretching vibration peak of C-O shifted 
from 1234 cm− 1 to1249 cm− 1. This can be attributed to the strong 
chemical interaction between –COO in OP and Sn in SnO2. On the other 
hand, as shown in Fig. S5a, after OP modification, the binding energy of 
Sn 3d5/2 (486.2 eV) and 3d3/2 (494.5 eV) for bare SnO2 film decreased to 
485.7 eV and 494.3 eV, which proved that a strong chemical interaction 
exists between SnO2 and OP. Further, the binding energy of Pb 4f 
showed a similar trend after introducing OP, which confirms the exis-
tence of the strong chemical interaction between OP and perovskite 
(Fig. S5b). As revealed by O 1 s spectra in Fig. 2b-c, an asymmetric 
broad peak appeared for both bare SnO2 and OP-treated SnO2 films, 
which can be deconvoluted into two peaks of ~ 530 eV and ~ 531 eV, 
which is assigned to the lattice oxygen and the chemisorbed oxygen 
atoms or hydroxyl groups, respectively.[39] The result showed that after 
modifying, the intensity of the lattice oxygen reduced and the intensity 
of adsorbed oxygen increased, which proved that –COO is connected to 
the SnO2. In one nutshell, both FTIR and XPS results confirmed that the 
OP can act as the double-connected interfacial chemical bridge to link 
the SnO2/perovskite interface. Double-connected structures like this 
conduce to facilitate interfacial charge transfer. 

The UV–vis absorption spectra and X-ray diffraction (XRD) were 
employed to investigate the effect of OP on the light absorption and 
crystallinity of the perovskite films. As presented in Fig. 2d, a slightly 
improved UV–vis absorption intensity was shown for the target film. As 
displayed in Fig. 2e, perovskite film has the same structure whether OP 
modified or not. However, the perovskite film based on OP-treated SnO2 
shows a higher crystallization intensity than the control film. 

The scanning electron microscopy (SEM) is employed to study the 
effect of OP on the morphology of the perovskite film intuitively. As 
shown in Fig. 3a and b, we can see that after OP modification, pinholes 
were reduced obviously. Meanwhile, as presented in the illustration, the 
average grain size increased from 500 nm (control film) to 680 nm 
(target film) significantly. Besides, the grain size distribution becomes 
more uniform, which can be inferred from the standard deviation. The 
increased crystal size and the decreased pinholes can be attributed to the 
change of the substrates and K+ regulates film growth.[48–52] 
Improved light-harvesting efficiency and crystallization were respon-
sible for the slightly increased JSC and IPCE. 

Photoluminescence (PL) spectra and time-resolved photo-
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luminescence (TRPL) kinetics of the perovskite films with the structure 
of Glass/perovskite and Glass/OP/perovskite are used to characterize 
the effect of the OP modification on the film defects and carrier non-
radiative recombination in the perovskite. As illustrated in Fig. 3c, the 
intensity of the PL increased significantly after introducing OP into the 
SnO2/perovskite interface. TRPL curves were displayed in Fig. 3d and 
can be fitted well by the double-exponential:[36]. 

I(t) = A1e(− t/τ1) +A2e(− t/τ2) (2)  

where τ1 is the fast decay time and τ2 stands for the slow decay time, A1 
and A2 are the amplitude of the fast and slow decay process, respec-
tively. The average photoexcited carrier lifetime (τave) can be obtained 
by the equation of: 

Fig. 2. FTIR spectra of (a) SnO2/OP, SnO2, and OP; High-resolution XPS spectra of O 1 s in (b) SnO2 and (c) SnO2/OP films; (d) UV–Vis absorption spectra and (e) 
XRD patterns of the perovskite film modified without or with OP. 

Fig. 3. SEM image of (a) bare perovskite film and (b) target perovskite film with the illustration of crystal size statistics (the illustration shows the crystals size 
statistics, unit: μm); (c) PL and (d) TRPL of the perovskite film with the structure of Glass/perovskite and Glass/OP/perovskite; (e) Dark J-V curves with the structures 
of ITO/SnO2/perovskite/PCBM/Ag and ITO/SnO2/OP/perovskite/PCBM/Ag. (f) tDOS of the two types of devices, as measured by the TAS method. 
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τave =
A1τ2

1 + A2τ2
2

A1τ1 + A2τ2
(3)  

and the corresponding fitting parameters presented in Table S3.[36] It 
can be seen clearly that the perovskite film based on the OP-treated SnO2 
has a longer average photoexcited carrier lifetime (42.41 ns) than bare 
perovskite film (18.92 ns), which indicated the defects of the perovskite 
films decreased after SnO2 was treated by OP. Then, we use the space 
charge limited current (SCLC) measurement to uncover the defect den-
sities of perovskite films with the structure of ITO/SnO2/(OP)/perov-
skite/PCBM/Ag. As shown in Fig. 3e, after treating by OP, the trap-filled 
limit voltage (VTFL) decreases from the original 0.157 V to 0.101 V. 
Generally, the trap density of the film (nt) can be established by the 
equation of:[53] 

nt =
2ε0εVTFL

eL2 (4)  

where ε is the dielectric constant of the perovskite, ε0 is the vacuum 
dielectric constant, e is the elementary charge, and L is the thickness film 
of the perovskite.[54] The calculated defect density of the target film is 
3.84 × 1015 cm− 3, lower than that of the control film (5.97 × 1015 

cm− 3). Thermal admittance spectroscopy (TAS) measurements were 
conducted to further analyze the trap density of states (tDOS) in energy 
space for the control and target devices.[55] As shown in Fig. 3f, there 
are three typical trap state bands, e.g., Eω < 0.40 eV (band I), 0.40 eV <
Eω < 0.50 eV (band II), and Eω > 0.50 eV (band III), among which the 
deep trap depth regions (band II and III) are mainly related to the surface 
defects, and the shallower trap-states (band I) are more closely related to 
the bulk or grain boundaries of perovskite.[55] After being modified by 
OP, three bands have all been reduced, especially for the band II and III, 
indicating that both shallow level defects and deep level defects can be 
passivated, especially for the deep level defects. In a word, after 

introducing the buffer layer (OP), the defect density of the film reduced, 
which can be attributed to the improved crystallinity of the perovskite 
film and effective defects passivation roles of C = O, N–H, and K+ in OP 
molecules, such as undercoordinated Pb. And thus, the Shock-
ley–Read–Hall nonradiative recombination was suppressed, which is 
another reason for the improvement of VOC and FF. In addition, 
increased grain size can also explain the improved VOC and FF partially. 

However, this does not mean that the reduced defect is the sole 
reason for the improved VOC and FF. In order to get insights into the 
origin of improved VOC and FF from the electronic dynamics, PL and 
TRPL measurements were carried out with the structure of ITO/SnO2/ 
(OP)/perovskite. As presented in Fig. 4a, after OP modification, the PL 
intensity decreased and the averaged photoexcited carrier lifetime 
decreased from the original 7.39 ns to 4.78 ns (Fig. 4b, Table S4), which 
indicates that the electron can be better extracted after OP modification. 
Then, Mott-Schottky curves were employed to reveal the change of the 
built-potentials (Vbi), which is the driving force of electron transport at 
the interface. As shown in Fig. S6, the Vbi of the control and target de-
vice are 0.96 V and 1.01 V, respectively. The improved Vbi after the 
introduction of OP encourages us to uncover the deep reason for the 
electron transfer and recombination through light-intensity-dependent 
VOC curves as shown in Fig. 4c. The ideality factor (n) can be used to 
evaluate the charge recombination. The n is obtained by a slope of kBT/q 
of light-dependent VOC, where kB, T, and q are the Boltzmann’s constant, 
Kelvin temperature, and element charge, respectively. The n = 1 in-
dicates a trap-free condition, while the n over 1 suggests the existence of 
defect-induced non-radiative recombination.[56] The n was reduced 
from 2.18 of the control devices to 1.63 of the target devices, confirming 
that the trap-assisted non-radiative recombination was restrained 
observably. Ultraviolet photoelectron spectroscopy (UPS) measurement 
was used to elucidate the influence of the OP on the surface energy levels 
of the SnO2 (Fig. 4d and Fig. S7-9) ETL. Conduction band minimum 

Fig. 4. (a) PL and (b) TRPL of the perovskite film with the structure of ITO/SnO2/perovskite and ITO/SnO2/OP/perovskite; (c) VOC versus light intensity for the 
control and target devices; (d) Energy-level scheme for the control and target perovskite films. 
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(CBM) and valence band maximum (VBM) are calculated according to 
the previous work.[33] The energy levels of the control and target de-
vices are shown in Fig. 4d. The CBM (-3.80 eV) and VBM (-7.95 eV) of 
the SnO2 thin film with OP modified were slightly higher than bare SnO2 
film (CBM: − 3.89 eV and VBM: − 8.04 eV), resulting in a more match-
able energy level, which can improve the VOC.[55] Meanwhile, a suit-
able energy level can also reduce the charge accumulation at the 
interface, which is another main reason for inhibited hysteresis. In a 
word, improved electron transport is also the main reason for increased 
VOC and FF.[54,57]. 

The first principle calculation was further employed to uncover the 
strong chemical interaction between SnO2 and OP. We can see that after 
introducing the oxygen vacancy, the whole system is in a more stable 
state due to the energy shifted to lower energy in Fig. 5a Meanwhile, the 
s and p orbitals of the Sn and OP show a lot of overlap (Fig. 5b), which 
indicated that there is a strong chemical interaction between Sn and OP, 
which is consistent with the results of FTIR and XPS. The charge density 
difference (CDD) makes the chemical interaction between Sn and OP 
more obvious. As displayed in Fig. 5c and d, –COO occupies the oxygen 
position of SnO2 thin film. Due to the existence of lone electron pairs of 
the O in –COO, which can form a strong chemical interaction between 
–COO and Sn, then, the oxygen vacancy in SnO2 could effectively be 
reduced, which is highly consistent with the results of XPS and FTIR. 
Further, the chemical interaction between OP and perovskite also was 
evaluated by CDD and shown in Fig. 5e and f. Here, we constructed a 
perovskite cell containing halogen (I) vacancy to evaluate the effect of 
OP on halogen vacancy. As exhibited in Fig. 5e, an apparent charge 
vacancy exists between adjacent Pb2+. After OP was introduced, the 
strong chemical interaction forms between C = O and under coordinated 
Pb2+ due to the charge density has changed significantly whether OP or 
Pb, which proves that a chemical interaction was formed between OP 
and perovskite film and consistent with the result of FTIR and XPS. In 
addition, CDD also reveals a strong chemical relationship between –NH 
and FA+ (Fig. S10). The theoretical results proved the positive role of OP 

in PSCs once again. 

3. Conclusions 

In summary, we have developed a multifunctional interface modi-
fication strategy, where OP possessing simultaneously C = O and K+ is 
employed to manage the SnO2/perovskite interface. OP can both 
passivate the defects and reduce the hysteresis. FTIR and XPS results 
proved that a strong chemical relationship between whether SnO2 and 
OP or OP and perovskite film, which can not only reduce oxygen va-
cancies in SnO2 films but also can reduce the defects in perovskite films. 
Theoretical results further revealed the strong chemical interaction be-
tween SnO2 and OP. Finally, the target device exhibited a high PCE of 
22.09% and good humidity stability. Also, disreputable hysteresis is 
reduced significantly. This work guides the realization of high PCE, 
stable and low hysteresis perovskite solar cells using cation and anion 
regulation. 

4. Experimental section 

4.1. Materials 

Thermo Scientific (tin (IV) oxide, 15% in H2O colloidal dispersion) 
provided the SnO2 colloid precursor. Macklin provided oteracil potas-
sium (OP) and acetonitrile (ACN, 99.8%). Xi’an Polymer Light Tech-
nology Corp. supplied lead (II) iodide (PbI2, 99.99 percent), lead (II) 
chloride (PbCl2, 99.99%), and methylamine hydrochloride (MACl, 
99.5%). Advanced Election Technology CO., Ltd. supplied Lead (II) 
bromide (PbBr2, 99.9%), Formamidine hydroiodide (FAI, 99.9%), bis 
(trifluoromethane) sulfonimide lithium salt (Li-TFSI, 99%), 2,2′,7,7′- 
Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9′-spirobifluorene (Spiro- 
OMeTAD, 99.86%) and 4-tert-butyl pyridine (tBP, 99%). Sigma Aldrich 
provided N,N-dimethylformamide (DMF, 99.8 percent), dimethyl sulf-
oxide (DMSO, 99.9 percent), and chlorobenzene (CB, 99.8 percent). All 

Fig. 5. (a) Total DOS without or with oxygen vacancy 
with the structure of SnO2/OP; (b) The DOS of s and p 
orbitals of the surface-Sn (SnO2) and OP with the 
structure of SnO2/OP; The charge density difference 
of SnO2/OP structure without (c) or with (d) oxygen 
vacancy and the distribution of the corresponding 
(010) plane section charge density difference with 
isosurface value of 0.017 e/Å3. The charge density 
difference of I vacancy without (e) or with (f) OP 
modification and the distribution of the correspond-
ing (010) plane section charge density difference 
with isosurface value of 0.004 e/Å3.   
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chemical reagents were utilized just as they were received, with no 
additional purification. 

4.2. Device fabrication 

ITO glasses (bought from Jiangsu Yanchang Sunlaite New Energy 
Co., Ltd. for 7 ~ 9 Ω per square) were ultrasonically cleaned for 20 min 
in sequence with detergent water and ethanol. After being blown dry by 
nitrogen (99.99%), and then the ITO was treated for 30 min with ul-
traviolet ozone (UV-O3). The SnO2 colloidal solution was prepared by 
combining the SnO2 solution with deionized water at a volume ratio of 
1:3. Diluted SnO2 colloidal solution was spin-coated on ITO substrates 
for 30 s at a speed of 3000 rpm, and the SnO2 film was annealed at 
150 ◦C for 30 min. After cooling to ambient temperature, it was sub-
jected to a 20-minute UV-O3 treatment. The substrates were then placed 
in an argon-filled glovebox for perovskite deposition. Different mass 
concentrations of OP (0, 0.35, 0.75, and 1 mg/mL) were dissolved in 
water for OP treatment, and then 20 μL of OP were spin-coated onto the 
SnO2 film for 30 s at 5000 rpm. Perovskite (Rb0.02(FA0.95Cs0.05)0.98P-
bI2.91Br0.03Cl0.06.) precursor solution was prepared by dissolving PbI2 
(1.48 M), PbBr2 (0.023 M), RbI (0.03 M), PbCl2 (0.045 M), CsI (0.76 M), 
FAI (1.45 M) and MACl (0.52 M) into the DMSO/DMF (1/4, v/v) 
mixture. The perovskite film was deposited using a sequential spin- 
coating method at 4000 rpm for 30 s, with 80 μL of CB antisolvent 
dripped over perovskite films for 16 s before the program was termi-
nated, and the film was subsequently annealed at 130 ◦C for 30 min. 
72.3 mg Spiro-OMeTAD, 28.8 μL 4-tert-butyl pyridine (tBP), and 17.5 μL 
lithium bis(trifluoromethane sulfonyl)imide (Li-TFSI) stock solution 
(520 mg Li-TSFI in 1 mL acetonitrile) in 1 mL CB were combined to make 
the Spiro-OMeTAD solution. The hole transport layer was then formed 
by spin-coating 20 μL of Spiro-OMeTAD solution onto the perovskite 
films at 4000 rpm for 33 s. Finally, about 100 nm metal counter elec-
trode was thermally evaporated on the top of Spiro-OMeTAD film under 
a vacuum of 3 × 10− 3 Pa through using a shadow mask. 

4.3. Characterization 

The metal mask was used to determine the effective active area of the 
device to be 0.1 cm2, and J–V curves were generated using a solar 
simulator and a Keithley 2400 source meter. An FTIR spectrometer was 
used to acquire Fourier transformed infrared (FTIR) spectra (Tensor27, 
BRUKER, Germany). An Agilent 8453 UV–Vis G1103A spectrometer was 
used to measure UV–Vis spectra. A Confocal Raman system (iHR 550 
HORIBA) with a 532 nm laser was used to record steady-state photo-
luminescence (PL). Thermo Avantage (v5.9921) software was used to 
analyze and interpret XPS spectra acquired from a Physical Electronics 
Model 5700 XPS equipment. SEM observations were carried out in ADD 
mode on SEM (FESEM, JEOL-JSM-6701F). An X-ray diffractometer 
(XRD) was used to characterize the structures (D2 PHASER Desktop 
XRD, BRUKER, Germany). The PHI 5000 VersaProbe III was used to 
perform ultraviolet photoelectron spectroscopy (UPS) using a He I 
source (21.22 eV) and a negative bias of 9.0 V. On a field emission 
scanning electron microscope (JEM-7900F, Japan) equipped with EDS 
equipment, the energy-dispersive X-ray spectroscopy (EDS) measure-
ment was performed. In Shanxi University’s State Key Laboratory of 
Quantum Optics and Quantum Optics Devices, time-resolved photo-
luminescence (TRPL) was measured using a self-built scanning confocal 
system based on an inverted microscope (Nikon, TE2000-U) with a 450 
nm laser. An electrochemical workstation was used to perform thermal 
admittance spectroscopy (TAS) experiments (CHI 660e). Time-of-flight 
secondary ion mass spectrometry (ToF-SIMS) measurement was car-
ried out using a dual-beam TOF-SIMS IV (IONTOF) spectrometer 
equipped with a 30 keV, 1pA Bi3+ beam for the analysis and a 1 KeV, 
1nA O2– ion beam for the sputtering operated in noninterlaced mode. 

4.4. Computational details and models 

All density functional theory (DFT) calculations were performed 
using the Vienna ab initio Simulation Package (VASP).[58,59] The 
augmented plane wave (PAW) method[60] was used to describe the 
electron–ion interactions. The generalized gradient approximation 
(GGA) with the Perdew-Burke- Ernzerhof parameterization (PBE)[61] 
was applied to handle the exchange and correlation functionals. The 
plane wave cut-off energy was set to be 400 eV. The Gaussian smearing 
method[62] with 0.1 eV width was employed to determine the electron 
occupancy. The k-point interval distribution of Monkhorst-Pack[63] was 
0.2 Å− 1 for structural optimization. Vacuum space of 20 Å was employed 
in the z direction to avoid any spurious interaction. Spurious dipole 
interactions between periodic images were corrected by the dipole 
correction (IDIPOL = 3). To consider the van der Waals interaction, the 
long-range dispersion forces are accounted for using the Grimme DFT- 
D3 method.[64] The break conditions for the electronic self-consistent 
loop and the ionic relaxation loop were set at 1.0 × 10− 6 eV and 
0.005 eV/Å, respectively. The initial crystal structure corresponds to the 
rutile type tetragonal crystal structure of SnO2 (space group: P42/mnm). 
To model the (110) surface, a 3 × 2 supercell with 108 atomic sites was 
employed to investigate the adsorption. The oxygen terminated (110) 
surface was selected in work because it is generally considered to be the 
most stable one.[65] The crystal structures, charge density difference 
isosurfaces, and contour plots were generated by the VESTA program. 
[66]. 
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