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A B S T R A C T   

Drawbacks like serious interface defects, imperfect energy level arrangement and uncontrollable perovskite 
nucleation hinder further improvement to achieve efficient and stable planar perovskite sollar cells (PSCs), which 
fortunately can be solved by interface modification with small molecules. However, it is still a challenge to 
develop more simple and efficient multi-functional small molecules to simultaneously solve these problems. 
Herein, conjugated small molecule 3-thiophenboric acid (TBA) was utilized for the first time at the SnO2/ 
perovskite interface to achieve this goal. With the dipole moment of TBA, the energy level arrangement between 
SnO2 and perovskite is optimized. Defects at both sides of the interface are passivated by functional groups on 
TBA effectively, inhibiting the non-radiative recombination and reducing the energy loss. Besides, the quality of 
perovskite film is improved due to inhibited disordered heterogeneous nucleation. As a result, the open voltage 
(VOC), short current density (JSC) and fill factor (FF) are all improved, which leads to a champion device with PCE 
up to 21.80%, much higher than 19.74% of control one. In addition, our optimized devices show excellent 
stability when storing for a long time, aging under high humidity and under continuous illumination. Our results 
provide a novel strategy to improve the efficiency and stability of PSCs synergistically by multi-functional 
conjugated small molecule.   

1. Introduction 

With sufficient research background, organic–inorganic hybrid 
perovskite solar cells (PSCs) have shown remarkable efficiency growth 
in the last decade (3.8% in 2009 to 25.5% at present) [1–5]. It not only 
comes from the excellent properties of hybrid perovskite, such as 
tunable optical band gap [6,7], long carrier diffusion length [8] and high 
light absorption coefficient [9], but also depends on the technical pro
gresses like new fabrication approaches [10–13], composition engi
neering [14], interface engineering [15] and so on. Such high 
photoelectric conversion efficiency (PCE) also indicates that PSCs have 
great potential to compete with conventional crystalline silicon solar 
cells in the future market. 

Compared to the p-i-n structure, devices with n-i-p structure have 

attracted much attention due to their high efficiency. The high efficiency 
can vastly ascribe to the electron transport material (ETM), which is 
applied to extract electrons efficiently, block holes and even provide a 
good substrate for perovskite film growth [16–18]. Recently, SnO2 has 
been developed as a promising alternative ETM among the commonly 
used ones including titanium dioxide (TiO2) [19], zinc oxide (ZnO) [20] 
and tin dioxide (SnO2) in n-i-p devices [21]. With the excellent prop
erties of SnO2 such as high bulk electron mobility (240 cm2 V− 1 s− 1) 
[22], weak UV photocatalytic activity [23] and low temperature pre
parability (<200 ℃) [24], the certified PCE of PSCs based on SnO2 
electron transport layer (ETL) has exceeded 25% [25], implying the 
great potential of SnO2. Among the common preparation methods of 
SnO2 layer such as solution process, atomic layer deposition (ALD) [26], 
chemical bath deposition (CBD) [25] and so on, the solution process is 
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the most convenient and efficient. You et al. achieved a certified effi
ciency of 19.9% and reduced hysteresis using commercial SnO2 aqueous 
colloidal precursor for spin-coating [27]. Similarly, Han et al. prepared a 
uniform and pinhole-free SnO2 layer with a large area using the same 
commercial colloidal dispersion [28]. However, there are still some 
drawbacks in the PSCs based on SnO2 ETL. The imperfect energy level 
arrangement between SnO2 and perovskite may cause unnecessary en
ergy loss and charge accumulation at interface, which brings about low 
VOC and obvious hysteresis [29,30]. Like other metal oxide, large 
amounts of adsorbed hydroxyl groups on the surface of SnO2 ETL caused 
by thermal annealing at ~ 150 ℃ always generate defects at the inter
face, which deteriorate the device performance by serious non-radiative 
recombination [31–33]. The ionic property of perovskite easily leads to 
under-coordinated halides and lead ions at the interface, mainly forming 
Pb2+. These ion vacancies not only cause the collapse of the perovskite 
crystal structure but also become recombination centers at the interface 
[34–36]. In addition, lattice mismatch between SnO2 and perovskite 
may leads to poor contact, which results in interfacial states, stresses, 
uncontrolled nucleation and growth of perovskite [31,37]. 

Interface engineering, especially using small molecule with better 
controllability than polymer materials, is an effective way to optimize 
energy level alignment, eliminate the undesirable defects, improve 
contact properties and promote perovskite crystallization [38–41]. Hou 
et al. used dopamine self-assembly layer to modify the SnO2 surface, 
which promoted the crystallization and growth of perovskite by 
improving the wettability of SnO2 ETL, so as to mainly enhance short- 
circuit current (JSC) [42]. The 4-imidazoleacetic acid hydrochloride 
was reported by Park et al. to provide a chemical bridge at the interface 
of SnO2 and perovskite, which improved the crystallinity of perovskite 
film, passivated defects and optimized energy level alignment. Unfor
tunately, only increase of open-circuit voltage (VOC) from 1.08 to 1.14 V 
was achieved with almost no increase of JSC [43]. Recently, a PCE of 
21.23% benefited from enhanced VOC (from 1.114 to 1.164 V) and 
improved device stability were achieved by using BPTC-BN to passivate 
defects at SnO2/perovskite interface and improve the morphology of 
perovskite film. Nevertheless, again, current increase was not reported 
[44]. Yuan et al. reported the NbOx modified SnO2 NPs as efficient ETMs 
for planar PSCs and achieved a high PCE up to 24.01% due to the 
passivation of interface defects as well as improvement of the crystal
linity of perovskite films [45]. Moreover, Padture et al. used an iodine- 
terminated self-assembled monolayer (I-SAM) to increase the interface 
adhesion toughness between the SnO2 and perovskite film and reduce 
the hydroxyl groups number on the SnO2 surface, which resulted in 
improved voltage and stability [31]. Our previous work also shown that 
zwitterion, DETAPMP, can be used to link SnO2 with perovskite and a 
significant enhanced JSC and cell stability were obtained by defect 
passivation [46]. From the modification procedures above, the molecule 
we choose should have at least two contrapuntal functional groups at the 
same time. One can reacts with the groups on SnO2 surface to facilitate 
molecular arrangement and defect passivation, and the other co
ordinates with the defect in perovskite to achieve bridging at the 
interface. However, it is still a challenge to develop simple and efficient 
multi-functional small molecules to achieve comprehensive enhance
ments of device performance via the collaborative optimization of 1) 
energy level arrangement, 2) interface defect passivation and 3) 
perovskite crystallization. 

In this work, we devised a simple and effective method by inserting a 
conjugated small molecule 3-thiophenboric acid (TBA) between the 
SnO2 ETL and perovskite. Density functional theory (DFT) calculations, 
X-ray photoelectron spectroscopy (XPS) and Fourier transform infrared 
spectroscopy (FTIR) were performed to study the mechanism of this 
modification. Carrier dynamics, interfacial band structure, defect states 
and morphology were systematically demonstrated by a series of optical 
and electrical characterization methods to explore the roles of TBA. The 
results show that the energy level arrangement between SnO2 and 
perovskite can be improved due to the dipole effect of TBA. The number 

of absorbed –OH groups on SnO2 surface is reduced through esterifica
tion and the S atom with lone pair electrons in thiophene ring can 
cooperate with uncoordinated Pb2+ at the lower surface of perovskite 
layer. Thus, the electron extraction from perovskite to SnO2 is greatly 
enhanced with less energy loss and defects at the interface are reduced 
which leads to inhibition of non-radiative recombination. Besides, the 
thiophene rings on TBA molecules also provide controllable nucleation 
sites for perovskite growth and non-wetting substrate to inhibit disor
dered heterogeneous nucleation, thus good film quality, less pin-holes 
and reduced defects of perovskite are achieved. Therefore, the dipole 
structure and different functional groups of TBA molecules can realize 
multiple functions including (1) optimizing the interface energy level 
arrangement, (2) passivating the defects at both sides of the interface, 
(3) improving the quality of perovskite film. Thanks to the cooperation 
of TBA, we achieved the comprehensive improvement of JSC (from 
21.662 to 22.301 mA cm− 2), VOC (from 1.138 to 1.179 V) and FF (from 
78.56% to 79.92%). Finally, the PSC based on SnO2/TBA ETL achieved a 
high PCE of 21.80% with almost no hysteresis, contrast to 19.74% of 
control one without TBA modification. At the same time, our optimized 
devices shown better stability at the humidity of ~ 20% RH, ~50% RH 
and under continuous illumination due to the reduction of interface 
defects and optimization of perovskite film. The unencapsulated device 
with TBA treated SnO2 retained near 90% of its initial PCE after aging 
for 1000 h at ~ 20% RH. 

2. Experimental section 

2.1. Materials 

Etched indium tin oxide (ITO) substrates (sheet resistance of 7 ~ 9 
Ω/sq) were purchased from Advanced Election Technology Co., Ltd.. 
The SnO2 colloidal dispersion was obtained from Alfa Aesar. Lead (II) 
bromide (PbBr2, 99.99%). Methylammonium bromide (MABr, 99.5%), 
Methylammonium chloride (MACl, 99.5%), Spiro-OMeTAD (99.5%) 
and LiTFSI (99%) were purchased from Xi’an Polymer Light Technology 
Corp. Formamidine Hydroiodide (FAI, 99.9%), lead(II) iodide (PbI2, 
99.99%) were obtained from Advanced Election Technology Co., Ltd.. 
N,N-Dimethylformamide (DMF, 99.9%), dimethyl sulfoxide (DMSO, 
99.9%) and isopropanol (IPA, 99.5%) were purchased from J&K Sci
entific Ltd.. Chlorobenzene (CB, 99.8%) was obtained from Shanghai 
Meryer. 4-Tert-Butylpyridine (TBP, 96%) was obtained from Sigma 
Aldrich, and 3-thiophenboric acid (TBA, 99.95%) was purchased from 
Shanghai bidepharm Technology Co., Ltd.. All the materials were used 
as received unless specified. 

2.2. Device fabrication 

ITO glass was cleaned for several times with detergent and deionized 
water in an ultrasonic cleaning machine (KQ3200DV), and then blew 
with dry N2. The SnO2 colloidal dispersion (15% in H2O colloidal 
dispersion) was diluted to 3.75% with deionized water, and then 40 μL 
of the diluted dispersion was spin coated on the ITO substrate at 4000 
rpm for 40 s and then annealed at 150 ◦C for 30 min in ambient envi
ronment to form a dense SnO2 film. After cooling down to room tem
perature, the substrates were transferred into a glove box. For the TBA- 
treated devices, the TBA solution (0.5, 1, 2, 6 mg mL− 1) were spin coated 
on the SnO2 at 4000 rpm for 30 s and then annealed at 100 ◦C for another 
5 min to remove excess solvent. After cooling down to room tempera
ture, the substrates were washed with 150 μL isopropanol to remove the 
dissociative TBA molecules. The (FAPbI3)0.93(MAPbBr3)0.07 perovskite 
precursor was prepared by dissolving 645.4 mg PbI2, 240.5 mg FAI, 
12.2 mg MABr, 40.4 mg PbBr2 and 34 mg MACl in 1 mL mixed solvent 
(DMF:DMSO = 8:1), followed by stirring for 2 h at room temperature. 
The dense perovskite film was prepared by spin coating 40 μL precursor 
solution on the substrate at 3500 rpm for 30 s. After reaching maximum 
speed, 80 μL CB was dropped at 13 s before the end, then the 
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intermediate film was transferred to the 130 ℃ hot plate and annealed 
for 30 min. The doped Spiro-OMeTAD solution was prepared by dis
solving 50 mg Spiro-OMeTAD, 12.5 μL LiTFSI (520 mg mL− 1 in aceto
nitrile) and 20.4 μL TBP in 1 mL CB, then stirring for 2 h to mix 
completely. The HTL was prepared by spin coating doped Spiro- 
OMeTAD solution on the perovskite film at 4000 rpm for 30 s and no 
annealing followed. Finally, 120 nm of Ag were thermally evaporated on 
top of the HTM layer to obtain a complete device with an effective area 
of 0.06 cm2. 

2.3. Characterizations 

Current-voltage (J-V) curves were measured using a solar simulator 
and a Keithley 2400 source meter. Light intensity was adjusted to AM 
1.5G (100 mW cm− 2) with an calibrated Si solar cell. The test range was 
+ 1.2 to − 0.2 V (reverse scan.) or − 0.2 to + 1.2 V (forward scan), the 
0.02 V step was set. Incident photon-to-electron conversion efficiency 
(IPCE) was tested using xenon lamp (Newport, 69920) as light source. 
The photocurrents from the device or the calibrated silicon detector 
were measured by a lock-in amplifier (SR-830) to calculate the light 
intensity and then the IPCE. The electrochemical impedance spectros
copy (EIS) was measured with an electrochemical workstation (CHI 
660D) in the frequency range of 3 Hz-100 kHz. The bias potential was 
1.0 V with amplitude of 20 mV under AM 1.5G simulated light. UV–Vis 
absorption spectra were obtained by a UV–Vis spectrometer (Shimadzu 
UV-21011C). The steady-state photoluminescence (PL) spectra were 
taken on an FLSP920 and the time-resolved photoluminescence (TRPL) 
were measured with an FLS 1000 spectrometer. The XPS and UPS were 
obtained by Thermo Fisher ESCALAB 250Xi. The X-ray diffraction pat
terns were carried out by an XRD-7000 X-ray diffractometer from SHI
MADZU. The surface and cross-sectional morphology of perovskite films 
were measured by field-emission scanning electron microscopy (SEM, 

JSM-6700F). The EDS spectra were obtained using the same system. The 
surface roughness was obtained using atomic force microscopy (AFM 
CSPM 5500). The contact angle goniometer (YIKE-360A, Chengde Pre
cision Test Instrument Factory, China) was employed to test the contact 
angle (CA). The thickness of perovskite films were measured by a step 
profiler (KOSAKA, ET-150). Transient photovoltage (TPV) and transient 
photocurrent (TPC) of devices were measured by laser pulses (532 nm, 6 
ns width from an Nd:YAG laser) with input impedance of 1 MΩ/50 Ω. 
The FTIR spectra were recorded with a Nicolet iS50 Infrared Fourier 
transform microscope by Thermo Fisher Nicolet 6700. 

3. Results and discussion 

The configuration of control device is ITO/SnO2/(FAPbI3)0.93(
MAPbBr3)0.07/Spiro-OMeTAD/Ag, as shown in Fig. 1a. The TBA modi
fier is inserted between SnO2 and perovskite (PVSK) layers. The TBA is a 
conjugated molecule composed of functional groups including thio
phene ring and hydroxyls. The fabrication procedure of the TBA layer is 
shown in Fig. S1 and the cross-sectional SEM image of PSC is shown in 
Fig. S2. 

Before verifying the effect of TBA at the interface by experiments, the 
density functional theory (DFT) calculations were performed to make 
predictions in advance. The computational details are shown in Sup
plementary Material. The structure with electrostatic potential (ESP) 
map of TBA molecule is shown in Fig. S3, from which the charge dis
tribution of the molecule can be seen [47]. The color gradient from 
yellow to red indicates an increase in electrostatic potential from borate 
group to thiophene ring, which suggests that TBA molecule has dipole 
moment and can link SnO2 and PVSK. The calculation results show that 
the hydrogen (H1) on the hydroxyl group near the S atom is more easily 
to ionize, while the bond strength of O-H1 bond is only 0.028 eV lower 
than the another O-H2 bond. Subsequently, considering these two forms 

Fig. 1. (a) Schematic structure of PSC based on SnO2/TBA ETL. (b and c) Graphic structures with electron density difference plots of (b) SnO2 (110) surface with 
adsorbed TBA molecules bonded with the borate group in TBA (c) (001) surface of PbI2-terminated α-FAPbI3 with adsorbed TBA molecules bonded with the 
thiophene ring in TBA (the isosurface value is set as 0.003 e Å− 3). The orange color indicates electron gain and the green part suggests electron loss. (d) Interaction 
diagram of TBA molecules with SnO2 and perovskite. 
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of ionization, the interaction between the SnO2 surface and TBA mole
cules were investigated. SnO2 (110) surface with the lowest surface 
energy was selected as the model here [48] and the dangling bonds of Sn 
atoms at the surface promote the adsorption of bridged oxygen and –OH 
groups as shown in Fig. S4a. Different binding atoms and adsorption 
orientations of TBA molecules on SnO2 surface were considered, and the 
most stable adsorption form was determined as shown in Fig. 1b. The 
obtained electron density difference plots in Fig. 1b indicates that the 
borate group in TBA could react with the absorbed –OH groups on SnO2 
surface by esterification to form Sn-O-B bond. Orange and green colors 
represent electron gain or loss respectively. The significant charge 
transfer at the interface implies the bonding interaction between TBA 
molecule and SnO2 matrix. The electron exchange is concentrated be
tween O and Sn atoms at the interface and decreases away from the 
interface, indicating the ionic binding interaction between TBA mole
cule and SnO2 matrix. Once it was confirmed that TBA could be adsor
bed stably on the surface of SnO2, we further studied the interaction 
between TBA and perovskite on this basis (Fig. 1c), where the PbI2- 
terminated α-FAPbI3 (001) surface with low surface energy is chosen as 
growth plane [31]. It can be seen that the S atom in the thiophene ring of 
TBA molecule could interacts with Pb2+ on the perovskite surface 
obviously. The electron absorption characteristic of S atom is beneficial 
to obtain electrons from uncoordinated Pb2+ (electron donor) on the 
perovskite surface. However, O atoms also have lone pair electrons that 
have the opportunity to coordinate with Pb2+, therefore it is important 
to exclude the interaction between borate group and perovskite. In order 
to answer this question, we simulated and calculated the interaction 
between thiophene ring and SnO2 (110) surface. Only under the 
premise that the thiophene ring can bond with SnO2, anchoring TBA 
molecules and exposing the borate group on the top, can the O atom in 
the borate group have a chance to react with the perovskite. As shown in 
Fig. S4b and S4c, however, it is difficult for thiophene ring to react with 
SnO2 surface because S atom cannot bond with the surface atoms and no 
stable anchoring site was found (the elliptical parts indicate the 

distances between S atom and the nearest surface O atoms which fail to 
bond). Thus, we believe that the –OH in TBA can interact with the hy
droxyl group adsorbed on Sn atom, forming Sn-O-B bond through 
releasing H2O. This linkage between TBA and SnO2 thus reduces the 
hydroxyl groups adsorbed on the surface. The simulated interaction 
mechanism is shown in Fig. 1d. Besides, there are two hydroxide groups 
in TBA, thus we investigated the interactions between each hydroxide 
group in TBA and SnO2 surface respectively. The results show that both 
of the two hydroxide groups can react with absorbed –OH on SnO2 
surface, sticking TBA molecules on the surface (Fig. S5a and S5b). The 
exposed thiophene rings can provide S atoms coordinating with Pb2+ in 
perovskite, as shown in electron density difference plots (Fig. S5c-f). 

To further determine the interaction mechanism between TBA and 
SnO2 as well as perovskite under experimental conditions and verify the 
results of DFT calculation, the XPS measurements were carried out [49]. 
Here we studied the interaction between TBA and perovskite by coating 
TBA on the prepared perovskite film. The XPS survey spectra of pristine 
SnO2, TBA-modified SnO2, pristine perovskite and TBA-modified 
perovskite films are shown in Fig. S6a and S6b. As illustrated in 
Fig. 2a and 2b, the B 1 s and S 2p spectra confirm the presence of TBA 
molecules on the surface of SnO2 after solvent washing, which is further 
affirmed in the EDS map of SnO2/TBA film (Fig. S7). Fig. 2c shows that 
the binding energy of Sn 3d3/2 (494.76 eV) and Sn 3d5/2 (486.37 eV) for 
pristine SnO2 shift to 495.01 and 486.61 eV respectively after TBA 
modification. This indicates a strong interaction between TBA and SnO2 
to change the electron cloud density around the Sn atoms, which is 
consistent with the DFT calculation results [43]. At the same time, 
interaction between TBA and perovskite is also confirmed by the shift of 
Pb 4f5/2 and Pb 4f7/2 peaks from 143.00 and 138.14 eV to higher 143.09 
and 138.23 eV (Fig. 2d). According to the DFT calculation results, in- 
depth analysis of the O 1 s spectra of the SnO2 and TBA modified 
SnO2 films is critical to understand the interaction between TBA and 
SnO2. Therefore, the XPS spectra of O 1 s were measured and the peak 
fitting is carried out in Fig. 2e and 2f. The O 1 s spectra of pristine SnO2 

Fig. 2. XPS spectra of (a) B 1 s, (b) S 2p and (c) Sn 3d for SnO2 films with and without TBA modification. (d) Pb 4f spectra of the perovskite with and without TBA 
coating. O 1 s spectra of (e) the pristine SnO2 film and (f) the SnO2/TBA film. 
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film can be divided into three peaks. The peak at about 530.26 eV (blue) 
is assigned to the lattice oxygen from SnO2, the peak located at 529.38 
eV (green) is attributed to the lattice oxygen from SnO and the peak at 
higher binding energy (531.35 eV, yellow) is classified as surface 
chemisorbed oxygen which are mainly –OH groups [46]. Obviously, 
after TBA treatment, an obvious asymmetric broad peak appears at the 
higher binding. Peak fitting shows that the lattice oxygen (SnO2 and 

SnO) does not change significantly, but a new oxygen specie appears at 
531.94 eV, which is belong to the redundant –OH groups in TBA mol
ecules. More importantly, the peak of –OH adsorbed on the SnO2 film 
moves to lower binding energy of 531.14 eV and the intensity is greatly 
suppressed. This observation confirms the results of DFT calculation that 
the borate in TBA molecule can interact with the –OH on the surface of 
SnO2 film by esterification to form Sn-O-B bond and reduce the amount 

Fig. 3. The UPS spectra of (a) pristine SnO2, (b) SnO2/TBA and (c) perovskite films. (d) Energy level diagram of different layers in device. Steady-state (e) and time- 
resolved PL (f) spectra of the perovskite films based on bare SnO2 and TBA modified SnO2 substrates. 
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of –OH groups. Furthermore, the interaction between TBA and SnO2 as 
well as perovskite were also confirmed by FTIR spectra (Fig. S8). It’s 
worth noting that to easier distinguish the signal, the method of powder 
mixture grinding (TBA and SnO2 or PbI2) was used. In Fig. S8a, the 
stretching vibration peak of O–H of absorbed –OH on SnO2 sample ap
pears at 3431.4 cm− 1 and the O–H in the TBA molecule appears at 
3274.1 cm− 1. The broadened peak of O–H indicates the interaction be
tween the borate in TBA and the –OH absorbed on SnO2. Moreover, this 
effect is also reflected in the B-O stretching vibration peak shifting from 
1415.7 cm− 1 of TBA molecule to 1402.8 cm− 1 of SnO2-TBA mixture 
(Fig. S8b), confirming the XPS results. As illustrated in Fig. S8d, after 
reacting with PbI2, the peak of C-S-C in TBA (1027.4 cm− 1) shifts to 
1042 cm− 1. In combination with the shifted Pb 4f peaks in Fig. 2d and 
the DFT calculation, we can conclude that the S atoms in thiophene 
groups are easy to coordinate with Pb2+ in perovskite. 

The ultraviolet photoelectron spectroscopy (UPS) was performed 
firstly to explore the effect of TBA on the energy level arrangement as 
shown in Fig. 3a-c. The cut-off binding energies (Ecut-off) of SnO2 and 
SnO2/TBA are 16.35 and 16.37 eV respectively. According to equation 
EF = Ecut‑off-21.22 eV, the calculated Fermi level (EF) of SnO2 and SnO2/ 
TBA are − 4.87 and − 4.85 eV respectively. The Fermi edge (EF, edge) is 
estimated to be 3.73 eV for SnO2 and 3.62 eV for SnO2/TBA. The valence 
band energy level (EVB) of SnO2 and SnO2/TBA films are calculated as 
− 8.6 and − 8.47 eV respectively using the formula EVB = EF-EF, edge. 
Finally, according to the measured optical band gap value of 4.02 eV 
(Fig. S10), the conduction band energy level ECB are calculated to be 
− 4.58 eV for SnO2 and − 4.45 eV for SnO2/TBA. Similarly, the EF, EVB 
and ECB of the perovskite film are calculated to be − 4.31, − 5.85 and 
− 4.27 eV respectively (Fig. S11). Fig. 3d shows the energy level 
alignment diagram of the device. Compared with pristine SnO2, the ECB 
and EF of SnO2/TBA film shift upward slightly and are closer to the ECB 
and EF of perovskite film. Our DFT calculation indicates ordered dipoles 
are formed after TBA modification, which are believed to be the reason 
of the energy shift [43]. Such better energy level arrangement is bene
ficial for the electron extraction at the interface and reduction of energy 
loss, which may leads to less hysteresis and higher VOC of devices as 
discussed below. 

Subsequently, for the better understanding of carrier dynamics at the 
interface, steady-state PL and time-resolved PL (TRPL) spectra were 
measured for perovskite films deposited on SnO2 and TBA modified 
SnO2. As shown in Fig. 3e, more PL quenching is observed in the 
perovskite film grown on SnO2/TBA substrate. The increased PL 
quenching may be due to 1) the enhancement of electron extraction and 
transportation at the interface, 2) the more trap-states caused by inferior 
perovskite film. The SEM image of perovskite film deposited on SnO2/ 
TBA substrate shows less pin-holes than film based on SnO2 ETL 
(Fig. S12a and S12c), which is beneficial for carrier transportation and 
long-term stability. Moreover, the vertically oriented grains across the 
whole SnO2/TBA based perovskite film also exclude the more traps in 
the film (Fig. S12b and S12d). The better crystallization and growth of 
perovskite can be ascribed to the inhibited disordered heterogeneous 
nucleation by TBA, which mainly comes from the increased contact 
angle (CA) of substrate (Fig. S14c and S14d) and is confirmed by the 
results of XRD intensity and light absorption enhancement of perovskite 
(Fig. S12e and S12f). The interface defect passivation also contributes 
to the inhibition of non-radiative recombination. All these positive in
formation come to beneficial effect of TBA modification. Thus, the PL 
quenching is associated with the interface change rather than the 
perovskite film. We determine that PL quenching comes from a more 
matched energy level alignment, which improves the charge transfer at 
the interface. To further quantify the carrier lifetime, TRPL spectra of 
perovskite films based on different substrates were tested (Fig. 3f). By 
fitting the corresponding curves with bi-exponent decay function, the 
fast and slow decay lifetime (τ1 and τ2) and calculated average decay 
lifetime (τave) were obtained (Table S2) [44]. The lower τave of the 
perovskite film deposited on TBA-modified SnO2 (97.44 ns) compared to 

that of the original one (148.61 ns) is consistent with the PL results, 
which means better charge transfer happened at interface. 

To evaluate the defects, the space-charge-limited current (SCLC) was 
firstly tested [50]. As shown in Fig. 4a and 4b, the dark J-V curves of the 
electron-only devices can be divided into three parts: the Ohmic region, 
trap-filling limited region with a sharp increase in current and the trap- 
free Child’s region. Here, VTFL decreases from 0.436 to 0.269 V after TBA 
modification and then the trap density (Nt) of perovskite films are 
calculated by the equation [51]: 

Nt =
2VTFLεrε0

qL2 (1) 

where εr is the relative dielectric constant of perovskite, here 30.8 is 
chosen [43], ε0 is vacuum dielectric constant, q is electric charge and L is 
the thickness of perovskite film (~600 nm as shown in Fig. S9). The 
calculated Nt decreases significantly from 4.12 × 1015 to 2.54 × 1015 

cm− 3 after TBA modification (Table S3). According to the results 
mentioned above, the reduction of defects in perovskite film can be 
mainly attributed to the coordination of S atoms in TBA with Pb2+ in 
perovskite. Moreover, the improvement of perovskite crystal quality and 
the reduction of pin-holes also have some contributions to the decrease 
of defects. Then, the EIS were performed in the frequency range of 3 Hz- 
1000 kHz under AM 1.5G simulated light to obtain deep insight into 
interfacial charge transfer and recombination (Fig. 4c). The bias po
tential is 1.0 V with an amplitude of 0.02 V. The fitted EIS spectra results 
are listed in Table S4. The semicircle in the low frequency region rep
resents the recombination resistance (Rrec), indicating the degree of non- 
radiative recombination at the interface. The semicircle in the high 
frequency range represents the transport resistance (Rtr), indicating the 
charge transfer and interfacial charge extraction in the device [52]. 
After TBA modification, the Rtr decreases from 266.5 to 183.5 Ω, sug
gesting the improved charge transfer and better extraction at SnO2/ 
perovskite interface, which is consistent with the UPS results. The Rrec 
increases from 154.0 to 266.3 Ω, implying the effective defect sup
pression by TBA modification. The reduction of defects comes from the 
decrease of –OH groups on SnO2 surface by esterification and coordi
nation between S atoms in TBA and Pb2+ in perovskite, which can be 
verified by the decreased ideality factor (n). As shown in Fig. 4d, the n 
values decrease from 1.70 to 1.52 kT/q for PSCs based on SnO2 and 
SnO2/TBA ETLs. Finally, the TPC and TPV were performed to study the 
carrier transport process, carrier lifetime and recombination rate in PSCs 
[53]. As shown in Fig. 4e and 4f, compared with the control device, the 
TPC of the device based on SnO2/TBA ETL decays faster, indicating its 
better carrier transport. Moreover, the TPV decays more slowly after 
TBA modification, implying a longer carrier lifetime, which related to 
less non-radiative interfacial recombination. In a word, TBA modifica
tion can passivate the interface defects by removing surface hydroxyl 
groups and coordinating with Pb2+, improve the crystallization and 
growth of perovskite, and reduce the bulk defects. Therefore, faster 
carrier transport and longer carrier lifetime are achieved. 

The positive effects of TBA molecule on defect passivation, energy 
level adjustment, carrier dynamics and perovskite crystallization in PSCs 
can definitely influence the device performance. As illustrated in 
Fig. S15 and Table S5, the optimization TBA concentration was ob
tained as 1.0 mg mL− 1. In addition, as shown in Fig. S16, we excluded 
the contribution of solvent IPA. The efficiency drop after 1 mg mL− 1 is 
mainly due to the insulating property of TBA, which is mainly reflected 
in the conductivity decrease of the SnO2/TBA film when using higher 
concentrated TBA, as shown in Fig. S17. After optimization, the average 
VOC, JSC, FF and PCE increase from 1.138 V, 21.662 mA cm− 2, 78.56% 
and 19.32% of the control devices to 1.179 V, 22.301 mA cm− 2, 79.92% 
and 21.01% of the 1.0 mL− 1 TBA modified devices. The champion de
vices are compared in the Fig. 5a. The higher PCE up to 21.80% 
compared to the control one (19.74%) is attributed to the comprehen
sive improvement of VOC (from 1.163 to 1.197 V), JSC (from 21.895 to 
22.526 mA cm− 2) and FF (from 77.51% to 80.83%). Furthermore, the 
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Fig. 4. Dark J-V curves of electron-only (ITO/ETL/PVSK/C60/BCP/Ag) devices (a) without or (b) with TBA treatment. (c) Nyquist plots and the equivalent circuit. (d) 
Open circuit voltage values of the PSCs with/without TBA treatment as function of light intensity. (e) TPC and (f) TPV of the devices based on SnO2 or SnO2/ 
TBA ETLs. 

Fig. 5. (a) The J-V curves of the champion devices based on pristine SnO2 or SnO2/TBA ETLs. (b) Statistical PCE distribution of the pristine and TBA modified PSCs. 
(c) IPCE and corresponding integrated current curves of devices based on SnO2 or SnO2/TBA ETLs. (d, e) J-V curves measured by reverse scan (RS) and forward scan 
(FS), (f) Stabilized output current densities and efficiencies at maximum power points for control and TBA optimized PSCs. 
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PSCs based on the SnO2/TBA ETL have excellent reproducibility as 
shown in the Fig. 5b. The increase in VOC is attributed to the better 
energy level alignment and passivation of defects at SnO2/perovskite 
interface including the reduction of hydroxyl groups on SnO2 surface 
and coordination of Pb2+ in perovskite. The increase of JSC is mainly 
comes from the optimized perovskite crystallization that leads to better 
light absorption as UV–Vis results shown and the improved carrier 
transport, and the increased conductivity of SnO2/TBA film (Fig. S17) 
mainly responsible for FF enhancement. 

Fig. 5c shows the IPCE spectra of the control and optimized devices. 
The integrated current density increases from 21.672 to 22.441 mA 
cm− 2, consisting with the trend of J-V curves. Moreover, the PSC after 
TBA modification show weaker hysteresis (hysteresis index, HI = 0.009) 
than the control one (HI = 0.06) (Fig. 5d, 5e and Table S6), suggesting 
the less charge accumulation at SnO2/TBA interface. Furthermore, we 
tested the stable output for 300 s at maximum power point of the control 
and optimized devices (Fig. 5f). After 300 s, the current density and PCE 
of the control device decrease from 20.55 mA cm− 2 and 19.27% to 
20.09 mA cm− 2 and 18.84%, respectively. In contrast, the performance 
of TBA-modified device is very stable during the same period of time. 

In the end, we stored the unencapsulated devices in ambient at ~ 
20% RH and tested their performance ocassionally for more than 1000 h 
to investigate their stability. As shown in Fig. 6. only 35% of the initial 
PCE is maintained for the control device after 1000 h storage, contrast to 
the about 90% PCE for the device based on SnO2/TBA ETL. The stability 
evaluations have also been conducted under ambient humidity (~50% 
RH) for 200 h (Fig. S18) and under continious illumination (Fig. S19). 
Though the decay rate are different, all tests show the better stability of 

devices after TBA modification, showing the same trend in Fig. 6. The 
longer lifetime is mainly due to the stability of TBA molecule itself, the 
reduction of interface defects under the multiple passivation by TBA 
modification and the pin-hole free perovskite film from optimization of 
crystallization. All are beneficial to the device structure stability and 
reduction of water/oxygen penetration and ion migration. 

4. Conclusion 

In summary, we have successfully developed a multi-functional 
conjugated molecule TBA to modify the interface between SnO2 ETL 
and perovskite. The interaction between TBA and SnO2 as well as 
perovskite was simulated by DFT calculation, and was verified by XPS 
and FTIR spectra. TBA molecules can stick to the surface of SnO2 
through the esterification reaction between borate and hydroxyl group 
absorbed on the SnO2, forming B-O-Sn bonds to reduce the number of 
hydroxyl groups. The S atoms in thiophene groups of TBA provides 
electrons and coordinate with lead ions in perovskite. Moreover, TBA 
also provides the nucleation sites and less hydrophilic substrate for 
perovskite growth. After TBA modification, the better energy level 
arrangement reduces the energy loss thanks to the dipole moment of 
TBA. The defects of SnO2/perovskite interface are reduced and the trap- 
assisted non-radiative recombination are suppressed. Furthermore, the 
quality of perovskite film is improved thanks to less pin-holes and 
harmful grain boundaries. In the end, we achieved a comprehensive 
improvement, leading to PCE increase from 19.74% to 21.80% with 
improved stability. The unencapsulated device based on TBA treated 
SnO2 retained about 90% of its initial efficiency after aging for 1000 h in 

Fig. 6. Stability of JSC, VOC, FF, and PCE of the unencapsulated PSCs based on the unmodified and the TBA modified SnO2 in ambient at ~ 20% RH.  
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ambient at ~ 20% RH, retained 88% after aging at ~ 50% RH for 200 h 
and 53% after aging under continuous illumination for 100 h. Our 
research provides a guidance for the design and development of multi- 
functional small molecule interface modification materials to improve 
the photovoltaic performance and long term stability of perovskite solar 
cells. 
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