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A B S T R A C T   

Interfacial defect and residual stress hinder the further enhancement of power conversion efficiency (PCE) and 
stability of perovskite solar cells (PSCs). Here, we report a multifunctional interface modification strategy where 
KPF6 molecule is employed to modify SnO2/perovskite interface. It is revealed that PF6

− is still located at interface 
whereas most of K+ ions diffuse into perovskite layer. PF6

− can chemically link SnO2 layer and perovskite layer 
via the hydrogen bond with perovskites and coordination bond with SnO2, resulting in improved interfacial 
contact. KPF6 interface modification leads to improved perovskite film quality, interfacial defect passivation, and 
interfacial stress release. As a result, the KPF6-modified device achieves an efficiency enhancement from 19.66% 
to 21.39% as compared to the control device. Meanwhile, moisture, thermal and light stability are ameliorated 
after interface modification. The unencapsulated KPF6-modified device maintains 80.1% of its initial PCE after 
aging for 960 h at 60 ◦C and 57.2% after aging for 960 h under one sun illumination, respectively. This work 
provides an idea for developing multifunctional interface molecules toward simultaneously enhancing efficiency 
and stability of PSCs.   

1. Introduction 

The perovskite solar cells (PSCs) have witnessed a rapid development 
in power conversion efficiency (PCE) and stability since the first report 
on the all-solid-state PSCs with a promising PCE of 9.7% [1]. Recently, 
the certified record PCE of single-junction PSCs has reached 25.5% [2], 
which is approaching that of monocrystalline silicon solar cells. 
Currently, most of high-efficiency PSCs with a PCE exceeding 24% were 
fabricated based on mesoporous TiO2 electron transport layer (ETL) 
[3–5]. However, the fabrication of mesoporous TiO2 ETL requires high 
annealing temperature, which is energy-intensive and not compatible 
with the fabrication of flexible PSCs. Moreover, TiO2 based PSCs are 
usually perplexed by the poor ultraviolet stability and serious hysteresis. 
In recent several years, tin dioxide (SnO2) based PSCs have received 
significant attention due to low-temperature fabrication, excellent ul
traviolet stability and low hysteresis [6–9]. Currently, the highest PCE of 
as high as 25.2% has been achieved for SnO2 based PSCs [6]. Never
theless, this efficiency value is still far from the theoretical Shockley- 
Queisser limit efficiency [10]. Poor perovskite film quality, interfacial 
defects, and interfacial stress should be mainly responsible for the 

efficiency and stability losses [10–15]. Consequently, it is imperative to 
further increase efficiency and stability of SnO2 based PSCs through 
improving perovskite film quality, passivating interfacial defects, and 
releasing interfacial stress. 

The perovskite film quality is directly related to the PCE and stability 
of the final PSCs. Presently, all efficient PSCs were fabricated based on 
polycrystalline perovskite film instead of single crystal one 
[3–6,8,15–16]. However, a mass of defects would be inevitably pro
duced in the final polycrystalline perovskite film during high- 
temperature annealing and fast crystallization, which would result in 
nonradiative recombination loss and thus deteriorate device perfor
mance [10,17]. It is well-known that the quality of perovskite films can 
be regulated through the following strategies, such as perovskite 
composition engineering, precursor solvent and antisolvent engineer
ing, additive engineering, deposition substrate modulation, etc. Among 
them, it has been demonstrated to be one of feasible and effective ap
proaches to improve perovskite film quality via modulating deposition 
substrate [9,18]. Except for perovskite film quality, interfacial non
radiative recombination resulting from interfacial defects from the 
surfaces of perovskite and/or charge transport layer is one of important 
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reasons for device performance loss. It was widely testified that the 
SnO2/perovskite interface plays a critical role in the final device per
formance [19–22]. The positively charged defects (e.g., oxygen va
cancies, and halide vacancies) and negatively charged defects (e.g., 
cation vacancies, and Pb-I antisites) may exist simultaneously at this 
interface. Compared with TiO2/perovskite interface, the work on 
modulating SnO2/perovskite interface is highly limited [11]. To date, 
some molecules have been developed to passivate the interfacial defects 
at SnO2/perovskite interface, such as Lewis acid or base [23–24], anion 
[25] or cation [26–27], organic or inorganic salts [19,28], etc. Among 
them, salt molecules containing both anion and cation could be more 
effective owing to the simultaneous passivation of anionic and cationic 
defects [19,28]. However, rational engineering of anion and cation is of 
great importance in order to maximize the passivation effect of the salt 
molecules. In the past few years, potassium ion (K+) has been exten
sively demonstrated to be able to effectively passivate the defects in 
perovskite films and accordingly to increase device performance 
[29–32]. To the best of our knowledge, most of salt interface modifiers 
employed halide anions as counterions up to now [8,19,28]. To seek out 
the optimal anions, molecular anions also should be attempted. For this 
purpose, an enhancement from 17.8% to 19.3% was achieved due to the 
formation of FA0.88Cs0.12PbI3− x(PF6)x interlayer at perovskite/Spiro- 
OMeTAD interface by ion exchange reaction between I− and PF6

− [33]. 
It was found that formed interlayer can effectively passivate the defects 
at the surface of perovskite films. In addition, some other molecular 
anions were also incorporated into interface modifiers to passivate 
interfacial defects, such as BF4

− [34], SO4
2− [35], NO3

− [36], etc. Conse
quently, molecular anions are expected to be incorporated into interface 
molecules to further increase the efficiency and stability of PSCs. 

In recent two years, stress-induced strain in perovskite films has been 
demonstrated to be detrimental to device performance [37]. The stress 
(σ) can be estimated according to the formula of σΔT = Ep/(1 − νp)(αs −

αp)ΔT, where Ep is the modulus of the perovskite, υp is Poisson’s ratio of 
the perovskite, αs and αp are the thermal expansion coefficients of the 
substrate and the perovskite, respectively, and ΔT is the temperature 
gradient [38]. Therefore, generation of stress in perovskite films is 
mainly ascribed to the thermal expansion coefficients difference of the 
substrate and the perovskite, temperature gradient, and Ep. Since high- 
temperature annealing is indispensable for high-quality perovskite 
films, it could be an effective method of releasing interfacial stress to 
reduce Ep and thermal expansion coefficients difference via modulating 
SnO2/perovskite interface. In view of this, Wang et al. released the 
interfacial stress through treating perovskite films with organic ammo
nium salts (octylammonium iodide (OAI) and phenethylammonium io
dide (PEAI)), which was attributed to the lattice reconstruction at the 
surface of the perovskite films and thus reduced elastic modulus [39]. 
Xue et al. found that the residual tensile strain can be compensated by 
incorporating an external compressive strain from hole transport layer 
[38]. Additionally, the tensile stress was released through inserting WS2 
interface layer between SnO2-TiOxCl4− 2x ETL and CsPbBr3, led to 
improved efficiency and stability [40]. The above works strongly sug
gest that it is a feasible and effective method to release interfacial stress 
by interface engineering. 

To date, most interface modification molecules either improve 
perovskite film quality, passivate interfacial defects, or release interfa
cial stress. It is still a big challenge to simultaneously achieve the above 
three functions. We previously developed a multifunctional chemical 
linker 4-imidazoleacetic acid hydrochloride (ImAcHCl) to modify the 
SnO2/perovskite interface, resulting in the realization of crystallization 
improvement, defect passivation, and energy level alignment modula
tion [19]. In addition, You et al. achieved an average PCE of 23.03% 
through a multifunctional modification strategy where a biological 
polymer (HP) was employed to modify SnO2 nanocrystals [9]. The above 
works encourage us to develop more effective interface modification 
molecules to improve perovskite film quality, passivate interfacial de
fects, and release interfacial stress simultaneously. 

In this work, we developed a multifunctional interface modification 
strategy where potassium hexafluorophosphate (KPF6) is incorporated 
to modify SnO2/perovskite interface. After KPF6 modification, multiple 
functions have been realized, including facilitating perovskite crystal
lization, passivating interfacial defects, and releasing interfacial stress. 
As a result, both PCE and stability are enhanced after KPF6 modification. 
The device modified by KPF6 achieves a PCE of 21.39%. The unencap
sulated modified device maintains 80.1% of their initial PCE after aging 
at 60 ◦C for 960 h and 57.2% after aging under one sun illumination for 
960 h, respectively. 

2. Results and discussion 

The planar PSC with the structure of ITO/SnO2/perovskite/Spiro- 
OMeTAD/Au was fabricated, where perovskite composition was 
Rb0.05(FA0.95MA0.05)0.95PbI2.85Br0.15. In order to further improve the 
PCE and stability of SnO2 based PSCs, we introduced KPF6 to modify 
SnO2/perovskite interface, as shown in Fig. 1a. As reported previously, 
K+ is expected to be capable of passivating cation vacancy defects from 
the terminal of perovskite films or suppressing iodide ion migration 
[29–31]. PF6

− is expected to be able to chemically link perovskite layer 
and SnO2 layer. On the one hand, the strong hydrogen bond would be 
formed between F atom in PF6

− and organic cations (i.e., formamidinium 
(FA+) and methylammonium (MA+)) from perovskite. On the other 
hand, the coordination bond would be formed between F atom in PF6

−

and Sn4+ in SnO2 (oxygen vacancies). 
First, time of flight secondary ion mass spectroscopy (ToF-SIMS) 

measurement was performed to confirm the presence of the KPF6 and 
investigate its cross-sectional distribution. As illustrated in Fig. 1b, 
appearance of F− and K+ ions confirmed the existence of KPF6 in the 
final device. It was interesting that F− ions were still located at the SnO2/ 
perovskite interface while most of K+ ions had diffused into the whole of 
perovskite films to form a gradient distribution from the surface of 
perovskite films to bottom interface. This indicates that K+ ions can 
freely migrate probably because of no chemical interaction while F− ions 
were bound at SnO2/perovskite interface due to some kind of strong 
chemical interaction. X-ray photoelectron spectroscopy (XPS) and 
Fourier transforms infrared spectroscopy (FTIR) measurements were 
further carried out to study the chemical interaction between KPF6 and 
perovskite or SnO2. The XPS survey spectra of the pristine SnO2 and the 
KPF6-modified SnO2 are shown in Fig. S1. As illustrated in Fig. 1c, the 
binding energies of Sn 3d5/2 (486.8 eV) and 3d3/2 (495.3 eV) peaks of 
SnO2 film were increased to 487.1 eV and 495.6 eV after KPF6 modifi
cation, respectively, which showed that there was a strong chemical 
interaction between SnO2 and KPF6. A new peak at 487.9 eV in KPF6- 
modified SnO2 was observed, which was assigned to the formation of Sn- 
F bond [41]. There was F 1s peak in the KPF6-modified SnO2 sample 
while no F 1s peak in the pristine SnO2 sample, which again confirmed 
the presence of KPF6 in final device, as presented in Fig. 1d. Interest
ingly, two F 1s peaks (684.5 eV and 687.4 eV) were obviously observed, 
which were assigned to F in PF6

− and F in Sn-F bond, respectively. It 
indicates that the chemical interaction between SnO2 and KPF6 occurred 
via the coordination bond between F in PF6

− and SnO2. As exhibited in O 
1s spectra in Fig. 1e, the O 1s peak of both SnO2 and modified SnO2 films 
was deconvoluted into two peaks of 529.9 eV and 531.8 eV, which was 
ascribed to lattice oxygen (OL) and vacancy oxygen (OV) in SnO2, 
respectively [42]. The peak area ratio (ROV) of OV was estimated by the 
formula of ROV = SOV/(SOL + SOV), where SOV and SOL stand for the peak 
area of OV and OL, respectively. The ROV of SnO2 with KPF6 was calcu
lated to be 0.27, which was lower than 0.32 of the pristine SnO2. This 
means that oxygen vacancies were effectively filled by F in KPF6. It was 
reported that oxygen vacancy defects in SnO2 ETL were harmful to de
vice performance [42]. As displayed in Fig. 1f, new peak at 552 cm− 1 

due to the stretching vibration of Sn-F [43] was found in the KPF6- 
modified SnO2 as compared to bare SnO2, confirming the chemical 
interaction between PF6

− and SnO2, which was consistent with the XPS 

H. Bi et al.                                                                                                                                                                                                                                       



Chemical Engineering Journal 418 (2021) 129375

3

results in Fig. 1c-e. The two peaks (546.2 cm− 1 and 793.1 cm− 1) from P- 
F in pure KPF6 were shifted to higher wavenumbers in comparison with 
the SnO2 with KPF6 (560.2 cm− 1 and 828.3 cm− 1), as illustrated in 
Fig. 1g. The peak at 3404.3 cm− 1 assigned to N–H stretching vibration 
in pristine perovskite was shifted toward higher wavenumber compared 
with the perovskite with KPF6 (3398.0 cm− 1) (Fig. 1h). [44] Moreover, 
the peak wavenumber of NH3

+ was reduced from 1471.1 cm− 1 of bare 
perovskite film to 1465.7 cm− 1 of the KPF6-modified perovskite film 
(Fig. 1i) [45]. The above results suggest that the hydrogen bond between 
PF6

− in KPF6 and NH3
+ in perovskite was formed. In a word, PF6

− in KPF6 
can chemically link perovskite layer and SnO2 layer through hydrogen 
bond and coordination bond, respectively. 

UV-vis absorption measurement was carried out to investigate the 
effect of the KPF6 modification on the light harvesting property of 
perovskite films. Obviously, the absorption intensity was almost not 
affected by KPF6 modification as revealed in Fig. S2. As shown in Atomic 
force microscopy (AFM) images in Fig. S3, the root means square (RMS) 
roughness of perovskite film was reduced from 29 nm to 21 nm after 
KPF6 modification. The top-view and cross-sectional scanning electron 
microscopy (SEM) images of the perovskite films deposited on the glass/ 
ITO/SnO2 without and with KPF6 modification are exhibited in Fig. 2a- 
d. We can clearly see some pinholes in the control perovskite film while 
no in the modified one (Fig. 2a,b). More uniform and smoother perov
skite film was obtained after KPF6 modification as compared to the 
control perovskite film. The cross section of the perovskite film with 

KPF6 seems to be smoother and more compact than that of the control 
perovskite film (Fig. 2c,d). The perovskite film with KPF6 modification 
had a larger average grain size of 1.55 μm compared to the control 
perovskite film (1.37 μm) (Fig. 2e,f). In short, KPF6 modification 
improved perovskite film quality by increasing grain size and improving 
morphology. It implies that KPF6 can facilitate perovskite growth. 

The steady-state photoluminescence (SSPL) and time-resolved pho
toluminescence (TRPL) spectra were measured to uncover the effect of 
KPF6 interface modification on the carrier lifetimes of perovskite films 
(Fig. 3a,b). TRPL spectra were fitted by using the double exponential 
function equation of I(t) = I0 + A1exp(− t/τ1) + A2exp(− t/τ2) [19,46], 
where A1 and A2 represent the decay amplitude of fast and slow decay 
process, respectively. τ1 and τ2 stand for the fast and slow decay time 
constants, respectively. The average carrier lifetime (τave) was calcu
lated through employing the equation of τave = (A1τ1

2 + A2τ2
2)/(A1τ1 +

A2τ2) [19,46]. The corresponding fitting data are shown in Table S1. As 
presented in Fig. 3a, PL intensity of the perovskite film with KPF6 was 
much higher than that of the control perovskite film regardless of 
measuring direction (glass side or perovskite side), which was in good 
agreement with the significant carrier lifetimes from 1347.6 ns to 
2547.5 ns upon measuring from glass side and from 1539.7 ns to 2155.2 
ns measuring from perovskite side (Fig. 3b and Table S1). Regarding 
perovskite side, K+ diffused from KPF6 at interface could passivate the 
defects within perovskite films. The improved perovskite film quality 
was also one of reasons for increased carrier lifetimes. With respect to 

Fig. 1. (a) Schematic illustration of the device structure in this work. (b) ToF-SIMS depth profiles of the perovskite/KPF6/SnO2/ITO/glass. The molecular fragments 
from the perovskite (PbI3− ), KPF6 (F− and K+), the SnO2 (SnO2− ), and the ITO (InO− ) are shown. (c) Sn 3d, (d) F 1 s, and (e) O 1 s XPS spectra of the SnO2 films 
without and with KPF6 modification. (f) FTIR spectra of the SnO2 films without and with KPF6 modification. FTIR spectra in the range of (g) 400–1200 cm− 1, (h) 
3360–3440 cm− 1, and i) 1400–1560 cm− 1of KPF6, glass/perovskite, and glass/KPF6/perovskite. PVSK stands for perovskite. 
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the glass side, the enhanced carrier lifetimes should be ascribed to 
effective passivation of KPF6 for the defects from perovskite films. Be
sides, increase degree in PL intensity and carrier lifetimes from glass side 
was larger than that from perovskite side. It shows that KPF6 modifi
cation had a bigger effect on interface relative to bulk of perovskite 
films. Interestingly, slightly blue-shifted PL peaks can be observed after 
KPF6 modification independent of measuring directions, which also 
confirmed that KPF6 can effectively passivate interfacial trap states 
[47,48]. As exhibited in PL mapping images in Fig. 3d,e, PL intensity 
was remarkably increased after KPF6 modification, which was in 
excellent accordance with the above single-point PL measurement 
results. 

Subsequently, the space charge limited current (SCLC) measurement 
was performed to quantitatively calculate the defect densities of 
perovskite films without and with KPF6. Fig. 3e,f show the typical dark 
current–voltage (I-V) curves of electron-only devices (ITO/SnO2/ 
perovskite/PCBM/BCP/Ag and ITO/SnO2/KPF6/perovskite/PCBM/ 
BCP/Ag). The defect density was calculated according to the equation of 
nt = (2εε0VTFL)/(eL2), where ε is the dielectric constant of the perovskite, 
ε0 is the vacuum dielectric constant, VTFL is trap-filled limit voltage 
obtained by fitting dark I-V curves, L is the thickness film of the 
perovskite, and e is the elementary charge [19]. KPF6 modification led to 
significant decrease in defect density from 9.01 × 1015 cm− 3 to 3.38 ×
1015 cm− 3, which was consistent with increased carrier lifetimes (Fig. 3b 
and Table S1). Both PL and defect density measurements indicate that 

KPF6 modification can markedly improve perovskite film quality 
through increasing carrier lifetimes and reducing defect density. The 
improved film quality could be attributed to the following reasons: First, 
K+ ions that diffused from interface into bulk of perovskite film could 
effectively passivate the defects within the perovskite films. Second, 
improved perovskite crystallization due to KPF6 modification should 
contribute to the improved film quality. Third, iodine vacancy defects 
could be filled by PF6

− . Finally, the FA+ or MA+ vacancies may be 
reduced due to effective inhibition of organic cation migration through 
forming strong hydrogen bond between PF6

− and NH3
+. 

X-ray diffraction (XRD) measurement was carried out to gain insights 
into the effect of KPF6 modification on crystal structure and crystallinity 
of the perovskite films, as shown in Fig. 4a. The characteristic diffraction 
peaks at 2θ values of 13.97

◦

, 28.19
◦

, 31.58
◦

, 40.29
◦

, and 42.78
◦

, corre
sponding to the (101), (202), (211), (024) and (131) crystal planes of 
cubic perovskite, respectively, were observed in both control and 
modified perovskite films. This means that KPF6 modification did not 
change the crystal structure of perovskite films. The crystallinity of the 
perovskite film was increased after KPF6 modification as reflected by the 
enhanced diffraction peak intensity. As we discussed in the introduction, 
interfacial residual stress was detrimental to device performance. The 
depth-dependent grazing incident X-ray diffraction (GIXRD) measure
ment has been successfully used to investigate the stress distribution of 
perovskite films [40]. Here we also used depth-dependent GIXRD 
measurement to reveal the effect of KPF6 modification on interfacial 

Fig. 2. Top-view SEM images of the perovskite films prepared on (a) SnO2 and (b) SnO2 modified by KPF6 films. Cross-sectional SEM images of (c) ITO/SnO2/ 
perovskite and (d) ITO/ SnO2/KPF6/perovskite samples. The scale bar is 400 nm. The corresponding grain size statistics from (a) and (b) are shown in (e) and (f), 
respectively. 
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residual stress, as displayed in Fig. S4. First, it is important for finding a 
suitable incident angle (ω) to ensure that the SnO2/perovskite interface 
can be detected. As shown in Fig. S5, a characteristic diffraction peak of 
SnO2 was observed upon ω = 1.5◦ whereas no this peak upon ω = 1.3◦. 
Therefore, we selected a series of ω (ω = 0.3◦, 0.5◦, 0.7◦, 0.9◦, 1.1◦, 1.3◦, 
and 1.5◦) to explore the stress distribution of perovskite films at different 
depths. The diffraction peak at 2θ = 31.58◦ of the control perovskite film 
gradually shifted toward low angles as the ω increased from 0.3◦ to 1.5◦

while the diffraction peak of the perovskite film modified by KPF6 was 
almost maintained regardless of ω (Fig. 4b,c). According to the Bragg 
equation of nλ = 2dsinθ, the shift of diffraction peak toward low angle 
would result in increased interplanar crystal spacing and thus lattice 

expansion, finally leading to stress and strain. Evidently increased d- 
spacing of the unmodified perovskite film was observed upon varying 
the incident angles from 0.3◦ to 1.5◦ while the d-spacing of the modified 
perovskite film was almost maintained constant, as shown in Fig. 4d. 
This suggested that the residual stress of perovskite films was almost 
released completely after KPF6 modification. The released stress could 
be related to effective interfacial defect passivation after KPF6 modifi
cation. It was reported that interfacial stress was effectively released 
through incorporating WS2 at ETL/ CsPbBr3 interface [40]. They 
thought that WS2 acted as “lubricant” between ETL and perovskite. In 
our work, KPF6 could serve as the similar function with the above work 
because KPF6 can chemically link SnO2 ETL and perovskite layer as well 

Fig. 3. (a) Steady-state photoluminescence (SSPL) and (b) Time-resolved photoluminescence (TRPL) spectra of the perovskite films deposited on non-conductive 
glass and KPF6-coated non-conductive glass, which were measured from the glass side or perovskite side. PVSK stands for perovskite. PL mapping images of the 
perovskite films prepared on the (c) glass and (d) glass/KPF6 substrates. Dark I–V curves of the electron-only devices with the structures of (e) ITO/SnO2/perovskite/ 
PCBM/BCP/Ag and (f) ITO/SnO2/KPF6/perovskite/ PCBM/BCP/Ag. 
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as passivate interfacial defects. Schematic illustration of residual stress 
of the perovskite films prepared on SnO2 and KPF6-modified SnO2 is 
exhibited in Fig. 4e,f. The residual tensile stress was observed in the 
control perovskite film whereas the residual stress was released in the 
KPF6-modified one. In addition, it was revealed that the crystallinity was 
improved at different depths as supported by the smaller full width at 
half maxima (FWHM) of the diffraction peaks corresponding to (211) 

crystal plane of the perovskite films with KPF6 as compared to the 
control perovskite film (Fig. S6). 

Steady-state photoluminescence (SSPL) and time-resolved photo
luminescence (TRPL) spectra were measured to help us to further un
derstand the dynamics of interfacial charge extraction of the PSCs 
without or with KPF6 (Fig. 5a, b and Table S2). Reduced PL intensity and 
carrier lifetimes from 1384.4 ns to 960.3 ns confirmed that electron 

Fig. 4. (a) XRD patterns of the perovskite films based on SnO2 with or without KPF6. Depth-dependent GIXRD patterns of the perovskite films based on (b) SnO2 and 
(c) SnO2/KPF6. (d) d-spacing values obtained from (211) plane as a function of incidence angle. Schematic illustration of residual stress of the perovskite films 
prepared on (e) SnO2 and (f) KPF6-modified SnO2. 

Fig. 5. (a) SSPL and (b) TRPL spectra of the perovskite films deposited on glass, SnO2, and SnO2/KPF6 substrates. (c) Transient photocurrent and d) transient 
photovoltage curves of the PSCs based on SnO2 and SnO2 with KPF6. (e) VOC as a function of light intensities for the devices based on SnO2 and KPF6-modified SnO2. 
(f) Nyquist plots of the PSCs based on SnO2 and SnO2 with KPF6 modification which was measured at a bias of 0.9 V in the frequency range of 1 MHz to 0.1 Hz under 
one sun illumination. 
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extraction was improved after KPF6 modification. Capacitance-voltage 
(C-V) measurement is performed to further study the interfacial 
charge transfer and extraction. As presented in Fig. S7, increased built- 
in potential (Vbi) was found for the KPF6 modified device as compared to 
the control device, which was beneficial for charge transfer and 
extraction [11]. As shown in Fig. 5c, the device with KPF6 modification 
(2.47 μs) possessed a shorter carrier extraction lifetime as compared to 
the control device (5.47 μs) as revealed by transient photocurrent (TPC), 
which was indicative of a much better charge transfer and extraction. 
Transient photovoltage (TPV) results showed that carrier lifetime was 
increased from 2.86 μs to 4.63 μs after KPF6 modification, which sug
gested that interfacial nonradiative recombination was suppressed 
(Fig. 5d). Fig. 5e exhibits the VOC as a function of light intensities for the 
devices based on SnO2 and KPF6-modified SnO2. The ideal factor (m) 
was obtained by fitting the light intensity-dependent VOC curve. The m of 
the target device was determined to be 1.28, which was much lower 
than 1.89 of the control devices. It showed that KPF6 interface modifi
cation can effectively inhibit nonradiative recombination, which was in 
good agreement with TPV result. Electrochemical impedance spectros
copy (EIS) was measured to further evaluate the interfacial carrier 
transfer and recombination. Fig. 5f shows Nyquist plots of the PSCs 
based on SnO2 and SnO2 with KPF6 modification which was measured at 
a bias of 0.9 V in the frequency range of 1 MHz to 0.1 Hz under one sun 
illumination. The equivalent circuit model in Fig. S8 was utilized to fit 
the Nyquist plots and the corresponding fitting parameters are exhibited 
in Table S3. Two obvious semicircle arcs were observed (Fig. 5f). The 
semicircle arc in the high frequency region was attributed to the charge 
transfer resistance (Rct) and the semicircle arc in the low frequency re
gion was ascribed to the charge recombination resistance (Rrec) [19]. 
The Rct was reduced from 550 Ω to 502 Ω and Rrec was increased from 
530 Ω to 843 Ω after KPF6 modification, indicating that interfacial 
charge transfer was promoted and interfacial charge recombination was 
effectively suppressed. In a word, it was successfully demonstrated via 
different characterization techniques that KPF6 modification facilitated 
interfacial charge transfer and suppressed interfacial charge 
recombination. 

Improved interfacial charge extraction and suppressed interfacial 
charge recombination by KPF6 modification encouraged us to further 
investigate the effect of KPF6 modification on the device performance. 
The effect of KPF6 concentrations on device performance was compared 
(Fig. 6a and Table S4). Obviously, the highest PCE was obtained at the 
concentration of 0.1 mg/mL. The control device exhibited an average 
short-circuit current density (JSC) of 22.43 ± 0.07 mA/cm2, an average 
open-circuit voltage (VOC) of 1.093 ± 0.005 V, an average fill factor (FF) 
of 0.797 ± 0.004, and an average PCE of 19.58 ± 0.12% while the target 
device based on the optimal concentration of KPF6 presented an average 
JSC of 22.92 ± 0.09 mA/cm2, an average VOC of 1.128 ± 0.006 V, an 
average FF of 0.812 ± 0.002, and an average PCE of 21.05 ± 0.15. It was 
clearly seen that all the photovoltaic parameters were improved after 
interface modification, due to improved perovskite film quality owing to 
increased gain size and improved crystallinity, facilitated interfacial 
charge transfer, released interfacial stress, and reduced interfacial de
fects from the surface of perovskite film and SnO2 film, which resulted in 
reduced nonradiative recombination losses [49]. Both control and target 
devices exhibited excellent reproducibility, as shown in Fig. 6b and 
Fig. S9. J-V curves and incident photon to current conversion efficiency 
(IPCE) spectra of the champion control and target devices are illustrated 
in Fig. 6c,d. As shown in Table 1, the best-performing control device 
showed a PCE of 19.66% (corresponding to a JSC of 22.38 mA/cm2, a 
VOC of 1.100 V, and a FF of 0.798) and 19.11% (corresponding to a JSC of 
22.27 mA/cm2, a VOC of 1.109 V, and a FF of 0.776) in forward scan (FS) 

Fig. 6. (a) Statistical distribution diagram of the photovoltaic parameters of the PSCs prepared based on various concentrations of KPF6. The statistical data were 
obtained from 20 individual cells for each kind of device. (b) Statistical distribution of PCEs of the PSCs based on the SnO2 and SnO2 modified by KPF6 of 0.1 mg/mL. 
The statistical data were obtained from 20 individual cells for each kind of device. (c) J–V curves and (d) corresponding IPCE spectra of the best-performing devices 
based on SnO2 and KPF6 modified SnO2. J–V curves were measured in the reverse scan (RS) and forward scan (FS) at a scan rate of 100 mV/s under simulated AM 
1.5G one sun illumination of 100 mW/cm2. (e) Steady-state current density and PCE versus time for the best-performing devices employing SnO2 and KPF6 modified 
SnO2 measured at the maximum power point. 

Table 1 
Photovoltaic parameters of the best-performing devices without and with KPF6 
modification measured in the reverse scan (RS) and forward scan (FS) under AM 
1.5G 1 sun illumination of 100 mW/cm2.  

Devices Sweep direction JSC (mA/cm2) VOC (V) FF PCE (%) 

SnO2 FS  22.38  1.100  0.798  19.66 
RS  22.27  1.092  0.786  19.11  

SnO2/KPF6 FS  22.83  1.145  0.818  21.39 
RS  22.75  1.141  0.813  21.10  
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and reverse scan (RS), respectively. By contrast, the best-performing 
target device delivered a PCE of 21.39% (corresponding to a JSC of 
22.83 mA/cm2, a VOC of 1.145 V, and a FF of 0.818) and 21.10% (cor
responding to a JSC of 22.75 mA/cm2, a VOC of 1.141 V, and a FF of 
0.813) in FS and RS, respectively. A small hysteresis was observed in 
both kind of devices but the hysteresis was reduced after KPF6 modifi
cation. The interfacial charge accumulation and ion migration have 
been considered to be main reasons for notorious hysteresis [10,11,50]. 
In our work, it was inferred that suppressed hysteresis could be due to 
the improved interfacial charge transfer and thus reduced interfacial 
charge accumulation as well as suppressed ion migration. As we dis
cussed previously, halide ion migration induced by halide ion vacancies 
could be inhibited by filling the halide ion vacancies with PF6

− and the 
organic cation migration also could be suppressed through the hydrogen 
bond interaction between PF6

− and organic cation. A slightly increased 
IPCE intensity in the wavelength range of 450–750 nm was found in the 
target device as compared to the control device, which was put down to 
the improved interfacial charge transfer and charge collection efficiency 
along with slightly increased UV–vis absorption intensity (Fig. 6d). The 
integrated current densities of the control and target devices were 22.02 
mA/cm2 and 22.70 mA/cm2, respectively, which matched well with 
those from J-V measurement. Fig. 6e illustrates the stable output current 
density and PCE versus time of the control and target devices measured 
at maximum power point. The control device gave an output current 
density of 21.11 mA/cm2 and output PCE of 19.42% after 500 s while 
the target device produced an output current density of 21.90 mA/cm2 

and output PCE of 21.24% after the same time. 
Since the long-term stability is very key to the final commercial 

application, we investigated the effect of KPF6 on device stability. The 
moisture stability of the unencapsulated control and target devices aged 
under 15%-20% relative humidity at room temperature in the dark are 
shown in Fig. 7a and Fig. S10. 85.1% of its initial PCE was maintained 
for the control device after aging for 1440 h while up to 94.7% for the 
target device under the same aging time. Fig. 7b and Fig. S11 exhibit the 
thermal stability of the unencapsulated control and target devices aged 

at 60 ◦C in the dark in the nitrogen-filled glovebox. The target device 
retained 80.1% of its original efficiency after aging for 960 h whereas 
only 33.2% for the control device. As presented in the photostability in 
Fig. 7c and Fig. S12, the control device degraded by 80.9% after aging 
for 960 h while the target device degraded by only 42.8%. It was re
ported that released interfacial residual stress can improve device sta
bility [38–40]. Ion migration was reported to be one of important 
reasons for device degradation [10,11,51]. It was revealed that the 
degradation of PSCs preferentially occurs at the surface and grain 
boundaries (GBs) of perovskite films since a large amount of defects 
usually exist at the surface and GBs of perovskite films [10,11,13,14,17]. 
Consequently, reduced GB density, reduced interfacial defects and 
improved interfacial contact should be mainly responsible for the 
increased stability. In addition, we speculated that suppressed halide or 
cation migration by PF6

− could partially contribute to enhanced stability. 

3. Conclusions 

In conclusion, we have successfully developed a multifunctional 
KPF6 molecule to modify SnO2/perovskite interface. It is demonstrated 
that PF6

− is still located at interface while most of K+ ions diffuse into 
perovskite layer. PF6

− can chemically link SnO2 ETL and perovskite layer 
via the hydrogen bond with perovskites and coordination bond with 
ETL, leading to improved interfacial contact. After KPF6 interface 
modification, perovskite film quality is improved, interfacial defects are 
effectively passivated, and interfacial stress is released. As a result, the 
device with KPF6 interface modification achieves a higher PCE of 
21.39% as compared to the control device (19.66%). Furthermore, the 
device stability is improved after interface modification. The unencap
sulated KPF6-modified device maintains 80.1% of its initial PCE after 
aging for 960 h at 60 ◦C and 57.2% after aging for 960 h under one sun 
illumination. This work provides a guidance for the design and devel
opment of multifunctional interface molecules for the sake of simulta
neous enhancement of efficiency and stability of PSCs. 

4. Experimental section 

Materials: The SnO2 colloid precursor was obtained from Alfa Aesar 
(tin (IV) oxide, 15% in H2O colloidal dispersion). KPF6 (99%) was 
brought from Innochem. Lead (II) iodide (PbI2, 99.99%), and methyl
amine hydrochloride (MACl, 99.5%) were purchased from Xi’an Poly
mer Light Technology Corp. Rubidium iodide (RbI, 99.9%) was 
purchased from Aladdin. Lead (II) bromide (PbBr2, 99.999%), For
mamidine Hydroiodide (FAI, 99.9%), tert-butylpyridine (tBP, 99%), bis 
(trifluoromethane) sulfonimide lithium salt (Li-TFSI, 99%), and Spiro- 
OMeTAD (99.86%) were purchased from Advanced Election Technol
ogy Co. ltd. Methylammonium bromide (MABr) was obtained from 
GreatCell Solar. N,N-dimethylformamide (DMF, 99.8%), dime
thylsulphoxide (DMSO, 99.9%), and chlorobenzene (CB, 99.8%) were 
bought from Sigma Aldrich. All chemical reagents were used as received 
without further purification. 

Device Fabrication: The etched ITO glass was cleaned using a deter
gent for 10 min, deionized water for 20 min, and ethanol for 20 min, 
sequentially. Then, the ITO was treated by ultraviolet ozone (UVO) for 
20 min. The SnO2 colloidal solution was prepared by diluting SnO2 
colloidal solution to 2.14 wt% with deionized water. The SnO2 colloidal 
solution was spin-coated on the ITO substrates at 4000 rpm for 30 s and 
then the SnO2 film was annealed at 150 ℃ for 30 min. SnO2 film was 
exposed to UVO for 10 min. For KPF6-modified SnO2, different con
centrations of KPF6 (0.05, 0.1, 0.15, and 0.2 mg/mL) were spin-coated 
on the cooled SnO2 films 5000 rpm for 30 s, and then annealed at 100 
℃ for 10 min. The 1.5 M perovskite precursor solution was prepared by 
dissolving FAI (232.8 mg), MABr (8.0 mg), RbI (5.9 mg), MACl (36 mg), 
PbI2 (656.9 mg), and PbBr2 (27.5 mg) in the mixed solvents of DMF and 
DMSO (VDMF: VDMSO = 8:1). The perovskite films were prepared by spin- 
coating the above perovskite precursor solution on the SnO2 films at 

Fig. 7. PCE evolution of the unencapsulated devices based on SnO2 without 
and with KPF6 modification (a) under 15%-20% relative humidity at room 
temperature in the dark, (b) at 60 ◦C in the dark in the nitrogen-filled glovebox, 
and (c) under one sun illumination at room temperature in the nitrogen-filled 
glovebox. J-V curves were measured in FS at a scan rate of 100 mV/s under 
simulated AM 1.5G one sun illumination of 100 mW/cm2. 
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4000 rpm for 30 s, in which CB of 80 µL was dripped on perovskite films 
at 14 s before ending the program, followed by thermal annealing at 
155 ◦C for 23 min. Spiro-OMeTAD solution was prepared by dissolving 
72.3 mg of Spiro-OMeTAD, 28.8 µL of tBP, and 17.5 µL of Li-TFSI (520 
mg Li-TSFI in 1 mL acetonitrile) in 1 mL CB. Subsequently, hole trans
port layer was prepared through spin-coating the Spiro-OMeTAD solu
tion on the as-prepared perovskite films for 4000 rpm for 30 s. Finally, 
an 80 nm gold counter electrode was thermally evaporated on the top of 
Spiro-OMeTAD film under a vacuum of 3 × 10− 4 Pa by using a shadow 
mask. 

Characterizations: XRD and grazing incidence X-ray diffraction 
(GIXRD) patterns were collected using a PANalytical Empyrean 
diffractometer equipped with a Cu Kα radiation (λ = 1.54056 Å). XPS 
measurements were performed on a Thermo-Fisher ESCALab 250Xi 
system with a monochromatized Al Kα (for XPS mode) under the pres
sure of 5.0 × 10− 7 Pa. PL Mapping were recorded by Raman (LabRAM 
HR Evolution) under the excitation of 532 nm. J–V curves were 
measured using a solar simulator equipped with a 150 W Xenon lamp 
(150 W, SolarIV-150A) and a Keithley 2400 source meter. Light intensity 
was calibrated to AM 1.5G one sun (100 mW/cm2) with a NIM calibrated 
standard Si solar cell (QE-B1). The effective active area of the device was 
defined to be 0.07 cm2 by using a black metal mask. J-V curves were 
measured from − 0.1 V to 1.2 V (forward scan, FS) or from 1.2 V to − 0.1 
V (reverse scan, RS) with a scan rate of 100 mV/s. The incident photon- 
to-electron conversion efficiency (IPCE) measurement was conducted on 
an IPCE measurement system. UV–vis absorption measurement was 
carried out on a Shimadzu UV-1800 spectrophotometer. SEM images 
were collected using JSM-7800F. The FTIR spectra were recorded with a 
Nicolet iS50 Infrared Fourier transform microscope by Thermo Fisher 
Scientific. Time-resolved photoluminescence (TRPL) and steady-state 
photoluminescence (SSPL) spectra were measured using Edinburgh 
FLS1000, where the excitation wavelength of TRPL was provided by a 
450 nm laser. Atomic force microscopy (AFM) measurement was per
formed on Asylum Research MFP-3D-BIO in tapping mode. TPV and TPC 
measurements were performed as follows: the devices were illuminated 
by laser pulses (532 nm, 100 mJ, 6 ns width from an Nd:YAG laser), and 
then the decay of signals was recorded by a 1 GHz Agilent digital 
oscilloscope (DSO-X3102A) with the input impedance of 1 MΩ/50 Ω. 
Impedance spectroscopy was measured by an Electrochemical Work
station. Time-of-flight secondary ion mass spectrometry (ToF-SIMS) 
measurement was carried 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. 
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