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A B S T R A C T   

Interfaces between the perovskite active layer and the charge-transport layers (CTLs) play a critical role in both 
efficiency and stability of halide-perovskite photovoltaics. One of the major concerns is that surface defects of 
perovskite could cause detrimental nonradiative recombination and material degradation. In this work, we 
addressed this challenging problem by inserting ultrathin alkali-fluoride (AF) films between the tri-cation lead- 
iodide perovskite layer and both CTLs. This bilateral inorganic “walls” strategy makes use of both physical- 
blocking and chemical-anchoring functionalities of the continuous, uniform and compact AF framework: on 
the one hand, the uniformly distributed alkali-iodine coordination at the perovskite-AF interfaces effectively 
suppresses the formation of iodine-vacancy defects at the surfaces, thus reducing the trap-assisted recombination 
at the perovskite-CTL interfaces and therewith the open-voltage loss; on the other hand, the impermeable AF 
buffer layers effectively prevent the bidirectional ion migration at the perovskite-CTLs interfaces even under 
harsh working conditions. As a result, a power-conversion efficiency (PCE) of 22.02% (certified efficiency 20.4%) 
with low open-voltage deficit (<0.4 V) was achieved for the low-temperature processed inverted planar 
perovskite solar cells. Exceptional operational stability (500 h, ISOS-L-2) and thermal stability (1000 h, ISOS-D- 
2) were obtained. Meanwhile, a 35.7% PCE was obtained under dim-light source (1000 lux white LED light) with 
the optimized device, which is among the best records in perovskite indoor photovoltaics.   

1. Introduction 

In recent years, people have witnessed an astonishing progress of 
organic-inorganic hybrid perovskite optoelectronic devices thanks to 
their excellent electronic, optical, and charge-transport properties 
[1–7]. Currently, the power conversion efficiency (PCE) of perovskite 
solar cells (PSCs) and perovskite indoor-photovoltaic devices have 

reached 25.5% and 36%, respectively, rivaling the traditional silicon- 
and GaAs-based devices [8,9]. Nevertheless, there is still a long way to 
go for approaching the Shockley-Queisser theoretical limit (34% under 
AM 1.5 G solar spectrum) of single-junction devices [10]. So far, a ma-
jority of achievements that simultaneously realized high efficiency and 
high stability are based on the n-i-p (normal) device structure, for which 
the thick hole-transport layer (HTL) with chemical doping leads to high 

* Corresponding authors. 
* Corresponding author at: Key Laboratory for Physical Electronics and Devices of the Ministry of Education & Shaanxi Key Lab of Information Photonic Technique, 

School of Electronic Science and Engineering, Xi’an Jiaotong University, No. 28, Xianning West Road, Xi’an 710049, China. 
E-mail addresses: j.xi@rug.nl (J. Xi), donghuaxjtu@mail.xjtu.edu.cn (H. Dong), jingrui.li@mail.xjtu.edu.cn (J. Li), zhaoxinwu@mail.xjtu.edu.cn (Z. Wu).   

1 These two authors contributed equally to this work. 

Contents lists available at ScienceDirect 

Nano Energy 

journal homepage: www.elsevier.com/locate/nanoen 

https://doi.org/10.1016/j.nanoen.2021.106286 
Received 31 March 2021; Received in revised form 24 May 2021; Accepted 21 June 2021   

mailto:j.xi@rug.nl
mailto:donghuaxjtu@mail.xjtu.edu.cn
mailto:jingrui.li@mail.xjtu.edu.cn
mailto:zhaoxinwu@mail.xjtu.edu.cn
www.sciencedirect.com/science/journal/22112855
https://www.elsevier.com/locate/nanoen
https://doi.org/10.1016/j.nanoen.2021.106286
https://doi.org/10.1016/j.nanoen.2021.106286
https://doi.org/10.1016/j.nanoen.2021.106286
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nanoen.2021.106286&domain=pdf


Nano Energy 88 (2021) 106286

2

fabrication cost and inevitable stability risk. In contrast, PSCs of inverted 
(p-i-n) planar structure with low processing temperature and thinner, 
undoped HTL are considered promising for industrial production of 
versatile devices ranging from standard single-junction cells to flexible 
and tandem cells [11–15]. The latest record of inverted-structure PSC’s 
PCE is 23.37% [12]. 

Unfortunately, inverted-structure PSCs still lag behind the n-i-p 
counterparts in terms of both efficiency and stability. Nonradiative 
recombination induced by defects in the bulk phase of material and at 
the surfaces and grain boundaries is one of the main factors that limits 
the device performance [11,16]. While bulk defects can be properly 
controlled by means of several mature methodologies [17–21], sup-
pressing the formation of defects at the perovskite surfaces remains a 
major challenge in today’s perovskite optoelectronic community [11, 
16]. Specifically, these defects especially iodine-vacancy (vI) induce trap 
states within the bandgap of the perovskite semiconductor, which 
facilitate nonradiative recombination at the interfaces thus giving rise to 
open-circuit voltage (VOC) loss and therewith limited PCE [12]. In 
addition, the device stability could be strongly affected by the trapped 
charges at the interfaces between the perovskite layer and CTLs upon the 
defect formation, as the thus-induced electric field would initiate and 
accelerate the decomposition of perovskite and deprotonation of the 
organic moieties [22,23]. 

A variety of methods have been developed to mediate the interfacial 
problem, which can be classified into the organic and the inorganic 
strategies. Amine-group-containing large organic ligands with a favor-
able diversity of candidate molecules have proven to be effective in 
passivating the perovskite surfaces [12,24–26]. However, the regular 
orientation of long-chain or bulky organic molecules is hard to achieve 
on a length scale beyond a few lattice constants of perovskite. Hence, 
steric hindrance within the organic-ligand layer is prevailing and 
problematic, as it induces the distortion of perovskite lattices at the 
surface as well as the decay and incomplete coverage of the organic 
layer, which eventually leads to the instability of materials and devices 
in long-term applications under harsh working conditions. Although 
polymer strategy shows great potential for inhibiting humidity, two 
major challenges still remain, as follows. (ⅰ) By far, polymer strategies 
are mainly implemented by physical blending. Due to the poor 
compatibility between polymer and ionic perovskite, inhomogeneous 
and microvoid-containing morphology of polymer/perovskite film will 
be formed in the PSCs. As a result, the phase separation between poly-
mer and host material may deteriorate the device efficiency and sta-
bility. (ⅱ) The device performance is extremely sensitive to the 
incorporated polymer concentration or thickness due to the low charge 
mobility or the electrical insulation of available polymers. This may not 
be compatible with the robust process requirements for large-area 
manufacture [27–30]. The inorganic strategy is also reported 
benefiting from its own stability. It was reported that incorporating Li+, 
Na+, K+, and Rb+ into the perovskite lattice can significantly reduce the 
nonradiative recombination thus improving the efficiency and stability 
[31–35]. However, how to guarantee that the doping takes effect uni-
formly and completely at the perovskite surfaces and grain boundaries 
remains a problem. In addition, further surface passivation (such as via 
introducing organic ligands) might be required, as the surfaces of the 
doped perovskite is not yet physically well-protect against interfacial ion 
diffusion and possible contact with environmental small molecules such 
as oxygen and water. In parallel, inorganic buffer-layer technologies are 
also employed to inhibit the improper ion diffusion [36,37]. It is 
required that the interaction between the buffer layer and the perovskite 
can anchor the surface atoms of the latter without inducing a large 
perovskite-lattice distortion. The choice of inorganic materials is 
important, however, corresponding discussion about the choice of 
inorganic materials is still rare. Thus an inorganic protocol designed to 
simultaneously minimize the defects and block the ion diffusion over the 
interfaces between the perovskite layer and both CTLs in the inverted 
planar devices is highly appealed. 

In this work, we developed an inorganic bilateral strategy to engi-
neer the surfaces of the tri-cation lead-iodide perovskite layer in the 
inverted planar structure of PSC. Ultrathin alkali-halide buffer layers 
were facilely inserted between the perovskite layer and both the 
electron-transport layer (ETL) and the HTL. Considering F’s smallest 
anionic radius and therewith the most stable and compact alkali-fluoride 
(AF) frameworks, we used fluorides with different alkali cations as 
buffer-layer materials in this work, namely lithium fluoride (LiF), so-
dium fluoride (NaF), and potassium fluoride (KF). Benefiting from the 
chemical-anchoring functionality, the uniformly distributed alkali- 
iodide coordination between the buffer layer and perovskite could 
effectively passivate the surface defects without affecting the perovskite 
lattice. Moreover, the bilateral protection could physically prevent the 
bidirectional ion migration and oxygen or moisture invasion to the 
perovskite due to AF’s compact and stable features. With this facile 
bilateral inorganic “walls” strategy, we achieved a PCE of 22.02% for a 
KF-modified inverted planar solar cell, which allows an exceptional 
operating stability (500 h, ISOS-L-2) and thermal stability (1000 h, 
ISOS-D-2). Interestingly, the optimized bilaterally-modified device also 
exhibited a remarkable performance under dim-light condition, which 
achieved a 35.7% efficiency under 1000 lux white LED light. We expect 
this work can provide an inorganic perspective to effectively manage the 
trap-assisted defects and facilitate long-term stable and highly efficient 
perovskite optoelectronic devices toward industrial production. 

2. Results and discussion 

The inverted planar perovskite-based device with bilateral AF 
modification (denoted by AF-perovskite-AF hereafter) is sketched in  
Fig. 1a. The traditional one-step antisolvent method was adopted to 
prepare the perovskite thin film with optimized component 
Cs0.05(FA0.88MA0.12)0.95PbI3 on the substrate (details given in Experi-
mental Section). The cross-sectional scanning electron microscopy 
(SEM) image in Fig. 1b shows a perfect planar device structure, which 
comprises stacked layers of indium tin oxide (ITO, 130 nm)/poly[bis(4- 
phenyl)(2,4,6-trimethylphenyl)amine] (PTAA, 8 nm)/perovskite (500 
nm)/C60 (30 nm)/bathocuproine (BCP, 6 nm) / Ag (120 nm). Notably, 
the bilateral AF buffer layers are too thin (<5 nm) to observe. 

The dependence of device performance on respective AF thickness is 
summarized in Table S1. For A = Li, Na, or K, the device efficiency was 
maximized with the thickness of both buffer layers equal to 3 nm. The 
statistical distributions of PCE and VOC from 120 devices with or without 
modification are shown in Fig. 1c and d, respectively. The representative 
PCE for the control (i.e., without bilateral AF modification), LiF- 
perovskite-LiF, NaF-perovskite-NaF, and KF-perovskite-KF devices are 
18.45%, 19.76%, 20.22%, and 21.29%, respectively. This finding in-
dicates that the bilateral AF “walls” significantly improve the photo-
voltaic performance of devices, and exhibits the trend of increasing PCE 
from LiF, NaF to KF. This is mainly contributed by the significant 
enhancement of VOC (from 1.06 V for the control to 1.15 V for the KF- 
perovskite-KF device), while other metrics were also slightly improved 
(Fig. S1). Fig. 1e gives the current density – voltage (J-V) curves of the 
best-performing control and KF-perovskite-KF devices. The performance 
parameters of control are PCE = 19.20%, short circuit current density 
(JSC) = 22.56 mA/cm2, VOC = 1.067 V, and fill factor (FF) = 79.80%; 
while the KF-perovskite-KF device achieves a largely improved PCE of 
22.02% with JSC = 23.40 mA/cm2, VOC = 1.152 V, and FF = 81.70%. 
The parameters of other two AF-modified devices are given in Table S2 
and Fig. S2a. To the best of our knowledge, we have achieved the highest 
efficiency of inverted planar devices with a simple buffer-layer tech-
nology (detailed reference data given in Table S3). We here choose to 
assess the influence of masking. The most pronounced feature in Fig. S2b 
is instead the clear impact of smaller masks on both VOC and FF. To 
confirm our in-laboratory device efficiency measurements, external 
certification of our nonencapsulated devices by the National Institute of 
Metrology, China, shows a PCE of 20.4% (VOC = 1.094 V, JSC 
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= 23.22 mA/cm2, and FF = 80.2%) as given in Fig. S3. Meanwhile, the 
steady-state photocurrents of the best-performing devices at maximum 
power point tracking (inset of Fig. 1e) are in good agreement with the J- 
V scanning results, thus supporting the reliability of the highest effi-
ciency. As shown in Fig. S4, the integrated short-circuit current densities 
from the incident photon-to-electron conversion efficiencies (IPCE) are 
consistent with the JSC from J-V measurement, thus validating the 
measured device performance. Fig. S5a shows the representative J-V 
curves of the KF-perovskite-KF device and the control device under the 
reverse and forward scan, whose performance parameters are listed in 
Table S4. Using hysteresis index (HI) which is defined by HI = [PCE 
(reverse) - PCE(forward)]/PCE (forward) to characterize the hysteresis, 
Table S4 indicates that the bilateral strategy with KF has largely reduced 
the HI from 3.3% to 0.3%, thus signifying perfectly balanced charge 
carrier extraction. For the KF-perovskite-KF device with 1 cm2 solar 

cells, Fig. S5b shows a PCE of 19.65% with negligible hysteresis. In 
addition, the optimal characteristic parameters of unilateral strategy 
with different KF thickness are added in Table S5, including ITO-PTAA- 
KF-Perovskite-C60-BCP-Ag, and ITO-PTAA-Perovskite-KF-C60-BCP-Ag 
two structures. Although unilateral modification also improves the de-
vice efficiency, the effect is not as significant as that of bilateral strategy 
with KF. 

To characterize the stability improvement upon the bilateral KF- 
modification, we conducted a series of measurements on unencapsu-
lated devices. The results of stability tested at 85 ◦C in a nitrogen at-
mosphere (ISOS-D-2) and under continuous one-sun illumination (ISOS- 
L-2) are shown in Fig. 1f and g, respectively. From Fig. 1f, the intro-
duction of bilateral KF ultrathin buffer layers has significantly improved 
the thermal stability of devices, as they retain 90% of the initial PCE 
after 1000 h, while the control ones retain only 80%. Fig. 1g indicates 

Fig. 1. Device performance. (a) Schematic illustration of the PSCs device structure. (b) Cross-sectional SEM image of the actual device with different layers indicated 
by false-coloring (scale bar: 500 nm). (c) Statistical distribution of PCE for 120 devices (30 per structure). (d) Statistical distribution of VOC for 120 devices (30 per 
structure). (e) J-V curves of champion devices (inset: stabilized photocurrent output at the maximum power point). Stabilities of the control and the bilateral KF- 
modified PSCs: (f) thermal stability by putting the PSCs at 85 ◦C hot plate in N2 for 1000 h, and (g) operational stability of PSCs under continuous illumination 
in N2 for 500 h. PVK stands for perovskite in the figures of this manuscript. 
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the outstanding light-stability of the KF-perovskite-KF devices as they 
retain 100% of the original PCE after being exposed to one-sun illumi-
nation for 500 h. Finally, we also added the surrounding environment 
stability in Fig. S6，the bilateral modification showed better environ-
mental stability than unilateral modification. 

To understand the underlying physics of the performance improve-
ment of the inverted planar PSCs upon the incorporation of bilateral AF 
(in particular KF) thin films into the device, we first characterize the 
related materials properties in this section, then analyze the mechanism 
of charge properties and processes in the next sections. 

Fig. 2a shows the morphology of the control and the KF-modified 
perovskite films. The blurred image in Fig. 2a-right vividly shows that 
the continuous, ultrathin and transparent KF buffer layer almost 
completely covers the perovskite. One can observe that the KF modifi-
cation results in a slightly larger grain size, which is possibly because the 
interaction with KF subtly mediates the surface tension of perovskite so 
as to affect the dynamics of nucleation [38]. Similar morphological 
features can be observed from the other films modified by the bilateral 
LiF and NaF (Fig. S7). The profile elemental (alkali elements and fluo-
rine) mapping (Fig. S8) from the energy-dispersive X-ray (EDX) 

spectroscopy clearly indicates the homogeneous distribution of these 
elements on the perovskite surface, thus indicating a complete coverage 
of the AF buffer layers on the perovskite. Fig. S9 indicates that the 
element-content ratio of Pb to I is >3 in all samples, which is consistent 
with the 10 wt% excess of PbI2 in the precursor solution. Meanwhile, 
X-ray diffraction (XRD) measurement (Fig. S10) shows higher crystal-
linity in all AF-modified perovskite films than the control one. Inter-
estingly, a close view to the (100) peak (in terms of the quasi-cubic 
lattice of perovskite) of XRD (Fig. 2b) illustrates a shift of this peak to-
ward lower diffraction angle by about 0.1◦ upon the KF modification 
which corresponds to an ~0.7% expansion of the lattice constants. 
Previous studies suggested that such a lattice expansion may result from 
the occupancy of alkali cations at the interstitial sites [34], which is 
evidenced by our X-ray photoelectron spectra (XPS) measurements 
(Fig. S11). These findings indicate that a large number of alkali cations 
may enter the perovskite lattice at the surface region so that they can 
reinforce the surface iodide anions via ionic bonding. Besides, 
ultraviolet-visible absorption and photoluminescence (PL) spectra 
(Fig. S12) show that the bilateral AF modification has a negligible effect 
on the bandgap (1.55 eV) of the perovskite samples. Overall, the 

Fig. 2. Materials characterization of perovskite films and trap-state analysis. (a) SEM images of the control and the bilateral KF-interlayers-modified perovskite films. 
(b) Close view of XRD spectra around the (100) peak. (c) PL mapping of the control and the KF-PVK-KF perovskite film (scanning: 50 µm × 50 µm). (d) Statistic 
distribution of normalized PL for control and the KF-PVK-KF perovskite film. (e) TRPL mapping for control and the KF-PVK-KF perovskite film (scanning: 
50 µm × 50 µm). (f) Trap density of states (t-DOS) for control and AF modified devices. 
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changes of structural and optical properties of the perovskite bulk upon 
the incorporation of bilateral AF “walls” are relatively small. 

The primary factors that give rise to large VOC loss thus restricting the 
PCE of PSCs include (a) nonradiative recombination in the bulk of the 
perovskite absorber, (b) unfavorable energy-level alignment at the 
perovskite-CTL interfaces, and (c) defect-induced (Shockley-Read-Hall 
or SRH) recombination at the perovskite surfaces and grain boundaries 
[39]. The only slight difference in the structural and optical properties 
between the AF-modified and the control samples, as already alluded to, 
implies that the obvious improvement of the performance parameters of 
PSCs upon the KF modification is mainly due to the suppressed SRH 
recombination at the perovskite surfaces namely its interfaces toward 
both CTLs. To confirm it, we first carried out PL-mapping and 
time-resolved PL lifetime (TRPL) mapping measurements that can 
intuitively describe the spatial distribution of radiative recombination 
events in both the control and the AF-modified perovskite films on the 
nanoscale. Consistent with the PL measurements (Fig. S12b), 
PL-mapping (Fig. 2c) indicates an overall stronger PL of KF-modified 
perovskite sample than the control. Fig. 2d illustrates the distribution 
of normalized PL intensities, showing an obviously higher PL homoge-
neity in the KF-modified perovskite film. The lifetime distribution of 
TRPL-mapping (Fig. 2e) reveals that the KF-perovskite-KF film is asso-
ciated with a much longer carrier lifetime (395 ns) than the control 
(89 ns). TRPL-mapping and its statistics for the other two AF-modified 
films are given in Fig. S13. The carrier lifetime follows the overall 

trend: control < LiF-perovskite-LiF < NaF-perovskite-NaF < KF-perovs 
kite-KF, which is consistent with the trend of PSC performance. To 
summarize, both more pronounced radiative recombination as evi-
denced by the PL mapping, and the significantly longer charge-carrier 
lifetime given by the TRPL mapping, support that the introduction of 
double KF “walls” effectively restricts the nonradiative recombination at 
the perovskite surfaces and grain boundaries. 

Thermal admittance spectroscopy (TAS) was carried out to charac-
terize the local defect density of states (t-DOS). The experiment details 
and calculations of the t-DOS are given in Supplemental Information 
[40,41]. As shown in Fig. 2f (and Fig. S14), a density of defect states on 
the order of 1018 m− 3 was estimated in the control sample. With the 
bilateral KF modification, the t-DOS is lower by nearly one order of 
magnitude. We can thus conclude that the introduction of KF ultrathin 
interlayers can efficiently suppress the formation of surface defects 
therewith inhibiting interfacial nonradiative recombination. 

To further confirm that nonradiative recombination was largely 
reduced by introducing the bilateral AF “walls” into the system, we 
carried out a series of measurements on both ITO/HTL/perovskite (HP, 
as control) and ITO/HTL/interlayer/perovskite/interlayer (HIPI) struc-
ture (Fig. 3a), with KF as the interlayer material due to the best per-
formance of the corresponding PSC. Fig. S15 shows the topography of 
HP and HIPI measured by atomic force microscopy (AFM). Both samples 
are characterized by a root-mean-square roughness of 15 nm, which 
agrees with the observation from SEM images that the KF modification 

Fig. 3. Charge behaviors at interface. (a) Illustration of the KPFM setup. (b) Energy level alignment of the perovskite solar cells. (c) Surface potential images of PVK/ 
PTAA/ITO (control) and KF-PVK-KF-PTAA-ITO (KF-PVK-KF) sample from KPFM measurements under illumination conditions. (d) 1D line profiles of control and KF- 
PVK-KF under illumination. (e) Change of normalized PL intensity for control and KF-PVK-KF films under DC 10 V voltage sustaining for 10 s and 370 s. 
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has not induced drastic changes in the morphology of the perovskite 
film. Fig. 3c shows the contact potential difference (CPD) distribution of 
HP and HIPI, respectively, which was measured by Kelvin probe force 
microscopy (KPFM) under illumination. It is known that the value of 
CPD is related to the energy barrier of charge extraction at the interface 
[42,43]. A much lower CPD distribution is observed in HIPI than in HP 
(Fig. 3d), reflecting a reduced energy barrier. Here the improved effi-
ciency is attributed to the suppressed nonradiative recombination 
benefitting from the defect-passivating AF buffer layers. The analysis of 
CPD agrees well with the PL-mapping and TRPL-mapping. The 
decreased energy barrier is also closely related to the smaller VOC deficit. 

We further carefully examined the Photoluminescence quantum ef-
ficiency(PLQE) of the perovskite, which serves as an important photo-
physical analysis to identify a high-quality perovskite films. Generally, 
defects serve as non-radiative recombination centers to capture the 
photogenerated charge carriers, thereby dramatically cutting down the 
PLQE and photovoltaic efficiency in solar cells. Previous work reported 
that the PLQE was relatively small for perovskite films at low excitation 
power, but rapidly went up with the increase of excitation power [35]. 
In Table S6, KF-PVK-KF films on quartz (Quartz/PTAA) exhibited a 
higher PLQE of ~4.48% (~2.35%), compared with the PVK films on ITO 
~2.23% (~1.27%) based on a low excitation power. According to 
Shockle–Queisser equation, the VOC of the device decreases when the 
luminescence quantum efficiency of the absorber decreases. Therefore, 
the higher fluorescence quantum efficiency contributes to the higher Voc 
for the KF-PVK-KF strategy. 

To explore the functions of the inorganic AF interlayers, we first 
measured the PL with a simplified device structure that consists of two 
Au electrodes and the control or the KF-perovskite-KF film deposited on 
glass. With a DC voltage of 10 V, balanced charges of a high concen-
tration were injected into the perovskite film where they recombined 
and emitted photons. The luminescence intensities of both samples were 
recorded as a function of injection time. Fig. 3e shows that, at a short 
injection time (10 s), the luminescence intensities of the control and the 
KF-sandwiched perovskite films are relatively low and very similar. For 
a longer injection time (370 s), the control device emitted very much 
amplified light especially at the wavelengths near the optical band gap, 
while the intensity of KF-perovskite-KF increased only slightly. This is 
because the defect-induced states that can trap the injected charge 
carriers are much fewer in KF-perovskite-KF than in the control sample. 

The energy level alignment of PTAA and perovskite before and after 
modification determined by UPS is shown in Fig. 3b (UPS of PTAA and 
perovskite with or without KF is shown in Fig. S16a, b). The work 
function of perovskite is reduced by KF modification, and the corre-
sponding valence band and conduction band are also shifted. Consid-
ering the ultra-thin KF, we still use the band gap of perovskite to 
estimate the value of conduction band. Compared with the control, the 
valence band of perovskite changed upward after KF modification, 
which inhibits the accumulation of holes between the perovskite and 
electron transport layer (C60). However, the conduction band also 
moved up, but did not change the charge extraction, which may be 
explained by the charge tunneling theory. The photoelectric character-
istics of the device show that the thicker alkali-metal fluoride layers can 
decrease the short-circuit current density of the devices (Table S1). The 
main reason is that the inorganic film is too thick, which exceeds the 
maximum limitation of charge tunneling. Overall, the charge-transport 
mechanism within the whole PSC device is illustrated by Fig. S16c: 
the inserted ultrathin AF buffer layers effectively deactivate the unfa-
vorable hole injection from perovskite to ETL (C60/BCP) and the unde-
sired electron injection from perovskite to HTL (PTAA), thus successfully 
minimizing the nonradiative recombination occurring at both 
perovskite-ETL and perovskite-HTL interfaces. The desired charge 
transfer at both interfaces is well facilitated via the charge tunneling 
theory, so that a reduced VOC loss and thus a high PCE of the photo-
voltaic device is guaranteed. 

For a theoretical insight of how an ultrathin AF protective coating 

passivates the surface defects of perovskite, we carried out density- 
functional-theory (DFT) calculations (details given in Supplemental In-
formation) for a series of systems using the all-electron numeric-atom- 
centered orbital code FHI-aims [44,45]. Considering the relatively large 
model systems and the computational capacity, we constructed 
four-layer AF films to mimic the ultrathin interlayers (atomic structures 
shown in Fig. 4a). Even so, the model systems for the vI calculations of 
the LiF-, NaF-, and KF-coated systems contain 1455, 1279, and 1175 
atoms, respectively, all above the normal 1000-atom upper limit of 
traditional DFT calculations. 

Two observables are of particular interest: the formation energy of 
each perovskite-AF complex and the formation energy of vI defect in 
each system. The DFT-calculated formation energies of perovskite-LiF, 
perovskite-NaF, and perovskite-KF are − 0.270 eV, − 0.109 eV, and 
− 0.313 eV per surface Pb atom, respectively. All values are negative, 
indicating that the AF films can be spontaneously deposited to the 
perovskite surface to form stable complexes, thus protecting the 
perovskite material against possible contact with external particles 
(such as oxygen, water, and ions from the adjacent functional layers in 
the device). Note that the atomic geometry of the perovskite surface 
layer remains flat in all AF-coated structures, meaning that the inter-
action between the perovskite surface atoms and the AF atoms does not 
cause noticeable lattice distortion which is very likely harmful to the 
materials stability. These values do not exhibit a clear trend, possibly 
because the LiF film has the highest density of atoms thus very likely the 
highest probability of Li-I and Pb-F bonding at the interface, while the K 
element has the smallest electronegativity so that the K-I bonds at the 
interface are stronger than Na-I and Li-I – both can lead to stronger 
interaction between the perovskite and the AF layer. Another reason 
might be the largest strain (+1.7%, compared with the − 0.55% for LiF 
and +0.73% for KF) with the NaF in the model system. 

The formation energies of (neutral) vI are 1.90, 2.01, 2.35, and 
2.44 eV for the bared (control), LiF-coated, NaF-coated, and KF-coated 
perovskite surface, respectively (as shown in Fig. 4b). From them we 
can conclude that all ultrathin AF coatings can suppress the formation of 
vI, which are believed to be one of the major sources of nonradiative 
recombination at the perovskite surfaces and the instability of materials 
and devices. The effectiveness of AF increases along with 
LiF < NaF < KF, agreeing well with the results of experimental 
measurements. 

Considering the compactness and stability of the inorganic in-
terlayers as the impenetrable (physically blocking) “walls”, we expect 
the water and oxygen invasion into the perovskite layer and bidirec-
tional ion migration at the perovskite-CTL interfaces to be largely pre-
vented. To this end, we carried out time-of-flight secondary ion mass 
spectroscopy (ToF-SIMS) to probe the depth profiles of the atomic spe-
cies within the sample (Fig. 4d). The much shallower diffusion of Ag+

into the perovskite layer, and the obviously reduced I--distribution in 
PTAA and especially C60, evidence the physical-blocking functionality of 
the AF buffer layers. With the induced huge energy barrier for small 
particles to penetrate, it is also natural to expect that the AF buffer layers 
can well protect the perovskite surface against the interaction with 
environmental small molecules such as oxygen and water, which easily 
leads to material degradation. The binding energies of carbon from XPS 
results (Fig. 4c) show C and C-N peaks located at 284.6 eV and 286.1 eV 
for all the perovskite samples. For KF modification, an additional peak at 
a binding energy of 292.9 eV emerges signifying the K+ cations. 
Notably, the control film exhibits a strong signal at 288.1 eV which is 
attributed to the C––O bonding [46], indicating a prevalent interaction 
with oxygen. As AF varies from LiF to NaF and KF, this undesired C––O 
peak gradually diminishes and finally almost disappears. 

We also investigated the potential of applying the inverted planar 
perovskite photovoltaic devices with inorganic bilateral buffer layers in 
indoor light-harvesting (schematic diagram shown in Fig. 5a). As 
already reported, perovskite-based devices perform excellently under 
dim-light condition as a result of the large component-flexibility of 
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materials and therewith the tunable bandgap (Table S7) [9]. Fig. 5b 
shows the illumination spectrum and chromaticity coordinate of the 
white LED. This spectrum corresponds to a maximal PCE (detailed bal-
ance limit) of 53% associated with a bandgap of 1.9 eV. Fig. 5c shows 
the indoor J–V curves of the devices with and without KF modification 

under a white LED source, with the parameters presented in Table S8. 
Under standard LED low illumination (1000 lux, color temper-
ature = 5900 K, power density = 292 μW/cm2), a PCE of 24.9% (JSC 
= 126 μA/cm2, VOC = 0.81 V, FF = 71.2%) was achieved by the control 
device, while an outstanding performance of 35.7% PCE was obtained 

Fig. 4. Mechanism of the chemical anchoring and physical blocking. (a) DFT-optimized structures of FAPbI3-AF complexes (left, middle, and right for A = Li, Na, and 
K, respectively; C, N, H, Pb, I, A, and F in green, yellow, gray, blue, red, turquoise, and purple, respectively). (b) Formation energy of surface vI defects calculated 
with DFT. (c) XPS spectra of the perovskite films without and with AF modification, showing the binding energy of C 1s bound to different elements (plus the K 2p3/2 
of the KF-PVK-KF sample). (d) ToF-SIMS elemental depth profiles of control and KF-PVK-KF aged for 300 h of illumination under N2 atmosphere. 
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with the KF-modified device (JSC = 148 μA/cm2, VOC = 0.93 V, 
FF = 75.7%). The performance improvement in indoor-photovoltaic 
applications upon the incorporation of KF interlayers is thus much 
more significant than in solar-light harvesting. We expect an even better 
performance of inverted planar perovskite devices with this inorganic 
bilateral strategy for indoor-light photovoltaics, for example, providing 
that the bandgap is tuned closer to the optimal value with proper ma-
terials engineering. 

In Fig. 5d, the relationship between VOC and the light intensity of 
different devices (solar spectrum) was measured, and the diode ideality 
factor n (1 < n < 2) was calculated using the following equation: 

VOC ∼
nKT

e
In
(

Iph

I0

)

(1)  

where k is the Boltzmann constant, T is the temperature, e is the 
elementary charge, Iph is the photocurrent, and I0 is the saturation 
current of the diode. By fitting the data, the ideality factors n of the 
device are 1.35 and 1.12 for the control and the KF-modified devices, 
respectively. A larger n value corresponds to a more severe trap-assisted 
SRH recombination. Therefore these results signify a successful sup-
pression of defect-induced trap states with the help of the bilateral ul-
trathin KF interlayers. 

3. Conclusion 

In summary, we have proposed an inorganic strategy of surface en-
gineering to improve the efficiency and stability of PSCs. By coating 
ultrathin KF films at the surfaces of the triple-cation perovskite active 
layer with a nearly complete coverage, that is, modifying both 
perovskite-ETL and perovskite-HTL interfaces, the formation of defects 
at the perovskite surfaces and grain boundaries as well as the bidirec-
tional ion migration at the interfaces were substantially suppressed as 

evidenced by both experimental and theoretical analysis. As a result, the 
defect-induced nonradiative recombination was significantly reduced 
thus leading to the more effective interfacial charge extraction and the 
less material degradation. With the optimized devices we obtained a 
PCE of 22.02% which is among the best records for inverted planar PSCs. 
The unencapsulated devices exhibit exceptional operational stability 
(500 h, ISOS-L-2) and thermal stability (1000 h, ISOS-D-2). A remark-
able PCE of 35.7% was achieved under a standard white-light LED 
source with these devices, which also belongs to the best records of in-
door photovoltaics to-date and shows a promising future in indoor-light 
harvesting. Our approach thus offers a new solution to the critical 
problem of today’s perovskite optoelectronic community, and opens up 
space for further advancement of perovskite-based photovoltaic tech-
niques toward high efficiency and high stability in both outdoor and 
indoor applications. 
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with extrapolation to the dim-light-intensity region. 
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