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A B S T R A C T   

The fill factor (FF) is a fatal parameter to determine the power conversion efficiency (PCE) of perovskite solar 
cells. Especially, for the large area solar cells and modules, the low FF is the bottleneck towards the high PCE. 
The FF is highly correlated with the carrier recombination caused by defects at interfaces. Herein, we propose 
that ultra-thin inorganic alkali metal fluorides interlayer passivate the interface defects by vapor evaporation 
method at the perovskite/electron transport layer (ETL) interface. We confirmed that the alkali metal fluorides 
(AF) layer can function as both defect passivation layer and physical barrier layer, showing the significant 
enhancement of PCE and ambient stability. Eventually, we achieve the highest FF (80.6%) for 1 cm2 size and 
highest FF (73.1%) for 10.8 cm2 size perovskite solar cell by potassium fluoride (KF) as passivation layer. This 
functional interlayer strategy paves the way to resolve the industrial requirements with low cost, high fill factor 
large area planar perovskite solar cells.   

1. Introduction 

Organic–inorganic hybrid lead halide perovskite materials have 
attracted intense attention in the past few years owing to their superior 
photovoltaic properties [1–5]. To date, the power conversion efficiency 
(PCE) of perovskite solar cells (PSCs) with a solution-based route has 
rocketed to 25.2%, which is comparative with the efficiency of single 
crystal Si solar cells [6,7]. The reason why perovskite materials have 
excellent optoelectronic properties is structural fluctuations of soft oc-
tahedron [PbI6]4- in perovskite crystals, which results in the correlated 
motion of charge carriers and the polar lattice forming large polarons 
[8–12]. The unique structural properties of perovskite materials lead to 
low carrier recombination rate beyond that of a simple direct band gap 
semiconductor [13]. Recent studies have identified nonradiative 
recombination via defects between the perovskite and carrier transport 
layer interfaces as a major source of efficiency loss in perovskite solar 
cells [14–17]. Both of theory and experiment prove uncoordinated Pb2+

and/or halide (Cl− , Br− , I− ) ions as the dominant recombination defects, 
which reduces the fill factor (FF), open circuit voltage (Voc) and overall 
device performance. Furthermore, for large area perovskite solar cells 
(>1 cm2) because of the approximately linear increase in series 

resistance, it is always difficult to get a better fill factor than in small 
area solar cells [18]. To bridge the gap between the Shockley–Queisser 
efficiency limit and experimental PCE values, it is imperative to mini-
mize the sources of recombination between perovskite films and charge 
transport layer (CTL) interfaces. 

To overcome the problems of carrier recombination in perovskite 
solar cells, Huang et al. proposed an insulating polystyrene (PS) 
tunneling layer between the perovskite and electron transport layer 
(ETL) interface for inverted PSCs [19,20]. The thin insulating layer al-
lows the transport of photogenerated electrons to ETL by tunnelling and 
blocks the photogenerated holes going through the ETL because of 
energy-mismatching in C60 for holes, which thus suppresses the charge 
recombination at the perovskite/ETL interface. Stolterfoht et al. found 
that inserting ultrathin LiF (0.6–1 nm) interlayers between the perov-
skite and charge transport layers leads to substantial reduction of these 
interfacial losses, which results in significant enhancement of Voc and FF 
[17]. White et al. proposed that inserting ultrathin PMMA films at both 
the perovskite/ETL and perovskite/hole transport layers (HTL) in-
terfaces symmetrically reduces interface recombination [21–23]. The 
further design and selection of more excellent interlayer materials and 
the exploration of their different functions are particularly important for 
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the preparation of large-area devices. 
In this work, we propose a serial of alkali metal fluorides as func-

tional interlayers at the perovskite/ETL interface by vapor deposition 
method. The alkali metal fluorides layer can function as both passivation 
layer and physical barrier layer. The bifunctional layer significantly 
improves the efficiency and stability of PSCs, especially improving the 
fill factor in large area perovskite solar cells with optimal KF interlayer, 
which is key to achieve high efficiency large area solar cells. Eventually, 
we achieve the best fill factor (80.6%) for 1 cm2 size and highest FF 
(73.1%) for 10.8 cm2 size perovskite solar cells with KF interlayer. This 
new ultra-thin inorganic interlayer strategy is a promising method for 
achieving industrial fabrication requirements with high fill factor, low 
cost and high efficient large area planar perovskite solar cells. 

2. Experimental 

2.1. Materials 

Methylammonium iodide (MAI) was synthesized according to a 
previous study [22], in brief: 24 mL methylamine solution (33 wt% in 
ethanol, Sigma Aldrich) and 10 mL hydriodic acid (57 wt% in water, 
Sigma Aldrich) were diluted by 100 mL ethanol in a 250 mL round 
bottom flask by constant stirring at 0 ◦C for 2 h. The precipitate of 
CH3NH3I was gained by rotary evaporation at 40 ◦C and washed with 
dry diethyl ether until the solid became white. The final product was 
dried at 60 ◦C in a vacuum oven for 24 h. PbI2 (99.999 wt%) was pur-
chased from Alfa Aesar. PEDOT:PSS (CLEVIOS PH 1000) solution was 
acquired from Haraeus and used as received. Alkali metal fluorides (AF, 
99.5 wt%) were purchased from J&K Chemical without further purifi-
cation. C60 (99%) and BCP (99%) were purchased from Nichem 
(Taiwan). 

2.2. Device fabrication 

The cleaning process of the ITO-coated glass (12 Ω/sq) could be 
found in our previous report [23]. PEDOT:PSS/deionized water (v/v =
1/3) solutions by sonication and filtering were first spin-coated onto the 
substrate at 1500 rpm for 30 s and annealed 20 min at 130 ◦C. The 
MAPbI3 perovskite film was deposited using a two-step evaporation-spin 
coating method following our previous work [22]. We transferred the 
ITO substrates coated with PEDOT:PSS to a vacuum chamber. The PbI2 
films of 200 nm thickness were sublimated under a pressure of 10− 5 

mbar at a rate of 8.0 Å/s and the resulting substrates were placed into a 
N2-filled glovebox heated for 5 min at 50 ◦C; The CH3NH3I solution (80 
mg/mL in 2-propanol) was dropped on the ITO/PEDOT:PSS/PbI2 sub-
strates, then the annealing for 2 h at 50 ◦C. After annealing, alkali metal 
fluorides materials with thickness of 3 nm were deposited on top of 
perovskite at the rate of 0.2 Å/s by vacuum evaporation. Eventually, the 
devices were completed by consecutively vacuum depositing C60 (30 
nm), BCP (6 nm) and Ag cathode (120 nm) under 1 × 10− 5 mbar at a rate 
of 0.3 Å/s, 0.3 Å/s and 1.0 Å/s, respectively. The complete device 
structure can be formed with ITO/PEDOT:PSS/MAPbI3/AF/C60/BC-
P/Ag. The 1 cm2 and 10.8 cm2 large area perovskite solar cell followed 
the same procedures. 

2.3. Characterization 

All measurements were conducted in ambient air. The photovoltaic 
performance was evaluated under an AAA solar simulator (XES-301S, 
SAN-EI), AM 1.5G irradiation with an intensity of 100 mW/cm2. The 
photocurrent–voltage (J–V) curves were measured by a Keithley 2602 
source meter under simulated sunlight and the scan rate was 0.5 V s− 1 

starting from − 0.05 to 1.2 V. The absorption spectra were acquired on a 
UV–Vis spectrophotometer (HITACHI U-3010, Japan). The PL lifetime 
was recorded in a FLS 920 Fluorescence Lifetime and Steady State 
Spectroscopy (Edinburgh Instruments, British). The morphology and 

crystallinity were investigated by scanning electron microscopy (SEM) 
(Quanta 250, FEI). The crystalline structures on ITO substrate were 
performed with an X-ray diffractometer (D/MAX-2400, Rigaku, Japan) 
with Cu Kα radiation (λ = 0.154060 nm). Electrochemical impedance 
spectroscopy with the range of 0.1 Hz–1 MHz was performed by elec-
trochemical workstation (CHI600E, CH Instruments, China) at the bias 
of the respective open-circuit voltage. 

3. Results and discussion 

The method of two-step evaporation-spin coating is illustrated in 
Fig. 1a. Firstly, the PbI2 films of 200 nm are sublimated under a pressure 
of 10− 5 mbar at a rate of 8.0 Å/s, and then the CH3NH3I solution (80 mg/ 
mL in 2-propanol) is dropped on the ITO/PEDOT:PSS/PbI2 substrates. 
Subsequently, the annealing is performed under a nitrogen atmosphere 
for 2 h at 50 ◦C. After annealing, alkali metal fluorides materials with 
thickness of 3 nm were deposited on top of perovskite at the rate of 0.2 
Å/s by vacuum evaporation. In order to explore the effect of alkali metal 
fluoride, firstly, we carry out the SEM measurement as shown in Fig. 1b. 
The surface SEM images for perovskite absorbers with different alkali 
metal fluorides layer indicate similar morphology. However, the alkali 
metal fluoride is too thin to be seen clearly. Atomic force microscope 
(AFM) images (Fig. S1) were used to study the roughness of the obtained 
films. The root mean square (RMS) roughness of pristine perovskite is 
13.06 nm, and it increases to 16.26 nm, 17.75 nm after vapor evapo-
ration an ultra-thin CsF, RbF interlayer, respectively. Interestingly, it 
increases to 18.12 nm for KF interlayer. It is easy to understand that 
ultra-thin alkali metal fluoride slightly changes the surface roughness. 
The profile elemental (alkali cations and fluorine) mapping from the 
energy-dispersive X-ray (EDX) spectroscopy clearly indicate their ho-
mogeneous distribution on the perovskite interface as shown in Fig. S2. 

X-ray diffraction (XRD) are carried out to investigate the crystalli-
zation of the MAPbI3 films. Fig. S3 shows the X-ray diffraction (XRD) 
patterns for the perovskite films containing various alkali metal fluo-
rides materials prepared on ITO/PEDOT:PSS substrates. Obviously, the 
typical diffraction peaks including (110), (220) are detected in all 
samples, which indicates the existence of the tetragonal phase of 
perovskite. The stronger diffraction peak with AF modified suggesting 
that the crystallinity and crystal orientation are improved. There is no 
obviously diffraction peak shift in all films, which reveal that alkali 
metal fluorides may only modify the perovskite interface. 

In order to further verify the optical properties by alkali metal 
fluorides, we measured the absorption spectrum and photoluminescence 
(PL) of perovskites with different alkali metal fluorides. Fig. 2a shows 
the optical absorption spectra of perovskite films containing various 
alkali metal fluorides fabricated on glass substrates. The perovskite 
containing KF shows a red shift in the absorption edge. Oppositely, the 
perovskites containing RbF or CsF present blue shift in the absorption 
edge. To quantitatively assess the influence of the alkali metal fluorides 
interlayer on the band gap of perovskite materials, the band gaps are 
calculated according to Tauc plot, as illustrated in Fig. 2b [24]. The 
detailed calculations results of Tauc plot are shown in Table S1. The 
band gap is 1.612 eV for perovskites containing KF, suggesting a 
shrinkage compared to the pristine perovskites (1.614 eV). However, the 
RbF (1.617 eV) and CsF (1.629 eV) give rise to an extension of the band 
gap. 

Simultaneously, the photoluminescence (PL) spectra and corre-
sponding decay curves are measured for the perovskite films containing 
various alkali metal fluorides. To avoid the influence of hole injection to 
PEDOT:PSS during evaluating the lifetime, the perovskite films are 
deposited on glass substrates. Fig. S4 shows the related PL spectra, 
indicating that the intensity dramatically enhances with alkali metal 
fluorides. Fig. 2c and d show the related normalized PL spectra and 
decay curves. It is clear that the PL peaks slightly shift towards long 
wavelength after KF interlayer modified. The RbF and CsF containing 
perovskite films show blue shift compared to the pristine perovskite. 
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This result is consistent with the absorption spectra, and further 
evidencing the variation of band gap after alkali metal fluorides modi-
fied. The corresponding decay curves, fitted by bi-exponential function 
as shown in Table S2, indicated that the modification with RbF and CsF 
enhance the carrier lifetime. Meanwhile, the KF containing perovskite 
presents the longest carrier lifetime. This result suggests that the 
modification of alkali metal cations improve the carrier lifetime and 
therefore high photovoltaic performance is expected. 

The perovskite solar cells with the structure of ITO/PEDOT:PSS/ 
MAPbI3/Alkali Metal Fluorides (AF)/C60/BCP/Ag are fabricated, the 
relevant cross-section SEM as shown in Fig. 3a. The detailed preparing 
processes are stated in the experimental sections. Fig. S5 shows the 
energy level alignment of the planar PSC with and without alkali metal 
fluorides. Energy level changes related to the photovoltaic performance 
[25–27], therefore, the devices structure with alkali metal fluorides 
modified eventually improve the photoelectric properties. Changing the 
thickness of the alkali fluorides (Fig. S6), the optimal value confirmed is 

3 nm by comparing the power conversion efficiency of devices. Fig. 3b 
present the dependence of the photovoltaic parameters of the devices on 
the various alkali metal fluorides. As can be seen, the average PCE in-
creases with the alkali metal fluorides, owing to the significantly 
improved FF, Jsc and slightly enhanced Voc. 

The representative J-V curves is shown in Fig. 3c. It is found that 
alkali metal fluorides can enhance the PCE of perovskite solar cells and 
the devices obtaining KF interlayer have the highest PCE 16.21% with a 
Voc as high as 0.87 V, a Jsc of 24.11 mA/cm2 and an FF of 0.821. The 
detailed photovoltaic parameters with different alkali metal fluorides 
were summarized in Table S3. These results are consistent with other 
literatures, where photovoltaic performance increased after the K+, Rb+

or Cs+ incorporation owing to the defect passivation, larger grain 
[28–31]. The values of integrated current density deduced from the 
incident photon to current conversion efficiency (IPCE) measurements 
are 22.54 mA/cm2, 21.44 mA/cm2, 20.52 mA/cm2, and 19.50 mA/cm2, 
which is in agreement with the value from the J-V scanning. Because of 

Fig. 1. (a) Schematic of two-step evaporation-spin coating method and vapor evaporation alkli metal flourides (AF, A = K, Rb, Cs). (b) SEM images for perovskite 
films without and with AF. 

Fig. 2. (a) Absorbance spectra (b) Band gap (c) PL spectra and (d) PL decay curves for perovskite films without and with various alkali metal fluorides.  
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Fig. 3. (a) Schematic diagram of solar cell configuration and cross-sectional SEM image in inverted perovskite solar cells deposited with different alkali metal 
fluorides (scale bar: 500 nm). Pristine and different alkali metal fluoride modified devices: (b) Statistic photovoltaic parameters obtained FF, Voc, Jsc, and PCE. (c) J-V 
curves of representative devices, (d) IPCE and integrated current density, (e) Stability of devices by exposing them to air (40% RH) for 500 h without encapsulation. 

Fig. 4. (a) The contact angle for perovskite films without and with KF. Current–voltage (I–V) characteristics of (b) electron-only devices. (c) EIS of PSCs for pristine 
and KF modified. 
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no obvious difference in the absorption spectra, the JSC increase can be 
explained by the reduced traps from the interface. 

Finally, the stabilities of the MAPbI3 without and with AF modified 
are also studied by exposing them to air (40% RH) for 500 h without 
encapsulation. Fig. 3e depicts the normalized PCE change of the 
different devices. Compared with the pristine MAPbI3 device of 20% 
attenuation efficiency, the device modified with KF shows excellent 
stability with an efficiency attenuation of 10%. 

Subsequently, we tested the contact angle, the space-charge-limited- 
current (SCLC) and electrochemical impedance spectroscopy (EIS) for 
films and devices to confirm the reasons improvement of the stability 
and efficiency, and especially represented by KF. 

As displayed in Fig. 4a and b, the angle of pristine film is 68.95◦, the 
value obviously increase to 89.13◦, indicating a significant improving of 
hydrophobic after modification, similar phenomenon happening on the 
RbF and CsF intelayer modified (Fig. S7), detailed date as shown in 
Table S4. The bigger surface hydrophobic contribute to the stability, 
which shows the unique advantages for inorganic interlayer applied at 
interface. 

SCLC tests in dark conditions assess the intrinsic characteristics of 
perovskite films. The single electronic devices construct with the 
structure of ITO/C60/perovskite/with or without AF/C60/Ag. In Fig. 4c, 
the voltage of trap filling limit (VTFL) of pristine MAPbI3 films is 0.94 V, 
and the trap state density is calculated to be 1.81 × 1016 cm− 3, according 
to the formula in Supporting information. While the values with KF 
interlayer modified drops to 0.55 V, and the corresponding density of 
the trap state is 1.06 × 1016 cm− 3. These results reflect that the KF 
interlayer can effectively reduce the defects states density of perovskite/ 
ELT interface, contributing the improvement of FF. 

To gain deep insight into the alkali metal fluorides-induced 
enhancement of power conversion efficiency, we take the electro-
chemical impedance spectroscopy (EIS) measurement, a useful tech-
nique that reveals the potential carrier transport behaviors in the PSCs. 
The Nyquist plots of these devices with alkali metal fluorides or without 
were obtained with an applied bias voltage of 0.8 V close to the Voc as 
shown in Fig. 4d. Then the EIS data obviously shows the improved 
recombination resistance in PSCs with the KF layer has the large 

recombination resistance which is consistent with the high PCE attained 
using KF layer as shown in Fig. 3c. Larger recombination resistance Rrec 
for free carriers indicates less carrier recombination probability and 
thereby reduced charge loss in the photocurrent. As a result, higher Voc, 
Jsc, and FF are realized in the device using KF. According to the above 
analysis, perovskite solar cell modified with the alkali metal fluorides, 
which can reduce the trap state density and increase the recombination 
resistance, suppress the nonradiative recombination at interfaces, 
directly resulting in high fill factor in devices. 

To confirm the benefits of the inserting an alkali metal fluorides 
layer, the complete perovskite solar cell devices with structure glass/ 
ITO/PEDOT:PSS/MAPbI3/KF/C60/BCP/Ag were fabricated on sub-
strates as shown in Fig. 5a (active area is 1 cm2). The current density- 
voltage (J-V) characteristics of the cell is shown in Fig. 5b. The fill fac-
tor reaches up to 80.6% when the active area is 1 cm2. To the best of our 
knowledge, we have achieved the high fill factor for 1 cm2 size perov-
skite solar cell. Ultimately, we fabricated a PSC module based on the this 
device structure. As shown in Fig. 5c and Fig. S8, the PSC module with 
an effective area of 10.8 cm2 consists of eight sub-PSCs with an effective 
area of 1.35 cm2 (0.30 cm × 4.5 cm). The sub-PSCs are connected in 
series by effectively masking each functional layer and the distance 
between adjacent sub-PSCs is 5.6 cm. Fig. 5d shows the best perfor-
mance of the champion module with a PCE of 10.24%, a Voc of 6.83V, a 
Jsc of 2.05 mA/cm2 and an FF of 73.1% under reverse scanning. 

The proposed alkali metal fluorides functional layer at the perov-
skite/ETL interface by vapor deposition method can significantly 
improve the efficiency of PSCs, especially for the improving of the FF in 
large area perovskite solar cells, which is indispensable for high effi-
ciency large area solar cells. We are also experimenting with module to 
drive low-power devices as shown in Fig. S9. Fig. S10 depicts the 
normalized PCE of the devices for 21 consecutive days. Compared with 
the MAPbI3 device of 42% attenuation efficiency, the KF modified de-
vice shows excellent stability with an efficiency attenuation of 17%. 

4. Conclusion 

In conclusion, we demonstrate that alkali metal fluorides interlayer 

Fig. 5. (a) Image of device with 1 cm2. (b) Current density–voltage (J–V) characteristics of 1 cm2 perovskite cells with KF interlayer. (c) Image of MAPbI3 module 
with an effective area of 10.8 cm2 (8 sub-cells in series). (d) Current density–voltage (J–V) characteristics of 10.8 cm2 perovskite cells with KF interlayer. 

T. Lei et al.                                                                                                                                                                                                                                       



Organic Electronics 87 (2020) 105937

6

between perovskite and ETL could significantly increase device perfor-
mance functioning as suppressing carrier recombination by passivating 
the perovskite/ETL interface. The ultrathin inorganic interlayer can 
significantly improve the efficiency of PSCs, especially for improving the 
fill factor in large area perovskite solar cells, which is indispensable for 
high efficiency large area solar cells. In this paper, we achieve the best 
fill factor (80.6%) for 1 cm2 size and highest FF (73.1%) for 10.8 cm2 

size perovskite solar cells. This functional interlayer strategy paves the 
way to resolve the industrial requirements with low cost, high fill factor 
large area planar perovskite solar cells. 
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