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ARTICLE INFO ABSTRACT

Keywords: Stability is of great importance to the commercialization of perovskite solar cells (PVSCs). Interface materials are
LiF crucial to achieve stable PVSCs. Herein, we report on a strategy of incorporating lithium fluoride (LiF) as part of
Stability

Perovskite solar cells

the buffer layer in inverted PVSCs to suppress the decomposition of perovskite layer and eliminate the corre-
sponding negative effects. The device with Ceo/LiF buffer layer maintains 87% of its initial efficiency after aging

in Ny for 26 days, exhibiting much improved stability compared to the control device with Cgo/BCP. Our work
suggests a viable approach to enhance the device stability for the commercialization of PVSCs.

1. Introduction

Organic-inorganic hybrid lead halide perovskite solar cells (PVSCs)
have been attracting intensive interest in the past years with power
conversion efficiencies (PCEs) evolving from 3.8% in 2009 to a certified
25.2% in 2019 [1,2], making them a promising alternative to conven-
tional thin film solar cells. The efficiency has been comparable with that
of commercial thin film solar cells [3,4], however, the major challenge
for commercialization is its long-term environmental stability. To be
specific, perovskite materials suffer from rapid degradation upon
exposure to humidity [5].

In order to improve the stability, great progress has been made in
various device configurations, including the classic mesoporous n-i-p
and the mesoporous-free inverted p-i-n planar configurations. Typically,
the inverted planar devices have a structure of indium tin oxide (ITO)/
poly (3,4-ethylene -dioxythiophene):poly- (styrenesulfonate) (PEDOT:
PSS)/peorvskite/[6,6]-phenylC61-butyric acid methyl ester (PCBM)/
cathode. It has attracted considerable attention due to its low-
temperature process and small hysteresis effect. However, low work
function (WF) metals such as Al (~4.1 eV) or Ag (~4.8 eV) often used as

cathode electrode for efficient electron extraction are susceptible to be
corroded by components from decomposed perovskite layer [6-8],
causing instable devices. The choice of top electron transport layer (ETL)
in the inverted p-i-n planar PVSCs plays an important role in the stability
improvement since it can provide a blocking function to prevent the
reaction between metal cathode and underlying perovskite layer.
Therefore, a suitable cathode buffer layer is crucial to the performance
of planar PSCs. A variety of cathode buffer layers including organic and
inorganic materials such as bathocuproine (BCP), SnO, and
aluminum-doped zinc oxide (AZO), have been inserted between PCBM
and top metal electrode to improve both efficiency and stability [9-11].
Lithium fluoride (LiF) is capable of preventing ion and moisture through
metal cathode into photoactive layer in organic photovoltaics (OPVs)
[12]. Although LiF works as an effective interfacial layer in inverted
p-i-n planar PVSCs [13-17], it lacks the investigation on the effect of LiF
on performance stability [18-21].

Herein, we report on the incorporation of LiF as part of the buffer
layer in inverted PVSCs to improve the device stability. We used Cgo/LiF
bilayer to prevent decomposition of perovskite layer and reduce the
negative influence. As a result, the device with Ceo/LiF keeps 87% of its
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Fig. 1. (a) Schematic of device architecture. (b) XRD patterns of Pbl, and perovskite film. (c) band alignment diagram.

initial efficiency after storage in N5 for 26 days, reflecting obvious sta-
bility improvement compared with the control one without LiF included.

2. Experimental section
2.1. Materials

PEDOT:PSS (CLevios PVP Al4083) was obtained from Heraeus Inc.
CH3NH3l (>99.5%), PbI(>99.999%), fullerene (Cgp, >99.5%), LiF
(>99.85%) were obtained from Alfa Aesar. PCg;BM (>99.5%) was
purchased from Organtec Materials Inc. BCP (>98%) was purchased
from Jilin OLED Material Tech Co., Ltd. Inc. Isopropyl alcohol (IPA)
(>99.5%), N,N-dimethylformamide (DMF) (>99.5%), 1,2-dichloroben-
zene (>99.5%), acetone (>99.5%) and absolute ethanol (>99.7%)
were purchased from Sinopharm Chemical Reagent Co., Ltd. All mate-
rials were used as purchased.

2.2. Device fabrication

The ITO-coated glass substrates were cleaned with detergent,
deionized water, acetone and ethanol in ultrasonic bath (Shu-mei
KQ300DE) for 15 min, respectively, and then treated with UV-ozone for
15 min. PEDOT:PSS aqueous solution filtered through a 0.45 pm filter
was spin-coated onto ITO substrate at 3500 rpm for 60 s, followed by
annealing at 120 °C for 15 min. The coated substrates were then

transferred to a nitrogen-filled glove-box (both HoO and Oz < 0.1 ppm).
We used a two-step deposition method to prepare perovskite layer. Pbl,
solution in DMF (1 mol/L) was spin-coated on top of PEDOT:PSS. Before
the PbI, layer was fully dried, a fresh CH3NH3I (MAI) solution in IPA (50
mg/mL) was spin-coated onto the as-prepared PbI; layer at 6000 rpm for
35 s immediately, followed by a thermal annealing at 100 °C for 15 min.
The ETL was prepared by using 20 mg/mL PC¢;BM in 1,2-dichloroben-
zene at 6000 rpm for 15 s. Finally, Cg (20 nm), LiF (1 nm) or BCP (10
nm), Al (120 nm) layers were sequentially deposited on top of the
perovskite film by thermal evaporation under vacuum (10~® mbar)
through a shadow mask with an active area of 0.11 cm?.

2.3. Film and device characterizations

The current density-voltage (J-V) curves of the PVSCs were measured
using a Keithley 2400 source meter under 100 mW/cm? illumination of
simulated AM 1.5G sunlight certified to the JIS C 8912 standard. The X-
ray diffraction (XRD) patterns of Pbl, and perovskite on ITO/PEDOT:
PSS substrates were examined by D/Max-3A diffractometer (RIGAKU,
Japan) with Cu Ka irradiation at the 26 range of 10-50°. The Electro-
chemical Impedance Spectroscopy (EIS) measurements were performed
on a CHI660 electrochemical workstation (CH Instrument Inc.). A 10 mV
voltage perturbation was applied at different dc voltages ranging from
0 to V,, with frequencies between 5 and 10° Hz under dark condition. All
devices were measured under the ambient air condition.
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Fig. 2. (a) Vo, (b) Jsc, (c) FF, and (d) PCE distribution of PVSCs with different buffer layer combination.
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Fig. 3. Nyquist plots of CHsNH3Pbl; PVSCs with different buffer layer measured at V=V under dark condition. (a) as-prepared devices, (b) The equivalent circuit
model for fitting the plots, (c) the devices aged for 15 days, (d) statistics numerical values for R, based on different buffer layer.
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Fig. 4. (a) V,light intensity dependence of, (b) transient photovoltage decay of devices with different buffer.

3. Results and discussion

The device architecture and band alignment diagram are illustrated
in Fig. 1a,c. We used PEDOT:PSS and PCg;BM as HTL and ETL, respec-
tively. Buffer layer consists of Cg0/BCP, Cgo/LiF, or LiF/BCP. Observed
from the XRD patterns (Fig. 1b), the MAPbI; perovskite film exhibits
main diffraction peaks at around 14.16° and 28.48°corresponding to the
(110) and (220) crystal planes, respectively, consistent with the previ-
ous report [22]. The peak at 12.0° corresponding to Pbly almost

disappears.

In order to investigate the effect of LiF on the device stability, the
devices with a dual buffer layer such as Cgo/LiF or LiF/BCP were
compared with the control device with Cgo/BCP ETL. We do see the large
variation on the performance of these devices. Fig. 2 shows photovoltaic
parameter distribution of PVSCs with different buffer layers measured
under AM1.5 simulated sunlight. It is clear that PVSCs fabricated with
Ce0/BCP ETL display an average Vpc of 0.95 V, a Jsc of 18.27 mA/cm?, a
FF of 65.92%, and a PCE of 11.49%. By replacing BCP with LiF, the
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Fig. 5. J-V curves of PVSCs with different buffer layers stored for (a) 0 day and (b) 26 day.

average Voc decreases to 0.90 V, along with Jgc and FF increasing to
19.19 mA/cm? and 67.38%, leading to an approximate PCE of 11.73%.
However, PVSCs with LiF/BCP buffer display remarkable increase in the
average FF of 71.48%, and slightly lower V¢ and Jsc of 0.93 V and
18.89 mA/cm?, respectively. As a result, the highest PCE of 13.38% is
achieved.

We characterized and analyzed the effect of different buffer layers on
photovoltaic performance by EIS. Fig. 3 exhibits the Nyquist plots of the
as-prepared PVSC with different buffer layers measured under dark
condition at a bias voltage of V=V, and the semicircle arc is typically
related to the interfacial charge transfer process which is ascribed to the
contact resistance (Rsc) in the devices [7]. The Rgc evaluates the se-
lective contacts and the interface correlated with the FF. As shown in
Fig. 3, the Rgc of PVSC with Cgo/BCP, Ceo/LiF and LiF/BCP is 157.6,
104.1, and 87.8 Q/cm?, respectively. Incorporation of LiF in the buffer
layer leads to significant decrease in Rgc, indicating that LiF forms a
preferable contact and interface with perovskite active layer, especially
in the case of LiF/BCP, corresponding to the increase in the FF as shown
in Fig. 2c.

As reported [23-25], lithium salt promotes device performance by
affecting electron properties of ETL. We then investigated charge

Table 1
Summary on the main photovoltaic parameters of the three types of devices with
aging time.

Layer Time (day) Voc (V) Jsc (mA/cm?) FF PCE (%)
Ceo/LiF 0 0.9091 18.8759 67.45 11.57
4 0.9002 18.9129 67.39 11.47
8 0.8992 18.8044 67.06 11.34
12 0.8801 18.5875 65.66 10.74
16 0.8671 18.4655 64.24 10.29
20 0.8515 18.5051 63.98 10.08
24 0.8578 17.8655 65.65 10.06
26 0.8639 18.1454 64.72 10.15
Ce0/BCP 0 0.9675 17.8703 61.9 10.70
4 0.9451 16.8716 62.16 9.91
8 0.9336 17.4216 57.58 9.37
11 0.9267 17.5048 50.74 8.23
14 0.9222 17.2868 44.89 7.16
17 0.9231 16.8324 38.10 5.92
20 0.9304 16.3056 32.84 4.98
23 0.9207 16.5237 30.35 4.62
26 0.9266 16.5093 29.71 4.54
LiF/BCP 0 0.8653 20.0175 70.18 12.16
3 0.8058 19.7961 63.47 10.12
6 0.8019 19.2980 61.92 9.58
23 0.7245 17.7164 58.08 7.45
26 0.7130 17.5527 57.09 7.15

recombination kinetics by measuring the dependence of V,. on light
intensity and transient photovoltage decay as shown in Fig. 4. The slope
of Vyc-light intensity dependence in Fig. 4a is relative to the trap-assisted
recombination and defined as the ideal factor [26,27]. Device with
LiF/BCP buffer exhibits the smallest slope of 1.37 kT/q while devices
with Cgo/LiF and Cgo/BCP show larger slopes of 1.42 kT/q and of 1.56
kT/q, respectively. This implies a reduced Shockley-Read-Hall recom-
bination by LiF. We also performed transient photovoltage decay to
probe the charge recombination with different buffers. As shown in
Fig. 4b, the control device with Cgo/BCP shows a rapid drop of V. value.
However, the device with Cg/LiF has a slower decay and the device
with LiF/BCP shows the slowest decay of V., suggesting the alleviated
non-radiative recombination [26,27]. These are in agreement with the
trend of the FF.

We then discussed the distinct effect of different buffer layer com-
bination on the device stability. The encapsulated devices were stored in
No-filled glove-box and measured every few days under AM 1.5G
simulated solar irradiation (100 mW/cmZ) in ambient. Fig. 5a and b
show the J-V curves of the devices with different buffer layer that were
as-prepared and aged for 26 days, respectively. The J-V curves of the as-
prepared devices show coincident arc. After storage for 26 days, the J-V
curve of the cell with Cgo/LiF keeps original shape, and however those of
the cells with Cgo/BCP and LiF/BCP change largely.

The main photovoltaic parameters of the three types of devices with
aging time were summarized in Table 1 and plotted in Fig. 6a-d. The
device with Cgp/LiF maintains 87% of its initial efficiency after being
stored in N for 26 days, while the device with Cgo/BCP has only 42% of
its initial efficiency during this duration. The primary change of the
device with Cg/BCP is the FF, quickly decreasing to 48% of the initial FF
values after aging for 26 days. By contrast, the device with Cgo/LiF still
retains more than 95% of its initial FF value. This result suggests that the
enhanced stability could be attributed to incorporation of LiF in the
buffer layer. However, it is worth mentioning that the device with LiF/
BCP shows unsatisfied stability which retains 58% after 26-day aging,
exhibiting that both Js¢ and FF of the device with LiF/BCP decrease,
while the other two devices with Cgg as part of the buffer layer show
stable Jsc. On one hand, Cgg is hydrophobic owing the low surface en-
ergy which is helpful to protect perovskite [25,28]. On the other hand,
céo is well accepted to enable the passivation on defects [29] and thus
the device performance is kept for a longer time. However, the hydro-
philic LiF is too thin to perform the same function.

In order to get deep insight into the stability improvement, electro-
chemical impedance spectroscopy (EIS) was employed to study the
degradation process. Fig. 3c shows the Nyquist plots of the PVSC with
different buffer layers aged for 15 days and Rg¢ values obtained with the
bias voltage at V=V were summarized in Fig. 3d. It is apparent that
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Fig. 6. Storage stability of the devices with different buffer layer with time. (a) Voc, (b) Jsc, (¢) FF, and (d) PCE.

Fig. 7. The morphology image of Al electrode bubbles on PVSCs and stored in glove-box (H20 < 0.1 ppm and O3 < 0.1 ppm) for 0 or 10 days. (a) freshly prepared

device, (b) device with Cgo/BCP, (c) device with Cgo/LiF, (d) device with LiF/BCP.
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with the time increasing Rgc values of different devices become large.
After aged for 15 days, the device with Cgo/BCP shows largest Rgc, and
meanwhile, the Rgc value of the device with LiF/BCP is higher than that
of the device with Cgo/LiF. Similarly, the Rg¢ of the device with Cgo/BCP
increases the most rapidly with the largest slope, while the device with
LiF has a much stable change, indicating LiF makes the selective contact
and interface relatively stable under the degradation process.

As reported [8], perovskite decomposes and generates gaseous
products like HI, leading to formation of the voids in the charge trans-
port layer and corrosion of metal electrode. This may account for the
declined PCE and FF of our devices. The stable Rgc and FF with incor-
porating LiF in the buffer layer indicate that gaseous product HI could be
isolated from cathode Al. To verify this assumption, optical microscope
was performed to characterize the cathode surfaces of different types of
devices with various buffer layer and the corresponding images are
shown in Fig. 7. Obviously, the surface with LiF in the buffer layer has
limited damages with tiny bubbles after stored for 10 days, as shown in
Fig. 7c and d. However, in Fig. 7b, large bubbles are observed on the
surface of the device with Cgo/BCP, as a result of decomposed HI and
CH3NHy(g) at the gas state. This result indicates that LiF is able to
protect cathode Al from damage by decomposition products such as HI.

4. Conclusions

We have demonstrated the stability improvement of the PVSC per-
formance by employing the LiF as part of the buffer layer, which protects
the metal electrode from damage caused by the decomposition products
from the perovskite layer and meanwhile maintains the relatively stable
interface contact. The device with Cgo/LiF buffer layer, maintaining
87% of its initial efficiency after aging in No for 26 days, has much
improved stability compared to that with Cgo/BCP. Using LiF as the
blocking layer, decomposition products are isolated from metal elec-
trode, avoiding decomposition process. This work offers an effective
strategy to improve the device stability of PVSC by incorporating LiF as
part of buffer layer to perform dual function of preventing the decom-
position and eliminating the effects of decomposition.
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