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Simultaneous Improvement of the Long-Term and Thermal
Stability of the Perovskite Solar Cells Using 2,3,4,5,
6-Pentafluorobenzoyl Chloride (PFBC)-Capped ZnO

Nanoparticles Buffer Layer

Ifan Ismail, Junfeng Wei, Xue Sun, Wusong Zha, Maria Khalil, Lianping Zhang,
Rong Huang, Zhenjie Chen, Yanbin Shen, Fangsen Li, Qun Luo,* and Chang-Qi Ma*

Stability is a big issue for the commercialization of perovskite solar cells.

The degradation of perovskite solar cells is a complex physical-chemical process
related to the photoactive layer, the interface layer, and the metal electrode.
Zinc oxide (ZnO) is a popular material used as the electron-transporting layer
(ETL) in perovskite solar cells. A major problem of the ZnO ETL for perovskite
solar cells is the thermal instability caused by the chemical reaction between
ZnO and perovskite layer. Aiming to solve the degradation issue of perovskite
solar cells a kind of ZnO nanoparticle that is chemically tailored with 2,3,4,5,
6-pentafluorobenzoyl chloride (ZnO@PFBC) is provided. Herein, the migration
of halogen and zinc that takes responsibility for the thermal degradation of
the p-i-n-type perovskite solar cells through time of flight secondary-ion mass
spectrometry (ToF-SIMS) and X-ray photoelectron spectroscopy (XPS) results is
proved. Using ZnO @ PFBC as a modifier of PCg;BM, both the ion migration and
the chemical reaction of ZnO and perovskite are suppressed. The thermal
stability and long-term illumination stability both in N> and in ambient conditions
are simultaneously improved, 75% of the initial efficiency remaining after 200 h

1. Introduction

Research progress of hybrid organic—
inorganic perovskite (PVSK) solar cells
has achieved fast growth in a short period
of time by academia. Due to interface engi-
neering and optimizing fabrication techni-
ques, power conversion efficiency (PCE) of
single-junction PVSK solar cells ascended
substantially from 3.8% to 25.2% in a very
short period, showing a great potential can-
didate for future photovoltaics.'? So, at
this circumstance, stability is a key problem
that decides future commercialization.?~!

The degradation of PVSK solar cells is a
complex physical-chemical process. The
previous works reported that ion migration
was a main factor that causes the intrinsic
degradation of perovskite solar cells.®®!
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In perovskite solar cells, I” and methylam-
monium iodide (MAI) can be transferred
from the perovskite layer into the interface
layer and electrode through grain bound-
ary’®! and weak points of the buffer layers.!"”!
Therefore, besides the compositions!'"! and crystallization of
the perovskite layer,!">"?! the interface contact’*'”) and the elec-
trodes!'®'? also greatly influenced the lifetime of the devices.
In the inverted p—i—n-type perovskite solar cells, the electron-
transporting layer (ETL) plays a critical role in collecting the
charge, and it is also actually the structural encapsulation layer
to protect perovskite layer from environmental stresses that can
degrade the perovskite layer. The commonly used ETL in the
p-i—n-type perovskite solar cells is fullerene derivative, typically
like PC4;BM. However, the randomly oriented fullerene ETL was
not robust enough to resist ion migration and ensure high
stability.?*?! The intensive reaction of PVSK and metal
electrode still occurred as the PCqBM was deposited underneath
the electrodes, especially in atmosphere air.”>?*! In the past few
years, several attempts have been made to enhance the protection
of the perovskite layer by applying different organic—inorganic
groups as a replacement or modifier of PCg; BM.**%) These
extended buffer layers provide a push to stabilize solar cells in
ambient conditions. Due to the advantages of electron mobility
and fabrication ease, metal oxides are considered choices for the
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interfacial encapsulation layer without affecting the performance
of the photovoltaic device.””?®! Several research groups have
applied metal oxides like Sn0,,**! Zn0O,B%! Ce0,,B? and
Cr0,* underlying the top electrode to create a barrier or replace
the PCBM layer for moisture and oxygen to suppress the
penetration-leaded degradation of the perovskite layer. Among
all of them, ZnO nanoparticles (NPs) were very popularly
used in the perovskite solar cells in different device architec-
tures.l”>*3¢ You et al.BY first used ZnO as the ETL on top
of the perovskite layer to replace PCBM and achieved a best
efficiency of 16.1%. Bai et al.*% and Qiu et al.’”) reported the
use of ZnO NPs on top of the PCBM ETL to achieve a higher
PCE. Zhao et al. used Al-doped ZnO NPs as the solution-
processed top buffer layer to enhance the thermal stability.®

Although there are various applications of ZnO in PVSK
solar cells, a major problem associated with ZnO is the fast
degradation of organic-inorganic perovskite layer, especially
the MAI-based films, which limited the application of ZnO in
high-performance stable perovskite solar cells. Yang et al. found
that the ZnO-assisted degradation of perovskite films was due to
the acid-base chemical reaction of perovskite and ZnO, which
would cause the decomposition of perovskite layer into
Pbl,.*? Once the films are heated, the degradation speed would
be accelerated further. Only several minutes after annealing of
the films would result in colour change from brown to yellow,
revealing the decomposition of perovskite films.*? Several solu-
tions have been developed previously, including ion doping,*”
adding an interlayer,*"*? removing the residuals ligands
of the ZnO surface,**! developing a ZnO/r-GO core-shell struc-
ture quantum dot"** or using the dynamic spin-coating
strategy. [**) Chen and coworkers!*” used a 3-aminopropanoc acid
self-assembled monolayer as a modifier of the sol-gel ZnO film,
leading to the improvement of efficiency from 11.96% to 15.76%.
Zheng and coworkers*?! added a thin layer of MgO and a sub-
monolayer of protonated ethanolamine molecules on top of
ZnO. Chang and coworkers developed low-temperature TiO,
to passivate the ZnO surface.”*’”) Enhanced electron transporting
and stability of ZnO/PVSK interface were achieved. Yao et al.[**!
took the initiative to anchor the surface of ZnO NPs with fuller-
ene molecules, and Yang and coworkers developed the core—shell
structure ZnO@ SnO, layer.[*”) These works inspiringly revealed
that the ZnO-assisted degradation of the perovskite solar cells
can be solved through interface engineering. We know the metal
oxide NP ETLs could be easily modified using a variety of organic
thin or assembled molecular layers, which can lessen the surface
defects and improve the interface charge collection. However,
most of the work handled this problem through film technology,
whereas rare work was focused on solving the stability issue in
the ZnO-based perovskite solar cells through surface chemical
modifying of NPs.

In this work, dual modification concept is introduced
to reduce the chemical reactivity of the surface of ZnO.
ZnO NPs are initially capped with the silane coupling agent,
3-aminopropyltrimethoxy silane (APTMS), and then, the termi-
nal group of the coupling agent is replaced with benzoyl chloride
derivatives using 2,3,4,5,6-pentafluorobenzoyl chloride (PFBC) to
make it available for a charge transfer bridge along with the
unreactive behavior of NPs toward the perovskite layer. Using
ZnO@PFBC as a modifier of the PCBM ETLs, significant
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improvement in the thermal stability and long-term stability
of the perovskite solar cells was observed in ambient and con-
trolled environments with the achievement of 16.93% efficiency,
which is 9% higher than that of the device without any NPs and
8% higher than the devices based on the pristine ZnO NPs. In
comparison with the device with sole PCBM and PCBM/ZnO
ETL, the use of ZnO@PFBC layer suppressed the migration
of Al from the top electrode and prevented the transporting of
Zn into the perovskite layer and passivated the chemical reaction
between ZnO and PVSK layer during thermal annealing.
Thereby, the PCBM/ZnO@PFBC ETL-based p-i-n-type perov-
skite device kept 75% of the initial efficiency after annealing
at 85°C for 200h and around 60% of the initial efficiency after
1100 h continuous illumination, which were greatly improved
compared with the standard device with sole PCBM ETL. This
work suggested that the dual modification strategy of metal oxide
NPs potentially points to a promising new way of stabilizing
PVSK solar cells with efficient charge collection.

2. Results and Discussion

The PFBC-modified ZnO (ZnO@PFBC) NPs were synthesized
through two-step chemical modification. First, ZnO NPs
were modified by 3-aminopropyltrimethoxy silane (APTMS,
ZnO@APTMS) through surface ligand exchange of hydrogen
group with triethoxysilane groups, as we have reported previ-
ously.P% Second, ZnO@APTMS was further modified by
PFBC through the chemical reaction between —-NH; and chloride
group. As the chemical reaction between -NH, and chloride
groups is easy, it is highly efficient to obtain PFBC-capped
ZnO NPs. The synthesis process of ZnO@PFBC is shown
in Scheme 1, and the detailed experimental procedures are
provided in Experimental Section.

Figure 1a,b shows the transmission electron microscopy
(TEM) images of the pristine ZnO and ZnO@PFBC NPs.
As shown by these images, the ZnO@PFBC NPs were better dis-
persed in ethanol solvent. From the dynamic light scattering
(DLS) images of NPs, as shown in Figure 1c,d, we found that
the average diameter of the pristine ZnO and ZnO@PFBC
was all ~4nm. This result indicated that the modification of
ZnO by PFBC does not cause a change in diameter. Note that
the ZnO@PFBC NPs were dried as powder and redispersed
in ethanol to form nanoink when used. Figure le shows the
photograph of the ZnO@PFBC powers and nanoinks. It is obvi-
ous to see that the nanoinks obtained from the powder can be
stable for more than 10 months without precipitates, showing
quite long-time stability, whereas ZnO ink only can be stable
within 1 month.%

The formation of ZnO@PFBC NPs was proved by Fourier
transform infrared spectroscopy (FTIR) and X-ray photoelectron
spectroscopy (XPS) spectra. Figure 1f shows the FTIR spectrum
of the pristine ZnO and ZnO@PFBC films. In the results, both
Zn0 and ZnO@PFBC exhibited a sharp peak at 468 cm ™!, which
was ascribed to the stretching vibration of Zn—O bonds. The
wide peak at 3000-3500 cm™' in ZnO and ZnO@PFBC films
originated from surface —-OH groups. Compared with the pristine
ZnO NPs, the intensity of surface -OH groups was decreased.
In addition, the presence of peaks at 1400 and 1685 cm ' that
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Scheme 1. Synthesis process of the ZnO@PFBC NPs.
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Figure 1. a,b) TEM images and c,d) DLS of the ZnO and ZnO@PFBC NPs. e) Photographs of the ZnO@PFBC NP powders and nanoinks stored
in air for different months. f) FTIR spectra of the ZnO and ZnO@PFBC NPs. g) Zn 2p, h) O 1s, i) N 1s, j) F 1s XPS spectra of the ZnO and
ZnO@PFBC films. Computational analyses for HOMO, LUMO, and dipole moments of k) APTMS, I) PFBC, and m) APTMS@PFBC.
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belong to the —COO bond indicated the existence of residual
acetate groups in these NPs.’! In addition to these peaks, an
extended peak at 1006 cm ™" was observed in ZnO@PFBC film,
which was attributed to the vibrational modes of Si—~O-Si groups
from APTMS.PY The two similar and consecutives peaks at
1500 cm ! exhibited two different groups of fluorine attached
with benzoyl groups, which could lead to the hydrophobic
character of the ZnO@PFBC NP surface. There were asymmet-
ric and symmetric C-H stretching at 2866 and 2929 cm™' in
ZnO@PFBC, due to APTMS attached on the surface.”
Figure 1g—j shows the Zn 2p, O 1s, N 1s, and F 1s XPS spectra
of the ZnO and ZnO@PFBC films. XPS analysis at the high-
resolution spectrum of Zn 2p deconvoluted the spin-orbit
coupling for Zn 2p, and the broader signal was split into two sym-
metrical peaks of Zn 2p*/? and Zn 2p'/?, located at 1022.5 and
1045.6 eV, respectively.®? In Figure 1h, two binding signals were
extracted from the asymmetric O 1s signal. In case of pristine
ZnO NPs, two symmetrical signals for the higher and lower
energy levels of the O 1s signals at 531.2 and 532.8eV were
ascribed to the Zn—O—Zn lattice oxygen and defect oxygen,
including vacancy oxygen and zinc hydroxide in ZnO, respec-
tively.?>*¥] The ratio of the lattice oxygen and defect oxygen
is ~6:5. For the ZnO@PFBC NPs, both peaks from lattice
and defect oxygen were observed. However, the intensity of
defect oxygen dramatically decreased relative to the pristine
ZnO films, suggesting the removal of oxygen defects. In the
high-resolution scan of N 1s peaks (Figure 1i), the broad peak
that appeared at 397.5 eV in ZnO@PFBC was ascribed to the
remained terminal -NH, of APTMS, indicating ZnO NPs were
still partly capped by APTMS after two-step sequential chemical
modification. Furthermore, the signal of F 1s (Figure 1j)
observed at 685.5 eV exhibited the covalent bond of F element.
In addition, the intensity of the F 1s cover level (Figure S1,
Supporting Information) was much higher than that of N 1s,
meaning reasonable transferring conversion from ZnO@APTMS
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to ZnO@PFBC. Because the chemical reaction between amino
and acyl chloride was easy and high speed, it is highly possible
that PFBC would cap outsides the ZnO NPs through covalently
bond of amino and acyl chloride. These XPS results, together
with the FTIR spectra of ZnO@PFBC, proved the successful
capping of ZnO by PFBC.

Density functional theory (DFT) calculation was conducted
to help us understand the electronic structure change of ZnO
caused by PFBC capping. As shown in Figure 1k-m, the frontier
orbitals like highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) energy levels
and the dipole moment of the capping molecular, as well as
the possible combined structure, were investigated and analyzed.
As mentioned earlier, the first-step modification was processed
by APTMS. As shown in Figure 1k-m, APTMS exhibited a low
dipole moment around 0.82D, which is fairly low for electron
extraction. The second-step modification was processed by
PFBC. It was found that 2,3,4,5,6-pentafluorobenzoyl chloride
(PFBC) showed the dipole moment around 2.85D, which is
slightly higher as compared with APTMS. So, in this work, prop-
erties of both modifiers were combined around the metal oxide.
In theoretical studies, PFBC was attached as the terminal group
of APTMS, and it passed through the same analysis as 3-amino-
propyltrimethoxy silane-attached 2,3,4,5,6-pentafluorobenzoyl
amide (APTMS@PFBC). It was found out that the dipole
moment of the new structure reached 1.42D, which was strong
enough to continue the electronic activities of solar cell without
disturbance. These computational analyses encouraged advancing
this work, because it predicted a prospective progressing chemical
approach for metal oxides to become a preferable choice for PVSK
solar cells.

Figure 2 shows the morphology and photoelectric properties
of the ZnO and ZnO@PFBC films. First, the atomic force micros-
copy (AFM) images of the films are shown in Figure 3a,b. Both in
the ZnO and ZnO@PFBC films, we could clearly find the NPs
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Figure 2. a,b) AFM images of the ZnO and ZnO@PFBC films. c) Absorption and d) PL spectra of the ZnO and ZnO@PFBC films. e) J-V characteristics
of the electron-only device with the structure of ITO/AI/ZnO@PFBC/AL. f) UPS spectra of the ZnO and ZnO@PFBC films.
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Figure 3. Absorption spectra of the a) ITO/PEDOT: PSS/PVSK, b) ITO/EPDOT: PSS/PVSK/ZnO, and c) ITO/PEDOT: PSS/PVSC/ZnO@PFBC films after
annealing at different temperatures. Inset: the photographs of the films. XRD patterns of d) ITO/PEDOT: PSS/PVSK, e) ITO/PEDOT: PSS/PVSK/ZnO,
and f) ITO/PEDOT: PSS/PVSK/ZnO@PFBC films after heating at different temperatures.

on top of the glass substrate, indicating good coverage and film
formation properties. From the AFM images, it was found the
root mean roughness (RMS) of the ZnO and ZnO@PFBC films
was 4.6, and 4.5 nm, respectively. In the ZnO@PFBC film, we
also observed some different NPs, which might be ascribed to
the impurities due to the hydrolysis of silane during the first step
of synthesis. The absorption and photoluminescence (PL) spectra
of the ZnO and ZnO@PFBC films were measured and are
shown in Figure 2c,d. Note that the films for absorption and
PL measurements were fabricated through spin coating from
the inks with the same concentration of 10mgmL™". The
absorption intensities of the ZnO@PFBC and ZnO films were
nearly the same, and both the ZnO and ZnO@PFBC films
presented a typical absorption with an absorbance cutoff at
around 360 nm. With the excitation of 350 nm, both the pristine
ZnO and ZnO@PFBC films exhibited a weak emission peak
at 360 nm and a stronger emission peak centered at 530 nm.
These two emission peaks could be attributed to the band edge
emission and the oxygen vacancy defect-related emission.>*!

In terms of the influence of PFBC capping on the electron-
transporting properties, both the electron mobility and the work
function of the ZnO@PFBC films were studied. First, electron
mobility was determined using the space-charge-limited current
(SCLC) method through testing the -V characteristics of the
electron-only device with structure of ITO/Al/ZnO@PFBC/AL
As shown in the J-V characteristics of the device, shown in
Figure 2e, we found this curve well fitted with the SCLC mode
with an ohmic contact at a low bias region and the trapped space
charge region at a high bias region, suggesting that the electron
mobility of the ZnO@PFBC films could be calculated using this
method. For the SCLC method, we know that charge mobility can
be calculated from the SCLC region using the Mott—Gernery
SCLC equation, described as follows."*!
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where ¢, &, yto, and d are the relative dielectric constant of the
materials, the vacuum dielectric constant, the electron mobility,
and the film thickness, respectively. Herein, for ZnO@PFBC, ¢,
€ He, and d are the relative dielectric constant of the materials,
the vacuum dialectic constant, the electron mobility, and film
thickness, respectively. As a result, the electron mobility of
ZnO@PFBC was estimated to be about 4.1 x 10~*cm? V1 S~1
similar to the electron mobility of the pristine ZnO
(5.88x 10 *cm? V1S 1), as we have reported previously.>”
This result depicted that PFBC capping only caused a slight
decrease in the charge mobility for ZnO NPs, which could enable
good charge transporting in the cathode interface. Then the work
function of the ZnO@PFBC film was determined from the
ultraviolet photoelectron spectroscopy (UPS) result. Figure 2f
shows the UPS spectra of the ZnO and ZnO@PFBC films that
deposited on top of the ITO substrate. According to this figure,
the work function of ZnO and ZnO@PFBC films was estimated
to be about 3.92 and 4.23 eV. The increased work function of
ZnO@PFBC relative to ZnO could be ascribed to the electron-
withdrawing ability of F atoms. However, the work function
of 4.23eV was still suitable for matched energy alignment.
According to the UPS spectra and the absorption spectra of
ZnO and ZnO@PFBC, the conducting and valence bands of
the ZnO and ZnO@PFBC films were estimated. Specifically,
for ZnO, the conducting band and valence band energy levels
are 3.85 and 7.30eV. For ZnO@PFBC, the conducting band
and valence band energy levels are 4.30 and 7.75eV. In addition,
the capping of PFBC outside ZnO NPs changed the surface
energy. According to the contact angles of the films with
water and diiodomethane as shown in Figure S2, Supporting
Information, the surface energies of the pristine ZnO and
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ZnO@PFBC were 66.16 and 36.06 mNm ' (listed in Table S1,
Supporting Information), respectively. The decreased surface
energy of ZnO@PFBC films proved the capping PFBC again.
As PFBC is highly hydrophobic, modification by such molecules
is essential to improve moisture resistance.

As discussed a serious issue of ZnO for perovskite solar cells
is the chemical reaction-related instability problem, especially
accelerated, as it was under thermal conditions. Therefore, with
the aim of solving this problem through surface chemical
modification in the work, we first investigated the thermal stabil-
ity of perovskite films. Figure 3a—c shows the absorption spectra
of PVSK, PVSK/ZnO, and PVSK/ZnO@PFBC films after ther-
mal treatment at different temperatures in the N,-filled glove
box. The insets of Figure 3a—c show the photographs of these
films. The absorption spectra of the pure PVSK films showed
negligible change after annealing at 100 °C, and the photographs
showed the films were nearly unchanged. It meant that the pure
PVSK film was stable enough to sustain thermal annealing
within 100°C. In contrast, the absorption intensity of the
PVSK/ZnO films showed a dramatical decrease after thermal
annealing at 60-100 °C. The film gradually changed from bark
brown to yellow with the increase in annealing temperature. As
the annealing temperature increased up to 100 °C, a totally yellow
film was observed, indicating the decomposition of the perovskite
films to PbI,. However, the PVSK/ZnO@PFBC film was almost
unchanged as the annealing temperature increased to 100 °C, and
the film color was nearly brown. These results suggested the con-
tact of ZnO with the perovskite films leading to the decomposition
of perovskite films. However, the serious decomposition of PVSK
films was suppressed through capping the ZnO with PFBC.
Therefore, the chemical capping of ZnO is really a feasible strat-
egy to suppress the chemical reaction of PVSK and ZnO.

Further, the X-ray diffraction (XRD) patterns of these films
were measured to see the detailed variation of the composition
and structure during annealing. As evidence of the PVSK decom-
position during thermal annealing, Figure 3d—f shows the
XRD patterns of the films. The peaks at 14.08°, 28.41°, and
31.85°correspond to the (110), (220), (310) planes of the PVSK
crystals, and peaks at 12.65° were ascribed to Pbl,. Both in the
pure PVSK and in the PVSK/ZnO@PFBC film, no diffraction
peak change was observed after being thermal treated at different
temperatures. Nevertheless, in the PVSK/ZnO film, we found
unexpected decomposition from PVSK to Pbl, when the thermal
temperature was higher than 80 °C. Especially after thermal
annealing at 100 °C, PVSK was almost totally converted to Pb,.

www.solar-rrl.com

Besides the conventional XRD measurements, in situ XRD
measurements were also carried out to detect the circle process
of PVSK during thermal annealing. The experiment process was
produced as follows: PVSK, PVSK/ZnO, and PVSK/ZnO@PFBC
films were put on the in situ thermal plate and annealed gradually
from room temperature to 100 °C. The XRD scan was periodically
conducted for each 30 min. To exclude the impact by moisture
and oxygen, the samples were kept in the vacuum chamber.
The detailed results of XRD patterns during in situ annealing
are shown in Figure S3, Supporting Information. It could be
learnt that there was no clear presence of Pbl, peaks during heat-
ing, but there was decline in the intensity of the PVSK peaks for
the PVSK films (Figure S3a, Supporting Information). In the
case of ZnO on the top of the PVSK layer, there was a vast chance
of the appearance of Pbl, along with the degradation of the active
layer. It is shown in Figure S3b, Supporting Information, that a
little rise above the room temperature (40 °C) caused a sharp
decline in the concentration of PVSK, whereas, at the same time,
an obvious appearance of PbI, peak occurred that effectively
overcomes the ratio of PVSK peak rapidly. In comparison, the
passivated surface of ZnO NPs, in case of ZnO@PFBC in
Figure S3c, Supporting Information, remained intact from inter-
acting with the PVSK layer at a higher range of temperature.
Modifications on the surface of metal oxides passivated the
intrinsic surface defects which led to the unreactive chemical
encapsulation on top of the perovskite layer.

After we have confirmed that PFBC capping of ZnO could
suppress the chemical reaction between PVSK and ZnO, and
significantly improve the thermal stability, we moved forward
to fabricate the perovskite solar cells. Unfortunately, the perov-
skite solar cells with ZnO@PFBC ETL presented a low efficiency
(Figure S4, Supporting Information) though the chemical reac-
tion of ZnO and perovskite was suppressed, which might be due
to the no-ideal connection between PVSK and ZnO@PFBC.
The detailed reason was not fully understood yet. Previous work
has reported that PCBM was important to passivate the surface
defect in the PVSK grain boundaries.”® Thus, devices with a
structure of ITO/PEDOT: PSS/PVSK/PCy BM/ZnO@PFBC/
Al were fabricated. As ZnO@PFBC was used as a modifier of
PCy;BM ETL, the thermal stability of the ITO/PEDOT: PSS/
PVSK/PCys;BM/ZnO@PFBC films significantly improved as
compared with the ITO/PEDOT:PSS/PVSK/PC4,BM/ZnO film,
as shown in Figure 4. In this figure, we observed the gradual
decomposition of the perovskite films into PbI, with the increase
in thermal annealing temperature from 120 to 180°C in the

@) 4 (b) 4 PC_BMZn0 ) 4 PC,BMZnO@PFEC
—wlo —wio
—120°C —120%

23 23 —so%c| 23 —1s0%

n @ —180c| B —180°C

2 c2 52

-t - £

= £ =

1F 1 1}
0

200 560 Ei:lﬂ ?l;ll] 800 300 560
Wavelength (nm)

Wavelength (nm)

500 600 700 . 800
Wavelength (nm)

600 700 800 400

Figure 4. UV-vis absorption Spectroscopy of the films with structure of a) ITO/PEDOT: PSS/PVSK/PC¢; BM, b) ITO/PEDOT: PSS/PVSK/PCsBM/ZnO,

and c) ITO/PEDOT: PSS/PVSK/PCs, BM/ZnO@PFBC.
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ITO/PEDOT:PSS/PVSK/PCs1 BM/ZnO film. Specifically, as the
temperature increased to 180 °C, the absorption intensity of
perovskite dramatically decreased. But, both the pristine films
without ZnO and the films with ZnO@PFBC films exhibited
negligible change in the absorption intensity, suggesting no
decomposition of the perovskite films. These results proved
the excellent thermal stability of the ITO/PEDOT:PSS/PVSK/
PCs:BM/ZnO@PFBC films. Figure S5, Supporting Information,
shows the dynamic XRD patterns of ITO/ PEDOT: PSS/ PVSK/
PG BM, ITO/ PEDOT: PSS/ PVSK/PCBM/ZnO, and ITO/
PEDOT: PSS/ PVSK/PC¢,BM /ZnO@PFBC films during thermal
annealing from room temperature to around 140 ° C. The results
also showed improved stability of the ITO/ PEDOT: PSS/
PVSK/PCe;BM/ZnO@PFBC film than the ITO/ PEDOT: PSS/
PVSK/PCe;BM/ZnO film.

Figure 5a shows the device structure, where ZnO and
ZnO@PFBC were deposited on the top of PCg; BM layer as
modifiers. Figure 5b shows the energy level of the device, where
the conducting and valence bands were determined from UPS
spectra, and the energy structure’s other layers were cited from
previous studies.”! Figure 5c shows the cross-sectional scanning
electron microscopy (SEM) images of the perovskite and the
electrode buffer layer, where the sequential layers of ITO,

www.solar-rrl.com

PEDOT: PSS, PVSK, PCs;BM, and ZnO@PFBC were clearly
observed. In addition, the thickness of the ITO, PEDOT: PSS,
PVSK, PC¢BM, and ZnO@PFBC layer could be estimated at
about 280, 100, 330, 35, and 15nm from the SEM images.
The J-V characteristics and external quantum efficiency (EQE)
spectra of these devices are shown in Figure 5d.e, and the
detailed performance parameters of these cells are shown in
Table 1. The device with sole PC4;BM ETLs presented an opti-
mized PCE of 15.33% and average performance of 14.33%. For
the optimized device, the open-circuit voltage (Vo ), short-circuit
current (Jsd, and fill factor (FF) are 1.04V, 19.11 mA cm 2,

Table 1. Device performance of the perovskite solar cells with different
ETLs.

ETL VoM Jsc FF[%] PCE[%]  PCEstd.
[mAcm™? dev. [%])”
PCe1BM 1.04 19.11 78 15.53 14.33 £0.60
PC¢BM/ZnO 1.00 19.69 80 15.68 14.23 £0.96
PC¢BM/ZnO@PFBC 1.04 20.46 80 16.93 15.87£0.75

JAverage value calculated over ten individual devices.
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Figure 5. a) Device structure, b) energy level of the perovskite solar cells. c) cross-section SEM images of the perovskite solar cells with
PCs1BM/ZnO@PFBC buffer layer. d) J-V characteristics, e) EQE spectra, f) dark J-V curves, and g) histogram of the performance with different ETLs.
h) Evolution of PCE of the perovskite solar cells with different ETLs during annealing at 85°C for 200 h in the N,-filled glove box and i) the
evolution of PCE during continuous illumination in the N filled glove box at around 40°C.
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and 78%, respectively. For the cells with PCsBM/ZnO bilayer
ETL, the introduction of ZnO on the top of PCBM caused a
slight increase in Jsg thus yielding an improved performance
of 15.68%. The insertion of ZnO@PFBC between PCgBM
and Al leads to the increase in Jsc to 20.46mAcm™2, and
FF slightly improved to 80% as well. As a consequence, an opti-
mized performance of 16.93% was achieved. Such a performance
was nearly 18% promotion compared with the control device.
Herein, the improvement of [gc caused by ZnO and ZnO@
PFBC layers was well proven by the EQE spectra, where
increased light harvesting in the region from 600 to 700 nm
was observed. Qiu et al.’”! have reported the promotion of
Jsc by insertion of ZnO on PCeBM in previous studies.
Figure 5f shows the dark J-V characteristics of these devices.
From the dark J-V curves, one can find the improved rectifica-
tion ratio of the ZnO@PFBC involved devices relative to the
other two devices. The histogram of the performance for the cells
with different ETLs is shown in Figure 5g. This figure shows that
the reference cell using sole PC4BM ETL gave an average
performance at ~14%. The device with PCs; BM/ZnO ETL gave
a similar average performance like the ZnO-based solar cells. But
a large error bar was observed. For the PC¢BM/ZnO@PFBC
ETL-based solar cell, the average performance largely increased
to about 16%. From the histogram of performance, we knew that
the introduction of ZnO@PFBC on PC¢BM can generally
improve the efficiency of the perovskite devices.

As introduced earlier, we know that the PVSK/ PCy;BM and
PVSK/PC4:BM /ZnO@PFBC films have a reasonable thermal
stability, whereas the PVSK/ PC¢BM /ZnO film shows a
poor property. Properly speaking, the pure PVSK film is the most
stable one among the three kinds of films. However, when we
moved forward to the whole device, interesting results were
observed. The thermal stabilities of the perovskite solar cells
with the structure of ITO/PEDOT: PSS/PVSK/PCg BM/AL
ITO/PEDOT: PSS/PVSK/PCgBM/ZnO/Al, and ITO/PEDOT:
PSS/PVSK/PCs; BM/ZnO@PFBC/Al were investigated, and
Figure 5h shows the evolution of efficiency when annealing
the devices at 85 °C in the Nfilled glove box for different time.
The decay curves of V¢, Jsc, and FF are shown in Figure S6,
Supporting Information. For both the PC¢BM and PCgBM/
ZnO ETL-based solar cells, the performance declined sharply
within 20-30h. In addition, the device with PC4s;BM ETL
degraded very fast. However, the PCq BM/ZnO@PFBC ETL-
based device could resist around 200h of continuous heating
at 85 °C and kept 80% efficiency of the initial value. Herein, these
results showed that the perovskite solar cells with PCyBM/
ZnO@PFBC ETL showed a much better thermal stability than
the PCg BM-based cells. As the ITO/PEDOT: PSS/PVSK/
PC4:BM films without the Al electrode showed nearly compara-
ble thermal stability to the ITO/PEDOT: PSS/PVSK/PC4BM/
ZnO@PFBC films, the quick degradation of the ITO/PEDOT:
PSS/PVSK/PCs, BM/Al device was mainly caused by the vapored
Al electrode. In other words, the device stability was highly
influenced by the perovskite layer, the ETL, as well as the inter-
face contact between ETL and the top electrode.

To understand the deep reason of the Al electrode-assisted
thermal degradation, the time of flight secondary-ion mass
spectrometry (ToF-SIMS) of these fresh and aged devices were
measured, and Figure 6a—c shows the results. By analyzing the
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changes of Al, C, Pb elements, the corresponding interfaces of
Al, ZnO, PC4BM, and MAPDI, Cl;_, layers were determined.
In the PC4BM ETL-based solar cells, no change was observed
for Al element, whereas, the intensity of I increased slightly
in the aged cells. In addition, it seems that element I has
migrated into Al and PCgBM layer after thermal annealing.
For the device with PCy;BM/ZnO ETL, element Al seems to
permeate into the PVSK and PC;;BM layer. Meanwhile, inten-
sive peaks of I were observed in the ZnO layer, and Zn was
transported into the perovskite layer in the aged devices.
These changes indicated the chemical reaction between ZnO
and perovskite layer. On the side of PCyBM/ZnO@PFBC
ETL-based solar cells, both the distribution of elements Al and
I showed negligible change, indicating a robust protection of
Al or PVSK layer by the ZnO@PFBC layer.

Further, to confirm the reaction mechanism, surface XPS
spectra of the aged films were measured. Figure 6d—f shows
the core level of Al 2p XPS spectra in the aged films, and
Figure 6g—i shows the core level of I 3d XPS spectra in the aged
films. As shown in Figure 6d, the Al 2p XPS spectra in the three
samples was composed of two Gaussian peaks at 69.5 and
72.2 eV, which matched metal Al and Alls, respectively.”® In
addition, we found in the PC4;BM ETL-based device that the ratio
of All; to metal Al was much higher than that in the PCs;BM/
ZnO and PCyBM/ZnO@PFBC-based devices. It indicated the
formation of more All; due to the chemical reaction between
MAI and Al in PCy;BM ETL involved cells, which was due to
the migration of MAI into the Al top.[3 /I Meanwhile, the obvious
XPS peaks of the I 3 d core levels were also found on the surface
of these devices, suggesting the migration of I from the PVSK
layer to the film surface. In addition, the intensity of I 3d peaks
in the PCg;BM/ZnO-based devices was higher than that in the
PCs1BM and PCs;BM/ZnO@PFBC-based cells. As aforemen-
tioned, the ToF-SIMS results have suggested the migration of
Zn into the perovskite layer. According to these observations,
we can speculate the chemical reaction of PVSK and ZnO.
Previous work suggested that the possible reason of the decom-
position of PVSK on ZnO was due to an acid-base chemical
reaction between the hydroxyl groups on the ZnO surface and
MALI ions, as hydroxyl groups and residual acetate were unavoid-
ably left on the ZnO surface for the solution-processable ZnO
layer. Such a reaction destroyed the crystal structure of the perov-
skite, leading to the formation methylamine and PbI,.2%*+>°)
Due to the ZnO accelerated instability issue of the perovskite
solar cells, some former works mainly focused on the removal
of —OH groups on ZnO NPs through high-temperature
annealing/®”! ultraviolet ozone treating,**! or using other base
precursor substitutes.*” Results demonstrated that decreasing
the —~OH groups outside the ZnO surface might be a practical
approach to improve thermal stability."® However, we also
found that PFBC modification did not lead to the dramatic
decrease of —OH groups on the surface of ZnO from FTIR spec-
tra (“vide infra”). Nevertheless, the ToF—SIMS results suggested
the transportation of Zn mass into the perovskite layer for the
pristine ZnO. The similar transporting phenomenon of Zn mass
was attributed to the asymmetric temperature field by Liu
and coworkers!®!! Therefore, we speculated that the removal of
—OH groups did not directly contribute to the improvement of
thermal stability. However, the removal of surface -OH groups
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Figure 6. a—c) ToF-SIMS images of the aged devices with PCs:BM, PC¢1BM/ZnO, and PCe1BM/ZnO@PFBC ETLs after annealing at 85 °C for 200 h.
Core level of XPS spectra of d—f) Al 2p and g—i) | 3d of the fresh and the aged (annealed at 85 °C for 200 h) devices with different ETLs. j—I) Reaction

and passivation mechanism.

would lessen the movement of Zn mass and subsequently
passivate the reaction of perovskite and ZnO. Herein, in the case
of the PCy;BM/ZnO@PFBC-used device, though the surface
OH groups were not removed by PFBC modification, the effec-
tive capping of PFBC outside the ZnO NPs would prevent the
transportation of Zn mass as well. Consequently, the thermal
stability could be significantly proved using PFBC-capped
ZnO. Surface XPS spectra showed a negligible Zn 3p peak in
the aged ITO/PEDOT: PSS/PVSK/PCs; BM/ZnO@PFBC films,
giving the evidence for the above speculation. In contrast, the
PC4;BM/ZnO films presented a significant increase of the Zn
3p signal, as well as peak shift, which might indicate the forma-
tion of Znl,.

As previously mentioned, the fast degradation of PCs BM
ETL-based solar cell corrosion was due to the migration of
I" -induced corrosion of the Al electrode. However the chemical
reaction of ZnO and PVSK could accelerate degradation; thus,
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the pristine ZnO is not suitable for use in the perovskite solar
cells. However, the chemical capping of ZnO by PFBC could
suppress the ion migration and passivate the chemical reaction
of ZnO and perovskite layer, leading to significant improved
thermal stability. Based on this explanation, the possible mecha-
nism would be explained, as shown in Figure 6j-1.

Besides thermal stability, long-term stability inside the glove
box (Figure 5i) was investigated in this work. The devices were
put under 1 sun continuous illumination for more than 45 days,
and J-V curves were periodically tested. During continuous
illumination, the glove box was cooled by the air conditioner,
so the temperature of the devices was kept at around 40°C.
Figure S7, Supporting Information, shows the evolution of
Voc, Jsc, FF, and PCE during long-term continuous illumina-
tion. It is obvious that devices with a sole PCy; BM ETL showed
a sharp degradation of Js¢, which resulted in the quick decrease
of PCE within around 200h. The degradation rate of the
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PC¢BM/ZnO ETL-based solar cell was much slower than
the control cells. Specifically, 40% of the initial efficiency
remained after 200 h decay. However, the device also nearly died
after aging for 1100 h. In comparison with the PC4;BM and
PC¢,BM/ZnO-involved solar cells, we found an obvious improve-
ment of long-term stability when modifying PC4BM with
ZnO@PFBC layer, 60% efficiency remaining after 1100h
long-term continuous illumination. As our previous work has
proved that the degradation of the perovskite solar cell under
continuous illumination condition in air was ascribed to the
unhomogenous coverage of PCyBM layer on the top of the
perovskite layer,*” the improved stability in the glove box for
the PC¢BM/ZnO@PFBC ETL-based cells might be due to the
suppression of ion migration as well. For long-term air stability
during continuous illumination, these devices were kept at room
temperature with humidity about 55%, and the performance
decay is shown in Figure S8, Supporting Information. As shown
in Figure S8, Supporting Information, all the three devices
degraded fast in air. For the pure PCsBM and PCBM/ZnO
ETL-based solar cells, device performance could only be
maintained for around 30h. Fortunately, using ZnO@PFBC
as a modifier of PCyBM decelerated the degradation process
obviously. Because of the hydrophobic properties of the
ZnO@PFBC layer, moisture permeation might be lessened
in the case of the PCBM/ZnO@PFBC ETL-based solar cell. In
all, the improvement of long-term stability during continuous
illumination might be also ascribed to the passivation effect of
the ion migration of metal electrode and interface chemical
reaction by ZnO@PFBC layer.

3. Conclusion

In conclusion, we developed 2,3,4,5,6-pentafluorobenzoyl
chloride (PFBC)-capped ZnO NPs through the two-step chemical
modifying route. The material can successfully suppress the
chemical reaction between the perovskite layer and ZnO, and
therefore improve the thermal stability of the perovskite films
as directly in contact with ZnO. Consequently, the consistent
improvement of long-term stability and air and thermal stability
was observed through the addition of this ZnO@PFBC layer on
top of the PCBM layer. Further, the deep mechanism was
analyzed through TOF-SIMS and XPS spectra. In case of the
device with the sole PCBM layer, the corrosion of Al electrode
due to halogen ion migration from the perovskite layer to metal
electrode was the reason of device degradation. With the addition
of ZnO on the top of PCBM, though the corrosion of Al electrode
was lessened, the chemical reaction between ZnO and the perov-
skite layer caused dramatic degradation of the devices. With
the ZnO@PFBC modifying PCBM, both the corrosion of the
Al electrode and the chemical reaction of ZnO and perovskite
were suppressed. This work provides a potential buffer layer
based on chemical-tailored ZnO NPs for achieving high perfor-
mance and good thermal, air, and N, storage stability.

4. Experimental Section

Materials:  Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT: PSS), methylammonium iodide (MAI), lead iodide (Pbl,),
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and lead chloride (PbCl,) were obtained from Solarmer Energy, Inc.
(Beijing). [6,6]-Phenyl-Cer-butyric acid methyl ester (PCeBM) was pur-
chased from American Dye Source Inc. ZnO (OA), 3-Aminopropy-
[trimethoxy silane (APTMS) and 2,3,4,5,6-Pentafluorobenzoyl chloride
(PFBC) were purchased from | &K Scientific Ltd.

Synthetic Route of ZnO@PFBC NPs: The synthesis of hybrid
ZnO NPs was done in different steps that are summarized as follows.
The synthesis route for pristine ZnO NPs and APTMS-capped ZnO
was followed as reported in the literature”® The ZnO@APTMS NPs
were washed with toluene several times to remove the unreactive oleic
acid-capped NPs. APTMS modification made possible for NPs to be
soluble in DMSO, which was used as the reaction medium for dual
modification. Pentafluoro benzoyl chloride (PFBC) was added with the
same molar concentration of APTMS at 50 °C, and the reaction continued
for 4h. Finally, the colloidal solution of dimethyl sulfoxide (DMSO)
resulted in a clear solution. NPs were collected and washed through recrys-
tallization with dichloromethane (DCM). ZnO @ pentafluorobenzoylamide
(ZnO@PFBC) NPs were dried and stored inside the glove box. For the
fabrication process, these hybrid NPs were dissolved in n-butanol to
make an ink.

Fabrication of the Perovskite Solar Cells: The hybrid perovskite solar cells
were fabricated on top of the patterned indium tin oxide (ITO) glasses with
the device architecture of glass/ITO/PEDOT: PSS/PVSK/PCgBM/ZnO/Al.
ITO patterned glasses were washed with detergent, followed by ultrasoni-
cation for 30 min with acetone and isopropanol, and then dried at
80°C. In the first step, aqueous solution of PEDOT: PSS was spin coated
at the speed of 4000 rpm for 40 s. Afterward, the substrate was annealed
at 150°C for 12 min to dry the film and transferred to a N, -filled glove
box for further steps. MAI: Pbl,/PbCls_, with 1:1 was dissolved in N,
N-dimethylformamide (DMF)/DMSO with the concentration of 30 wt%,
and the precursor solution was annealed at 70 °C for4 h. The prepared
PVSK solution was spin coated with a single-step fabrication method
at 6000 rpm for 50's, and 200 pL toluene was dropped as the antisolvent.
Thin-layer perovskite films were heated at 100°C for 30min and
cooled down at room temperature. PCg;BM solution in chlorobenzene
with 20mgmL™" concentration was spin coated on the perovskite
thin layer at 1000 rpm for 60s. The pristine ZnO and ZnO@PFBC NP
inks in n-butanol were spin coated as a top protective layer at
1500 rpm for 60s. The top electrode Al was deposited by thermal
evaporation under high vacuum with a 9 or 16 mm? effective area for
all devices.

Characterization of the ZnO@PFBC NPs and the Solar Cells: The
diameter of the ZnO and ZnO@PFBC inks was determined by DLS with
Malvern granulometer (Zetasizer Nano). The TEM images of ZnO and
ZnO@PFBC were recorded by the EEI Tecani G2 F20 S-Twin 200 kV micro-
scope. FTIR of the ZnO and ZnO@PFBC NPs was recorded by Nicolet
6700 FTIR spectrometer. The absorption spectra were tested by the
Lamada 750 UV/Vis/NIR spectrophotometer (PerkinElmer). The PL spec-
tra of the ZnO and ZnO@PFBC NPs were measured in solution with
a concentration of 1TmgmL™". The AFM images of the ZnO and
ZnO@PFBC films were recorded by Dimension 3100. UPS and XPS were
conducted on a Kratos AXIS Ultra DLD ultrahigh-vacuum (UHV) surface
analysis system. The film thickness was characterized using a profiler
(VEECO, DEKTAK 150). ToF-SMIS spectra of the fresh and the aged
devices were measured by IONTOF TOF-SIMS.5.

The current density-voltage (J-V) measurements were carried out
in a nitrogen glove box with a Keithley 2400 source meter under a
Newport solar simulator (100 mW cm?). EQE were measured under
simulated 1sun operation conditions with light from a 150 W tungsten
halogen lamp (Osram 64610) as the probe light, a monochromator
(Zolix, Omni-A300) for selecting the wavelength, and an |-V converter
for recording the response. A calibrated Si cell was used as a reference.
The test device was kept behind a quartz window in a nitrogen-filled
container. The long-term stability in N, and in air was conducted
through period J-V sweeping under continuous illumination in AM
1.5 G. The thermal stability of the devices was conducted through anneal-
ing the films on a hot plate for different times and testing the J-V
characteristics.
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