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ABSTRACT: The electrical character and interface contact of the (~ ey )
electron transport layer (ETL) play a critical role in high-efficiency e e N

planar perovskite solar cells. Here, a dual functional surface alkali-
gas erosion (SAE) method is proposed based on the unique
chemical properties of the amphoteric oxide. First, during the SAE
process, SnO, can react with alkaline gas slightly, and the chemical
reaction mechanism is elucidated, which leads to the crystal fusion
of the SnO, surface, bringing an improved electron mobility and an
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the perovskite crystal and promote the growth of the perovskite
film; meanwhile, the —NH, group connected chemically with SnO,
also serves as a bridge-link by replacing the organic cation at the perovskite/SnO, interface, which effectively enhances the interfacial
charge transport and the perovskite crystallinity. As a consequence, devices with SAE achieve a champion PCE of 21.10%, and the
average PCE is increased from 18.07 to 20.30%, which mainly results from the increase of short-circuit current density from 22.34 to
24.19 mA cm™2 Moreover, the optimized devices retain 86% of its initial PCE (compared with 41% of the control device) after 60
days at room temperature with 40—50% humidity.
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B HIGHLIGHTS PSCs, including perovskite-film optimization, defect passiva-
tion, interface engineering, and device structure engineer-
ing.z_6 To date, owing to its simple structure, easy preparation,
and flexible application, the most popular cell structure is
planar-type with a compact electron transport layer (ETL). For

(1) A simple method using the available materials in daily
life is introduced for the first time to simultaneously
reshape the SnO, surface morphology and enhance

.SnOZ/perovskite. interfacial charge transfer to further planar PSCs, the metal oxides such as TiO,, SnO,, and ZnO
improve the device performance. applied as ETLs have been widely researched due to their
(2) The chemical reaction mechanism between SnO, and excellent photoelectric properties and commercial availabil-
alkaline gas during the SAE method is elucidated based ity.7_10 Among them, SnO,, as a type of inorganic metal oxide,
on the unique chemical properties of the amphoteric has a band gap about 3.6 eV and a suitable conduction band,
oxide, which demonstrates that the SAE method could which has a good alignment with the conduction band of
also be used to other amphoteric oxide ETLs. perovskite. Furthermore, SnO, ETL exhibits excellent chemical
(3) The perovskite crystal nucleation process and mecha- stability, and it is insensitive to UV light, which can help to
nism are elucidated after the —NH, group has been obtain PSCs with long-term stability.'"?
introduced at the SnO,/perovskite interface. Applying SnO, as ETL has attracted lots of attention since it

has been reported by Fang’s group in 2015."% Over the last few

B INTRODUCTION

Organic—inorganic metal halide perovskite solar cells (PSCs)
have attracted huge attention due to their excellent perform-
ance and low-cost solution-processable fabrication since they
have been reported for the first time in 2009 with a power
conversion efficiency (PCE) of 3.8%.' Recently, various
technologies have been proposed to obtain high-efliciency
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Figure 1. Schematic of surface alkali-gas erosion procedures and characterization of ETLs. (a) Schematic of surface alkali-gas erosion procedures.
(b) The N 1s XPS spectra of ETLs. (c) The analysis of N 1s XPS spectra of ETLs. (d) The Sn 3d XPS spectra of ETLs.

years, in order to obtain high-quality SnO, films, various
preparation methods have been proposed, such as solution

. . 14,15 . .16 .
spin-coating, atomic layer deposition, ° chemical bath
deposition,'”'” and magnetron sputtering deposition."®
Among these methods, it is worthy to note that the solution
spin-coating using commercial SnO, aqueous colloidal
dispersion solution is especially available and convenient.®
To improve device efficiency, it is reported that doping La,"”
Li,>° Mo,*' Y,*> Zn,*® and other elements in SnO, films could
effectively improve electronic conductivity and tune the Fermi-
level position for obtaining good alignment with the perovskite
film.”*~>" The additives ethylene diamine tetraacetic acid
(EDTA)*® and Red-Carbon-Quantum-Dot*’ in commercial
SnO, aqueous colloidal dispersion solution have been applied
to optimize microstructure-morphology and decrease the
surface energy of the SnO, film, which could passivate surface
defects and increase perovskite crystallization. To reshape the
surface morphology is also an available way to optimize
performance of ETL, for example, combining the additives
EDTA”® and NH,CI’® in the SnO, precursor solution could
slightly decrease the surface roughness of the SnO, film, and
fabrication of the SnO,/TiO, nanowire-nanoshell structure
could effectively enhance electron injection and collection.”'
These studies show the importance of ETL to the efficiency of
planar PSCs and a vital significance for further studies of the
SnO, film as ETL.

Besides the ETL itself, the heterojunction interface
composed of ETL and perovskite also plays a vital role in
planar PSC performance. Due to the different chemical
properties of inorganic metal oxide and organic—inorganic
perovskite, there exists a mass of defects at the interface that
can result in loss of photon-generated carriers.”> > Moreover,
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the crystal defects resulting from the lattice mismatch at the
interface may accelerate ion migration and produce routes for
diffusion of oxygen and moisture into the perovskite film,
which may be responsible for the device degradation in an
ambient environment.” >’ To alleviate the negative effects of
the interface defects on efficiency and stability of PSCs,
multifarious strategies have been reported to passivate the
interface defects. For example, a zwitterionic compound (3-(1-
pyridinio)-1-propane sulfonate) has been applied to modify
the SnO, film and optimize the interface, which improved
device efficiency and thermal stability.”® The —NH, group
adsorbed on the surface of TiO, ETL has been reported to
effectively passivate the defects at the interface of ETL/
perovskite and decrease carrier recombination.”” Li et al.
reported a facile and effective method to passivate the defects
at the interface with NH,Cl-induced coagulated SnO, colloids,
which obtains a PCE of 21.38%.”° The multifunctional
chemical linker 4-imidazoleacetic acid hydrochloride (Im-
AcHCl) has been applied to provide a chemical bridge
between the SnO, ETL and perovskite layer, which could
passivate the interface defects and boost carrier transport.*’
These successful examples demonstrate that it is explorable to
perform interface defect passivation to further improve the
efficiency and stability of planar PSCs.

Here, we proposed a surface alkali-gas erosion (SAE)
method to optimize SnO, ETL and enhance its contact with
perovskite. Both the obvious chemisorption of the —NH,
group on SnO, and crystal fusion of the SnO, film were
observed, which were responsible to the improved electron
transport, reduced interface defect states, and high-quality
perovskite films. Due to the positive effects of SAE, a champion
PCE of 21.10% is obtained, which is superior to that (19.04%)

https://dx.doi.org/10.1021/acsaem.0c00563
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Figure 2. Characterization of ETLs, all the ETLs deposited on the ITO. (a,b) SEM images of ETLs. (c,d) AFM images of ETLs; the figure size is 2
um. (e) Electron mobility measurement of ETLs using the SCLC model. (f) Optical transmittance spectra of ETLs.

of the control device, and a significantly improved stability is
also achieved at room temperature with 40—50% humidity. It
is expected that the surface alkali-gas erosion method proposed
in our work is also appropriate for PSCs with large area, which
may contribute to the further development of efficient and
stable PSCs.

B RESULTS AND DISCUSSION

In planar PSCs where the compact SnO, film is applied as
ETL, the electronic property of ETL and its interfacial contact
with perovskite strongly influence the device performance.
Previous works reported that introducing the —NH, group at
the ETL/perovskite interface could effectively passivate the
interface defects,>”*' and it is known that the most common
and lowest-cost substance, which contains the —NH, groups, is
ammonia in daily life. Theoretically speaking, the ammonia gas
tends to be absorbed chemically on the surface of metal and
metallic oxide.*”™ As a kind of amphoteric oxide, SnO, is
insoluble in alkaline solution in room temperature, however, it
can be slightly dissolved when the temperature is increased. So,
it is possible to simultaneously optimize the SnO, film
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chemical/physical property and introduce the —NH, group
at the SnO,/perovskite interface through erosion effects on the
SnO, film with ammonia gas under certain conditions. Based
on these theoretical thinking, we applied the surface alkali-gas
erosion (SAE) method to modulate SnO, film features and to
introduce the —NH, group on the SnO, surface. The detailed
information of the SAE method is presented in Figure la. After
the SnO, film was prepared on clean ITO, the SnO,/ITO
sample was held in a reaction chamber, which contained a
certain amount of ammonia solution at the bottom, including
NH;, H,0, and trace amounts of NH,*, —NH,, and OH~, and
the sample was separated with the ammonia solution. Then,
the chamber was heated with 120 °C for 2 h, generating alkali-
gas to react with the SnO, film. During the SAE process, the
SnO, film, especially the site with lots of contact points with
generating gas, tends to react with OH™ ions, and the reaction
equations are presented in the following:

SnO, + 20H™ + 2NH < 2NH} — $nO?™ + H,0
1

https://dx.doi.org/10.1021/acsaem.0c00563
ACS Appl. Energy Mater. 2020, 3, 5039—5049
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2NH} — $nO3~ < H,SnO, | +2NH,1 )
where the 2NH,"—SnO; is a very unstable substance and
would hydrolyze to form stannic acid, a kind of sediment that
is insoluble in water, as soon as it forms. Meanwhile, the —NH,
group comes from ammonia solution, and the dissociation of
NHj; tends to connect with the SnO, because it possesses an
unpaired electron that is active to connect with other dangling
bonds. Previous reports reported that the —NH, group
absorbed chemically on the metal oxide surface, which exhibits
a stable state during the dissociation adsorption process of
NH; on metal oxides.””* The theoretical analysis indicates
that the —NH, group can be absorbed steadily on the SnO,
film.

After the SAE method was performed on the ITO/SnO,
sample, to confirm the existence of the —NH, group on the
surface of the SnO, film, we carried out energy-dispersive X-ray
(EDS) mapping on the SnO, film deposited on the ITO with
SAE (we named it SAE-SnO, in the following discussion), as
shown in Figure S1, and the N element is obviously observed
although the intensity of the N element is much lower than
those of O and Sn elements, which suggests the existence of
the —NH, group on SAE-SnO,. In addition, the X-ray
photoelectron spectroscopy (XPS) measurement was per-
formed to further confirm the existence of the —NH, group
and explore the interaction between the —NH, group and
SnO,. The original full XPS spectra of control SnO, and SAE-
SnO, films are presented in Figure S2a,b, and the analysis of
element content is shown in the inset table. Compared to the
typical spectrum of SnO,, the peaks of Sn 3d/O 1s/C 1s on
the spectrum of SAE-SnO, almost share the same position and
the intensities; however, it is obviously observed that the peak
of N 1s arises near 400 eV. Figure 1b shows a precise map of
the XPS nitrogen peak selected from the spectra of SnO, and
SAE-SnO,, and the peak of N 1s is clearly observed, which
again confirms the existence of —NH, groups on SAE-SnO,.
The high-resolution N 1s spectrum of SAE-SnO, is shown in
Figure 1c, which can be deconvoluted into three peaks located
at 401.3, 400.6, and 399.6 eV. The peaks of 401.3 and 400.6 eV
can be assigned to the y-state including absorbed chemical N-
containing species such as N—N, N—Sn, and so on, in present
work, the peaks are supposed to be attributed to the N—Sn and
N-H states. The peak of 399.6 eV has been reported to
correspond to the —NH, moiety in previous works.*”*
Combining the previous works and the analyses of XPS results,
it is reasonable that the N element observed by the XPS
measurement is in the form of —NH, absorbed on the surface
of SAE-SnO,. Comparing the Sn 3d peaks of the SnO, film, as
shown in Figure 1d, we found that the Sn 3ds,, (486.9 €V) and
Sn 3d;,, (4954 eV) of the SAE-SnO, film shift by 0.5 eV,
which may be due to the chemical interaction between the
—NH, group and $nO, film during the SAE process.”’ The
—NH, group is supposed to be absorbed on SAE-SnO,
through the N-Sn bond, which is consistent with the discussion
of the peak of N 1s centered at 401.3 and 400.6 eV mentioned
above. After SAE was applied on the SnO, film, we heated the
sample of ITO/SAE-SnO, for 20 min with 50, 100, and 150 °C
(higher than the annealing temperature (130 °C) of the
perovskite film), and then XPS was carried out on them. As
shown in Figure S2c, it is clear to see that the intensity of the
N 1s peak changed negligibly with different heating temper-
atures, which further confirms the chemical interaction
between the —NH, group and SnO, film and rules out the
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possibility of the —NH, group being absorbed physically. All
these results of various measurements verified that the SAE
method can successfully introduce the —NH, group on the
surface of SnO, ETL.

To understand the effects of surface alkali-gas erosion (SAE)
on the surface morphology of the SnO, film, scanning electron
microscopy (SEM) was carried out on control SnO, and SAE-
SnO, films. As shown in Figure 2a,b, both films are compact
without cavities and pinholes. However, observing Figure 2a in
detail, we found a lot of aggregate structures located chaotically
on the surface. Compared to the control SnO, film, the SAE-
SnO, film has a smoother and flatter surface with crystal
fusion, which looks like being polished due to the erosion
effects of SAE. To understand the morphology difference more
accurately and get a clear value of surface roughness, atomic
force microscopy (AFM) was carried out, and the results are
shown in Figure 2c¢,d, respectively. In Figure 2c, the control
SnO, film is compact, and the grains have a disorder
arrangement with an obvious boundary. Compared to the
control SnO, film, the SAE-SnO, film exhibits a smoother
surface, and the RMS is 1.00 nm, which is lower than that
(3.85 nm) of the control SnO, film. We can find that all the
grains fuse together, which obfuscates the grain boundary. Due
to the decreased roughness and boundary, the SAE-SnO, film
may significantly decrease the surface defect states and
facilitate the deposition of high-quality perovskite films. We
also performed Kelvin probe force microscopy (KPFM) on
control SnO, and SAE-SnO, films with the resulting images
shown in Figure S3. We found that the surface potential
distribution is in accordance with the surface morphology
mentioned above, and the average potential of SAE-SnO, film
is —120 mV that is inferior to that (180 mV) of the control
SnO, film, which explains why the SAE-SnO, film possesses a
lower Fermi-level, indicating a better band alignment with
perovskite.” %%

In addition, to measure the electron mobility of control
SnO, and SAE-SnO, films, the space charge-limited current
(SCLC) was measured with the device structure of ITO/Au/
ETL/Au.*® As shown in Figure 2e, we calculate the electron
mobility of the SAE-SnO, film to be 3.1 X 10™* cm®> V™' 7},
which is obviously higher than that (1.8 X 107 cm? V™! S7!)
of the SnO, film, according to the following Mott—Gurney
function:

8jL*
-V, -V

ﬂ —
T 9ge(V,

()

where j is the current density, L is the thickness of the ETL, &,
is the vacuum permittivity, € is the relative dielectric constant
of ETL, V,,, is the applied voltage, V; is the voltage loss due to
radiative recombination, and Vj; is the built-in voltage due to
the different work functions between the anode and cathode. It
is known that the increased electron mobility effectively
promotes the carrier transport in the PSCs and decreases the
charge accumulation at the ETL/perovskite interface. The
conductivities of control SnO, and SAE-SnO, films were also
measured with the results shown in Figure S4a, and the device
structure is presented in the inset figure. We found that the
resistance of the SAE-SnO, film is apparently smaller than that
of the SnO, film, which may be due to the smoother surface
and surface crystal fusion mentioned above. The crystallization
properties of control SnO, and SAE-SnO, films were explored
by X-ray diffraction (XRD) measurement, as shown in Figure

pp
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Figure 3. Characterization of the perovskite films. (a) Top-view SEM image of the perovskite film. (b) Top-view SEM image of the perovskite film.
(c) Cross-sectional SEM image of the perovskite film. (d) Cross-sectional SEM image of the perovskite film. (¢) XRD patterns of the perovskite

films. (f) UV—vis absorption spectra of the perovskite films.

S4b; the XRD peaks of control SnO, and SAE-SnO, films are
similar, and all of them are indexed to the typical diffraction
peaks of the SnO, film. The transmittance is a key factor for
ETL applied in planar n-i-p PSCs; after SAE was applied on
the SnO, film, the UV—vis absorption measurement was
carried out on control SnO, and SAE-SnO, films. As shown in
Figure 2f, the two films exhibit outstanding transmittance in
the range of 300 to 800 nm wavelengths, and the transmittance
of the SAE-SnO, film is slightly superior to that of the SnO,
film, indicating that the SAE process has beneficial effects on
the ETL transmittance and would not pollute and stain the
ITO/SnO, samples, which demonstrated that the SAE method
is suitable for the fabrication of planar n-i-p PSCs.

After surface alkali-gas erosion (SAE) was performed on
SnO,, it is necessary to explore its impacts on the perovskite
film since the perovskite film is deposited on the SnO, film
directly, and the micromorphology of the substrate has a huge
influence on the perovskite film, including surface coverage,
grain size, crystalline, and so on. Figure 3 illustrates the SEM
images, XRD patterns, and UV—vis absorption spectra of the
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perovskite film deposited on the SnO,/ITO substrate without/
with SAE (we name them the control perovskite film and
perovskite film on SAE-SnO,, respectively, in the following
discussion). First, we analyze the perovskite film surface
micromorphology from the SEM images. In Figure 3a, the
control perovskite film is compact without pinholes, and the
average grain size is about 350 nm, we found that the film
surface is bestrewed with a fragmentary crystal, which is small
and arranged randomly. In comparison, as shown in Figure 3b,
the perovskite film on SAE-SnO, is compact with uniform
grains, and the average size of grains is about 550 nm, in detail,
there is a negligible fragmentary grain located on the grain
surface and at the grain boundary. In addition, AFM was also
used to analyze the morphology of the perovskite film. As
shown in Figure S5a and Figure Sb, both films are compact,
and the RMS of the perovskite film on SAE-SnO, is 14.61 nm,
which is slightly smaller than that (16.36 nm) of the control
perovskite film. Besides the observation of the surface
morphology, we also observed the cross-sectional image to
further analyze the crystal quality of the perovskite film. As
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shown in Figure 3¢, the thickness of the control perovskite film
is about 500 nm, and the grain orientation is disordered with
obvious grain boundaries. In comparison, as shown in Figure
3d, the thickness of the perovskite film on SAE-SnO, is about
600 nm, and almost all the grains penetrate the whole film with
an orientation vertical to the substrate. The grains are
obviously larger than that of the control perovskite film,
which is in agreement with the results of SEM measurement
discussed above.

Moreover, the chemical compositions and crystal structures
of perovskite films are explored by XRD measurement. As
shown in Figure 3e, the crystal faces corresponding to different
peak positions are labeled, and we found that both perovskite
films exhibit similar peak positions, indexed to the typical
diffraction peaks of a perovskite. The peak intensity of the
perovskite film on SAE-SnO, is slightly higher than that of the
control perovskite film, indicating a higher crystallization
quality. From the optical perspective, as shown in Figure 3f,
the perovskite film on SAE-SnO, exhibits a stronger absorption
especially in the range of 400 to 550 nm compared to the
control perovskite film, which is helpful to light capture of
PSCs and further to obtain high current density. All the results
discussed show that the crystallization quality of the perovskite
film is enhanced after the SAE method has been applied on
SnO, ETL. There may be two main reasons: the first one is, as
shown in Figure 4, that the —NH, groups absorbed on the
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Figure 4. Schematic structure and nucleation process at perovskite/
ETL interfaces.

SAE-SnO, surface would strongly interact with the halide
anions of perovskite through hydrogen bonds,” which can
provide nucleation sites for promoting perovskite crystal
nucleation via accelerating the atoms in preheating the
perovskite film assembled together. Based on classical
nucleation theory, during the nucleation process, the reduction
of volume free energy due to the decreased temperature can
only compensate for 2/3 of the surface energy of the nucleus,
and the rest of the surface energy needs to be supplied by the
circumstance that mainly comes from the local energy
fluctuation in the preheating perovskite film. The existence
of hydrogen bonds formed between the halide anions of
perovskite and —NH, group could effectively increase local
energy fluctuation and further to accelerate crystal nucleation.
In addition, the —NH, groups possess a smaller molecular
dimension than the organic molecular of perovskite, such an
advantage helps it to move into the perovskite inorganic
framework and replace the organic molecular at the bottom
perovskite film with the annealing process proceeding, which
can also accelerate the perovskite crystal nucleation and bridge-
link with SAE-SnO, and perovskite.””>" The second one may
be attributed to the optimized micromorphology of SAE-SnO,
that can further obtain a high-quality perovskite film.
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The interfacial property is expected to be optimized after
surface alkali-gas erosion (SAE) was applied on SnO,, and we
performed various measurements to explore the influence of
the SAE method on the perovskite/ETL interfacial charge
transfer and interface defect states, including the PL and
TRPL, the dark J—V curves, electrochemical impedance
spectroscopy (EIS), and so on. As shown in Figure S6a,
compared to the steady-state PL spectrum of the control
perovskite film, the steady-state PL spectrum of the perovskite
film on SAE-SnO, shows an obvious PL quenching, which
means that the carriers extracted from the perovskite film
through the ETL have increased, indicating that the SAE
process effectively enhances the capability of SnO, for electron
extraction. The results of TRPL measurement are shown in
Figure S6b. The specific value of the decay lifetime is estimated
by fitting the TRPL spectral curves and shown in the inset in
Figure S6b. We found that the fast decay lifetime 71 (74 ns) of
the perovskite film on SAE-SnO, is almost half of that (142 ns)
of the control perovskite film, indicating that the carriers are
extracted effectively at the interface of perovskite/SAE-SnO,,
which is consistent with the result of the PL measurement. The
carrier transfer improved at the perovskite/SAE-SnO, interface
may have two reasons: the first one is that the —NH, groups
absorbed chemically on the SnO, build an available bridge-link
between perovskite and SnO,, which strengthens the interface
contact and perovskite/ETL interface charge transfer.”” The
second one is that the improved carrier mobility of SAE-SnO,
can promote carrier extraction obviously. Compared to the
slow decay lifetime 72 (174 ns) of the control perovskite film,
the 72 (181 ns) of the perovskite film on SAE-SnO, is
prolonged, mainly due to the decreased trap-assisted
recombination in the perovskite film, indicating a higher
crystallization quality that is consistent with the results of SEM
and XRD tests.

The devices for dark J—V curves and EIS measurements are
structured as ITO/SnO,(SAE-SnO,)/FA, s MA, ssPbl;/Spiro-
OMeTAD/Au, and the cross-sectional SEM image of the
device with SAE-SnO, is shown in Figure Sa, where the —NH,
groups absorbed on the SAE-SnO, film tend to replace the
organic molecules in the bottom perovskite film. We found
that the perovskite film possesses a good crystallinity, and the
grains almost penetrate the full film, which is consistent with
the results of the cross-sectional SEM images of the perovskite
film mentioned above.

The dark-curve measurement was performed to further
verify the charge-carrier dynamic and carrier recombination in
the device with SAE-SnO, or SnO,. As shown in Figure 5b, the
current density of the device with SAE-SnO, is almost 2 orders
of magnitude lower than that of the device with SnO,. This
result manifests that more photon-generated carriers are
transported through the charge transport layer in the device
with SAE-SnO,, which indicates that the SAE-SnO, as ETL
can suppress the interfacial carrier recombination obviously. In
addition, we fabricated the electron-only device with the
architecture (ITO/ETL/Perovskite/PCBM/Au) shown in the
inset of Figure Sc to quantitatively evaluate the trap density of
the devices with SAE-SnO, and Sn0,.*”*> The dark J-V
curves of the electron-only devices are shown in Figure Sc, and

the trap density (Ni,,,) is determined by the equation:

_ 2e4€VrpL
trap T eL2 (4)
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Figure S. Charge transfer and defect states at perovskite/ETL interfaces in the devices. (a) The cross-sectional SEM image of the device with SAE-
Sn0O,. (b) Dark J—V curves. (c) Dark J—V curves of electron-only devices. (d) R, of the corresponding device under different applied voltages.

where g is the vacuum permittivity, € is the relative dielectric
constant of perovskite, Vg is the trap-field limit voltage, e is
the electron charge, and L is the thickness of the perovskite
film. N, is linearly dependent on Vi, due to the two devices
sharing the same ¢, €, e, and L. As shown in Figure Sc, the
device with SAE-SnO, presents a much smaller Vi (0.27 V)
than that with SnO, (0.35 V), which indicates that SAE-SnO,
can decrease the defect states effectively. The decreased trap
density may be attributed to the smooth morphology with
crystal fusion of the SnO, film and —NH, groups absorbed on
the SnO,, which obtains a high-quality crystalline perovskite
film and passivation of defect states at the ETL/perovskite
interface. Besides the dark-curve measurement, we also
performed electrochemical impedance spectroscopy (EIS) to
investigate the interfacial charge transport properties in the
device. The Nyquist plots of devices with different ETLs were
measured in the dark circumstance in the frequency range of 1
Hz to 1 MHz under a series of reverse potentials including
0.005, 0.02, 0.05, 0.01, 0.2, 0.5, and 1 V, and all the reverse
potentials were smaller than the open-circuit voltage of the
device. As shown in Figure S7, the Nyquist plots are measured
under a reverse potential of 0.5 V, and the corresponding fitted
curves based on the equivalent circuit model are also presented
in the inset figure. From the high-frequency region of the
fitting curves representing the charge recombination process,
we found that R, (recombination resistant) (29.69 KQ)
extracted from the fitting curves of the device with SnO, is
much smaller than that (54.19 KQ) of the device with SAE-
SnO,. R, under different reverse potentials are displayed in
Figure 5d, R, data under different voltages are summarized in
Table S1. From the results, we found that, with reverse
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potential increasing, both R, values of the device with SAE-
SnO, or SnO, exhibit a similar variation trend, however, no
matter the reverse potential is, under the same bias, the device
with SAE-SnO, exhibits a larger R, than that with SnO,. All
the results of the EIS test demonstrate suppressed charge-
recombination owing to the effective passivation of defect
states in the device with SAE-SnO,, which is consistent with
the discussion of the dark-curve measurements.

The above results and discussion suggest that the surface
alkali-gas erosion (SAE) can effectively optimize SnO, films
and decrease trap-assisted recombination in the PSCs,
indicating its potential to obtain efficient and stable PSCs.
To explore the influence of the SAE process on performance of
PSCs, we fabricated the FA,;sMA,gPbl;-based PSCs with
SAE-SnO, and SnO, as the ETLs and collected the short-
circuit current density (Jsc), open-circuit voltage (Voc), fill
factor (FF), and photoelectric conversion efficiency (PCE) of
the devices. First, we investigated the effects of treatment time
of SAE on PSC performance. Figure S8a shows the J—V curves
of PSCs with different treatment times, and the statistic
parameters are listed in the inset table. It is obviously found
that the device with the highest PCE is obtained with 2 h.
Hereafter, the data of PSCs with SAE-SnO, are based on the
SAE with 2 h. We also investigated the effects of concentration
of NH;-H,O solution put into the chamber for SAE on PSC
performance. The J—V curves of PSCs with different dilution
rates of NH;-H,O solution are presented in Figure S8b, and
the statistic parameters are listed in Table S2. We found that
the device with the highest PCE is obtained with NH;-H,O
solution without dilution; hereafter, the data of PSCs with
SAE-SnO, are based on the condition of original NH;-H,O
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Figure 6. Device performance with different ETLs. (a) J—V curves of devices. (b) The PCE distribution of 40 devices. (c) J—V curves of devices

before and after aging tests. (d) Long-term stability of devices.

solution without dilution. We selected the champion PCE of
the PSCs with SAE-SnO, and SnO,, as shown in Figure 6a.
The champion PCE of PSCs with SAE-SnO, is 21.10%,
10.82% higher than that (19.04%) of PSCs with SnO,. The Js¢
(24.71 mA cm™?) of PSCs with SAE-SnO, is 7.4% higher than
that (23.00 mA cm™2) of PSCs with SnO,, which is improved
obviously as expected. Furthermore, to demonstrate the
reproducibility of PSCs with SAE-SnO,, we gathered perform-
ance statistics of 40 PSCs with SAE-SnO, and SnO,. The
distribution of PCE is presented in Figure Sb, and the
distribution of Jsc, V¢, and FF is displayed in Figure S8c—e,
respectively. It is obviously observed that the PSCs with SAE-
SnO, show a better performance and reproducibility than the
PSCs with SnO,, which may due to the optimized SnO, film
and suppressed trap-assisted recombination after the SAE
method. The PCE of the PSCs with SnO, is widely distributed
in the range of 16.75 to 19.04%, and the average PCE is
18.07%; Jsc is distributed in the range of 20.83 to 23.52 mA
cm™?, and the average is 22.34 mA cm™> In comparison, the
PCE of the PSCs with SAE-SnQO, is distributed in a narrower
range of 19.21 to 21.10%, and the average PCE is 20.30%,
which is much higher. The improved PCE mainly results from
the improvement of Jc that the average value of PSCs with
SAE-SnO, is 24.19 mA cm™?, which is apparently higher than
that (22.34 mA cm™2) of PSCs with SnO,. The FF of the
device with SAE-SnO, is 76.89%, which is also improved due
to the optimized interface contacts.

We also explored the effects of SAE on hysteresis of PSCs, as
shown in Figure S8f and Table S3, and we found that the
hysteresis of PSCs with SAE-SnO, gets mitigated obviously
compared to PSCs with SnO,, mainly due to the reduced trap-
induced carrier recombination and balanced charge-carrier
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transport.””>* It is well known that the interfacial contact and
interface defect states play a key role in determining the
stability of PSCs. Here, the stability of unencapsulated PSCs
(ITO/Sn0O,(SAE-Sn0,)/Perovskite/Spiro-OMeTAD/Au)
stored for 60 days in an ambient condition with 40—50%
humidity at room temperature in the dark was compared. The
J—V curves of devices before and after aging tests are presented
in Figure 6¢, and Table 1 displays the statistic parameters of

Table 1. Parameters of Device Performance

Jsc Voc PCE

device (mA cm™2) (V)  FF (%) (%)

with SAE-SnO,; original 24.55 1.083 76.06 20.22
with SAE-SnO,; after 60 days 2191 1.070 73.72 17.28
with SnO,; original 22.71 1.096 73.84 18.38
with SnO,; after 60 days 17.51 1.018 42.32 7.54

the devices. We found that the PSCs with SAE-SnO, obviously
exhibit a better stability, especially reflected in the FF and
PCE. To further monitor the change of device performance,
we recorded the parameters of the device every S days. The
change of PCE is shown in Figure 5d, and the changes of Jc,
Voo, and FF are displayed in Figure S9a—c, respectively. We
found that the PSCs with SAE-SnQO, retain 86% of its initial
PCE after 60 days, while the PSCs with SnO, retain only 41%
of its initial PCE. In detail, the FF decline is also elevated
effectively with the SAE method after 60 days. The PSCs with
SAE-SnO, maintain 95% of its initial FF, while the PSCs with
SnO, maintain only 57% of its initial FF. There may be two
main reasons for the improved stability: first, the polished
SnO, and bridge-linked ETL/perovskite interface enhanced
the interface contacts and reduced interface defects, which
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effectively inhibited the ion migration and hindered diffusion
of oxygen and moisture into the perovskite film. Second, the
introduction of the —NH, group improved the crystallinity of
the perovskite film, reduced the defect state in the perovskite
film, and further enhanced its inherent stability.

B CONCLUSIONS

In summary, a dual functional surface alkali-gas erosion (SAE)
method was proposed to optimize electronic properties and
interface contact with perovskite of the SnO, film through
ammonia erosion under a certain condition. We elucidated the
chemical reaction mechanism between SnO, and alkaline gas
during the SAE method and confirmed that the SnO, film
surface is polished effectively, and the electron mobility is
improved. Meanwhile, the —NH, group absorbed chemically
on the SnO, surface through the SAE method was
demonstrated could promote ETL/perovskite interfacial trans-
port and improve the crystallinity of the perovskite film. By
employing the SAE method, the high-efficiency PSCs can lead
to a champion PCE over 21% with distinctly improved device
stability. Our work provides an available method to effectively
optimize ETL toward efficient and stable PSCs, and we believe
that the SAE method is suitable for any other ETLs based on
the amphoteric oxide, including TiO,, ZnO, and Al, O3, and we
also believe that the SAE method is also appropriate for PSCs
with large area and other optoelectronic applications, such as
light-emitting diodes and photodetectors.

B EXPERIMENTAL PROCEDURES

Device Fabrication. Solution Preparation. To prepare SnO,
solution, the SnO, colloid precursor (Alfa) was diluted with deionized
water with a volume ratio of 1:5 and stirred lightly. To prepare
perovskite precursor solution, 0.15 m FAI, 0.85 m MAI, and 1.025 m
Pbl, were mixed in anhydrous dimethylformamide/dimethyl sulfoxide
(600/78 mg) solution, which was stirred for 4 h at room temperature
in the glove box. To prepare the HTM precursor, Spiro-OMeTAD
was dissolved in chlorobenzene with a concentration of 80 mg mL™},
and then tert-butylpyridine (28.5 yL in 1 mL chlorobenzene) and
lithium bis(trifluoromethanesulfonyl) imide (8.75 mg mL™') were
added into the Spiro-OMeTAD solution as the additives, which was
stirred in the glove box for 6 h.

Perovskite Solar Cell Fabrication. ITO glass (10 Q sq.”") was
ultrasonically cleaned sequentially with detergent solution, deionized
water, acetone, ethyl alcohol, and deionized water for 20 min. After
drying, these clean substrates were treated with UV-ozone for 20 min
before using. The SnO, film was fabricated by spin-coating with
prepared precure solution at 4000 rpm for 15 s followed by heating at
150 °C for 30 min. After the SnO, film was prepared, the SnO,/ITO
sample was held in a reaction chamber containing a certain amount of
ammonia solution, and the sample was separated with the ammonia
solution. Then, the chamber was sealed and heated with 120 °C for 2
h, generating alkali-gas to react with the SnO, film; after heating, the
SnO,/ITO sample was taken out, washed with deionized water and
ethyl alcohol, and then dried for the next step. The SnO, film was
further treated with UV-ozone for 15 min after it was cooled down to
room temperature and then transferred into the N,-filled glove box.
To fabricate the perovskite film, the perovskite precursor was spin-
coated on the SnO, substrate at 4000 rpm for 25 s. During the spin-
coating step, 0.8 mL of diethyl ether was poured on the surface at 18 s
before the end. The prepared film was heated at 130 °C for 15 min
and then cooled to room temperature naturally. Then the Spiro-
OMeTAD solution was spin-coated at 4000 rpm for 30 s on the
perovskite films. Finally, the 60 nm Au electrode was evaporated on
the film.

Device Characterization. To explore the performance of the
PSCs, current—voltage curves were measured using a source meter
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(Keithley 2400) under AM 1.5G irradiation with a power density of
100 mW cm™ from a solar simulator (XES-301S + EL-100) by
forward (—0.1 to 1.2 V) or reverse (1.2 to —0.1 V) scans. The light
intensity was calibrated with an NIM-certified Si reference cell. The
step voltage was fixed at 12 mV, and the delay time was set at 10 ms.
All PSCs were fabricated with a metal mask that was used to define
the active area, which is 0.1 cm? To confirm the existence of the N
element on the SAE-SnO, film, XPS measurement was performed,
and XPS spectra were collected using a Thermo Fisher Scientific
ESCALAB 250Xi under 107 torr vacuum using a monochromic Al
Ka X-ray source. All spectra were shifted to account for sample
charging using inorganic Au as reference. The morphologies of SnO,
and perovskite films were characterized by scanning electron
microscopy (SEM) (FEL SIRION 200) and atomic force microscopy
(AFM) (Agilent Keysight AFM-5500). The chemical compositions
and structures of the SnO, and perovskite films were analyzed by X-
ray diffraction (XRD) (Bruker D8 Advance X-ray diffractometer, Cu
Ka radiation 4 = 0.15406 nm). The steady-state PL spectra of the
perovskite films were measured by a spectrometer (Edinburgh PLS
980) at 80 K. The absorption spectra of perovskite films were
measured by a UV—vis spectrophotometer (UV-2600). The EIS
patterns of the PSCs were measured by an electrochemical
workstation (Zahner Zennium).
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