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The fabrication of perovskite solar cells (PSCs) in ambient air can accelerate

their industrialization. However, moisture induces severe decomposition of
the perovskite layer, limiting the device efficiency. Here we show that sites
near vacancy defects absorb water molecules and trigger the hydration

of the perovskite, eventually leading to the degradation of the material.

We demonstrate that guanabenz acetate salt eliminates both cation and
anion vacancies, blocking the perovskite hydration and allowing the
crystallization of a high-quality film in ambient air. With guanabenz acetate
salt, we prepare PSCs in ambient air with a certified efficiency 0of 25.08%. The
PSCswithout encapsulation maintain around 96% of their initial efficiency
after 2,000 hours of ageing in ambient air and after 500 hours of operating
at the maximum power point under simulated air mass (AM) 1.5 G solar
lightina N, atmosphere. The encapsulated devices retained 85% of their
initial efficiency after 300 hours under damp heat conditions (85 °C and 85%

relative humidity).

Metal halide perovskite solar cells (PSCs) have attracted much
research attention as a tremendous potential photovoltaic technol-
ogy, withtheir power conversion efficiency (PCE) now exceeding 25.8%
(refs.1,2). Massive efforts—crystallization regulation, defect passiva-
tionandinterface and structure design—have been devoted to improv-
ing the efficiency and stability of PSCs*>"'. However, the fabrication
of these >25% efficient and stable PSCs requires an inert atmosphere
(for example, nitrogen glovebox)> ™, whichrestricts their large-scale
production and practical applications. Therefore, the fabrication of
high-performance PSCs in ambient air is expected to promote their
practical applications and low-cost commercialization.
Unfortunately, lead halide perovskite is extremely sensitive to
moistureinambientair, which canlead toinitial hydration, followed
by disruptive phase transitions, destruction of the crystal framework
and decomposition?°. Hence, the fabrication of highly efficient
PSCsiis strictly limited to a glovebox; thus, it is difficult to fabricate

themin ascaled and industrialized fashion. The space expansion of
agloveboxisintractable from technical and economic perspectives.
In an effort to obtain high-efficiency PSCs independent of the inert
atmosphere, researchers have adapted the fabrication of PSCs to
various environmental conditions***. The additive strategy®?®is a
valid approach to optimizing perovskite crystallization and prevent-
ing moisture vulnerability in ambient air, such as 19.4% efficient PSCs
enabled via PbS quantum dots at 40-60% relative humidity (RH)*.
Antisolvent engineering and environmental condition control in
the deposition process can also reduce the moisture impacts and
accelerate perovskite crystallization, promoting PSCs with efficien-
cies exceeding 22% at 50-70% RH**°. Remarkably, the use of ionic
liquids****is proposed to obtain stable perovskite in ambient air; the
ionicliquidsinduce vertical lead iodide to achieve a fast transforma-
tion to stable a-FAPbI; and can produce PSCs with an efficiency of
24.1% at 80% RH*. However, an approach to truly throw off the impact
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of moisture on the fabrication of PSCs to obtain an efficiency of over
25% in ambient air is lacking.

We aim to design a strategy that focuses on the first stage of per-
ovskite hydration to protect the perovskite from water. Hydration is
generated more easily near the vacancy sites located on the perovs-
kite surface and grain boundary, which can drastically accelerate the
moisture-induced decomposition of perovskite films***. Hence, elimi-
nating the vacanciesis afeasible approachto decreasing the perovskite
sensitivity to water. The cation vacancies can be effectively filled by an
organic group, which possesses suitable charges and a similar molecu-
lar size to formamidinium ions (FA*)*?. In addition, pseudohalide
anions with strong electronegativities, suchas HCOO™ and CH,COO",
cannot only suppress anion-vacancy defects but also augment the
crystallinity of films'. On the basis of the above analysis, guanabenz
acetatesalt (GBA) should be asuitable material; its structureincludes
acetate (AC") and guanidine groups, which theoretically can suppress
both cation and anion vacancies and synergistically optimize crystal-
lization. GBA alsoincludes abenzene ring that possesses a high electron
cloud density to passivate perovskite neutral defects and a concrete
molecular structure to maintain the guanidine group anchoring onthe
perovskite surface and grainboundary?.

Here we report highly efficient PSCs fabricated fully in ambient
air by blocking the hydration pathway of perovskite at the source
using GBA. GBA significantly eliminates the vacancy and increases the
binding energy of perovskite with H,0, removing the detrimental inter-
ference of moisture on perovskite crystallization. The resulting PSCs
obtained an efficiency of 25.32% (certified 25.08%) with an aperture
areaof 0.08 cm*and maintained 97% of the initial PCE after 2,000 hours
of ageing in ambient air without encapsulation. The unencapsulated
PSCsretained 96% of the initial PCE after maximum power point (MPP)
tracking under continuous illumination (- 50 °C) in N, atmosphere
for 500 hours. Moreover, the encapsulated PSCs exhibited excellent
stability under damp heat tests (85 °Cand 85% RH). These PSCs retained
85% of their original PCE values after 300 hours of testing at 85% RH.

Characterization of perovskite films fabricated
inair

We deposited perovskite films in various humid atmospheres, and
distinctive phenomenain structural and photoelectric properties with
and without GBA (Supplementary Fig.1shows the chemical structure)
were demonstrated. The quality of control perovskite films containing
no GBAbecomes very poor without inert atmosphere protection; this
finding was confirmed by the morphology and crystallinity results (via
scanning electron microscopy (SEM) and grazingincidence wide-angle
X-ray scattering (GIXRD)). In the control film, the number of pinholes
and Pbl, onthesurfaceincreases with increasing humidity (Fig.1aand
Supplementary Fig. 2), which is consistent with previous reports®.
Figure 1b,c shows the 2D GIXRD ring patterns and the correspond-
ing 1D integral spectra of the control films, respectively. When the
deposition of perovskite films is exposed to moisture, the signal of the
wide-bandgap yellow phase (6-FAPbI,;) begins to be captured, and the
integrated intensity of the a-FAPbI; peak located near 14° decreases.
Additionally, theincrease in humidity causes a shift of the peakinthe 1D
integral spectra, which indicates that the perovskite structure distor-
tionisimpacted by moisture. These undesirable structural deviations
areworsened with increasing humidity, suggesting the adverse impacts
of moisture on the crystallinity of perovskite, which impedes the for-
mation of ideal a-FAPbI, and induces composition segregation''s,

In contrast to the control films, the target films exhibit excellent
quality even when their deposition process is exposed to moisture
(incorporated 3% GBA). Their surface morphology shows no evident
difference with increasing humidity (Fig. 1d). The film deposited under
~80%RH (-20 °C) inambientair still possesses a pinhole-free and dense
characteristic. InFig. 1e,f, the integrated intensity of the «-FAPbI; peak
canmaintain aremarkable consistency under different humidities, and

distortion of the perovskite structure was prevented. The formation of
6-FAPbL;is completely inhibited by incorporating GBA, evenin ambient
humidity as high as 80% RH. Inaddition, the intensity of the Pbl, peakin
thetarget perovskite XRD image is decreased compared with that of the
control film (Supplementary Fig. 3 and Supplementary Note1). These
ideal film properties confirm that GBA can protect crystallization from
moisture in ambient air, resulting in compact and «-FAPbl;-preferred
perovskite films.

We also evaluated the photoelectric property differences of per-
ovskite films deposited in ambientair in terms of spatial uniformity and
photoluminescence spectroscopy. Notably, the following control and
target samples were prepared in ambient air under ~55% RH (-20 °C)
unless specified. Kelvin probe force microscopy (KPFM) measurements
were carried out to examine the surface potential of the films (Fig. 2a,b
and Supplementary Fig. 4). The target film exhibits a higher potential
thanthe control film, which could be attributed to the decreased surface
electronictrap density’®. Theincrease in surface potential is consistent
with the ultraviolet photoelectron spectrometer results (Supplemen-
tary Figs.5and 6 and Supplementary Note 2). Additionally, the potential
distribution of the target filmis~33 mV, whichis smaller than that of the
control film (-48 mV). From the photoluminescence (PL) images of both
films, the target film clearly exhibits anenhanced PL intensity compared
to that of the control film (Fig. 2c,d and Supplementary Fig. 7). Spe-
cifically, the PLintensity distributionin the target filmis more spatially
uniformthan thatinthe control film, whichis consistent with the KPFM
results. The uniformdistribution of potential and PL intensity indicates
that the incorporated GBA improves the quality of perovskite films.

The photoluminescence quantum efficiency (PLQE) was meas-
ured to quantitatively evaluate the luminous efficiencies of both
films deposited in ambient air (Fig. 2e). The PLQE of the control film
is 3.64 +2.14%, while the target film exhibits a significantly increased
PLQE of17.90 +1.49%, demonstrating its superior radiative ability after
incorporating GBA. The carrier lifetime from time-resolved photolumi-
nescence (TRPL) of the target filmis prolonged from 0.77 ps t02.26 ps
(Fig. 2f), indicating fewer trap states. In short, these remarkable struc-
tural and photoelectric phenomena verify that theincorporated GBA
can decrease the sensitivity of perovskite crystallization to moisture,
ensuring the formation of a high-quality perovskite film deposited in
ambient air.

Tovisually observe the decreased moisture sensitivity of the target
film, water-soaking tests were conducted. The decomposition process
under continuous spray soaking of perovskite films was observed
in situ under an optical microscope (Fig. 2g). The control and target
films show anapparent decompositiondifferencein the time response.
The control film degradesimmediately under spray soaking, while the
target film can maintain stability for up to 24 s, suggesting the moisture
insensitivity resulting from the use of GBA. Additionally, harsher water
dropping andimmersing tests were carried out (Supplementary Figs. 8
and 9). When contacting the water, the control film shows a colour
change from black to yellow within 3 s, while the target film can main-
tain the black colour for over 15 s, which is consistent with the results
from the spray soaking tests. Subsequently, we performed a contact
angle test, and theresults showed that the control and target films had
similar water drop contact angles (Supplementary Fig.10). According
tothe contact angle tests, the reason for decreased moisture sensitivity
ofthetarget filmis not supposed to be forming a hydrophobic surface.
Considering the improved photoelectric property of the target film,
we speculate that the decreased moisture sensitivity may be closely
relevant to the eliminated vacancy that is reported to mainly exist in
thegrain boundary and surface®**° (Supplementary Figs.11and 12 and
Supplementary Note 3).

Confirmation of hydration blocking
Thereason for the high-quality perovskite film achieved in ambient air
was examined; GBA blocks the hydration pathway, that is, the initial
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Fig.1|Morphology and crystallinity characterization of perovskite films.
a-f, Both control and target films are fabricated under different humidities
(0-80% RH). a, SEM images of control films. b, 2D GIXRD ring patterns of control
films. q, is the scattering vector. ¢, 1D GIXRD integral spectra of control films.
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d, SEMimages of target films. e, 2D GIXRD ring patterns of target films. f, 1D GIXRD
integral spectraof target films. The vertical dashed lines in c and fare the position
of a-(100) phase.

interaction stage between moisture and perovskite. Initially, the mecha-
nism of moisture-induced decomposition was analysed (Fig. 3a, left). An
atomexposed by avacancy in perovskite can bind with H,0 molecules
more easily in energetics'®*******° whichis the beginning of the hydra-
tion process. The subsequent processinduces the escape of the FAland
collapse of the Pb,I,> framework'**, Toinvestigate the dominantimpact
ofvacancies on hydration, density functional theory (DFT) studies were
carried out to calculate the binding energy of H,0 molecules with the
perovskite (Fig. 3b and Supplementary Table1).1"and FA" vacancies are
readily formed during film deposition”. When there is a FA* vacancy
inthe structure (Supplementary Fig. 13), the binding energies of H,0
molecules with FA*, Pb?* and I are -1.134 eV, -1.133 eV and -1.461 eV,
respectively. When thereis anI” vacancy (Supplementary Fig.14), the
binding energies of H,0 with FA*, Pb?* and I are -1.450 eV, -0.610 eV
and-1.189 eV, respectively. Conversely, in anideal perovskite structure
(Supplementary Fig. 15), the binding energies of H,0 molecules with
FA', Pb* and I are1.020 eV, 1.446 eV and 1.774 eV, respectively. These
results indicate that H,0 molecules can be favourably absorbed near
vacancy sites and induce perovskite decomposition, which suggests
that eliminating vacancies is a feasible approach to decreasing the
sensitivity of perovskites to moisture.

GBA can eliminate vacancies through interaction with perovskite
(Fig. 3a, right). GBA is an aromatic amine salt, including AC”, which
possesses strong coordination ability, and a terminated guanidine
groupinthebenzenering, which forms agreater number of effective
hydrogen bonds than FA** From the Fourier transforminfrared (FTIR)
spectra of GBA and the target film (Fig. 3c), both the corresponding
absorption peaks of C = O and C-0 of GBA shift to alower wavenum-
ber after beingincorporated into the perovskite film, implying that an
interaction occurred between GBA and perovskite*. Specifically, the
evident downshift of Pb 4fcorelevelsin the target filmalso confirms
the above interaction (X-ray photoelectron spectroscopy; Fig. 3d,
Supplementary Fig. 16 and Supplementary Note 4), indicating that
GBA can fill the I" vacancy through binding with the unsaturated
Pb?***, Additionally, the smaller binding energy of Pb?**-AC” demon-
strates that the unsaturated Pb* will preferentially connect with
AC” through a stronger Pb-O bond rather than the H,O molecule
upon comparison of the binding energies of Pb**-AC™(-2.401 eV) and
Pb?*-H,0 (-0.610 eV) when I vacancies are present (Supplementary
Fig.17 and Supplementary Table 2).

Additionally, it was speculated that the FA" vacancy was filled by
the terminated guanidine group of GBA based on the formed hydrogen
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Fig.2|Photoelectric property characterization of perovskite films.

a,b, Surface potential images of control (a) and target (b) films. The statistical
potential distributions of film surfaces are shown at the bottom. CPD, contact
potential difference. c¢,d, PL mapping of control (c) and target (d) films. e, PLQE
results of control and target films (five samples for each). The height of the box

Time (s)

represents the average value, and the upper and lower boundaries of the error

bar represent the maximum and minimum values respectively. f, TRPL spectra
of control and target films. g, In situ optical microscopy images of morphology
evolution under continuous water spray of control and target perovskite films.

bond and energetic stability calculation. The 1 3d core levels of the
target film exhibited a downshift (Supplementary Fig. 18), implying
thel” vacancy was filled by AC™ and the formation of a hydrogen bond
between the terminated guanidine group of GBA and the I atom*.. In
addition, the terminated guanidine group of GBA interacted with the
Pbl, film substrate through a hydrogen bond, which was also confirmed
by the shift of C = Nin the Pbl, film-incorporated GBA (Supplementary
Fig.19)*. From the view of energetics, after the terminated guanidine
filled the FA* vacancy, the DFT calculation showed that I" vacancy
formation was suppressed by 0.28 eV (Supplementary Fig. 20 and
Supplementary Note 5), resulting in a stable perovskite lattice®.

To verify that the incorporated GBA eliminates both I and FA*
vacancies in perovskite, we carried out deep energy level transient
spectroscopy (DLTS) measurements (Fig. 3e). The DLTS signals of the
control filmexhibited two peaks marked withTland T2, indicating two
types of dominant traps. The Arrhenius plots were fitted (Fig. 3f) to
calculate the activation energy of the corresponding traps according
to the following Arrhenius equation:

Er -k

In(tay X Vin X No) = KT

- In(Xp0p)

where Kis the Boltzmann constant, ¢,, is the emission time constant,
V..isthe thermal velocity, N. is the effective density of states of the trap
incm, X, is the entropy factor and o, is the capture cross section, Tis
the temperature of test, £+ is the energy level of the trap center and £,
istheenergy level of VBM. The trap activationenergy (AF = E;— E,) of T1
was calculated tobe 0.51 eVand that of T2 was calculated tobe 0.39 eV,
which represent the FA* vacancy and I” vacancy in the control film,
respectively**¢. Remarkably, the DLTS signals of the target film did not
exhibitany trap peaks, indicating that theincorporated GBA effectively
eliminated the vacancy. The decreased trap density resulting from the
GBA was also confirmed by the space-charge-limited current (SCLC)
measurements (Supplementary Figs. 21 and 22 and Supplementary
Note 6). In addition, we calculated the carrier mobility and diffusion
length of the control and target films. The results showed that the car-
rier mobility and diffusion length of the target films increased from
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Fig. 3| Characterization of the interaction between perovskite and GBA.

a, Schematicillustration of the moisture-induced decomposition and the
decreased moisture sensitivity caused by the addition of GBA. b, The binding
energies of H,0 molecules with perovskite through H,0-FA*, H,0-Pb*" and H,0-1"
approaches when the structure contained FA* vacancies, I” vacancies and no
vacancies. ¢, FTIR spectra of GBA and the target film. d, XPS characterization of
Pbinthe control and target films. The vertical dashed line is the positionof C=0

and C-O chemical bond. e,f, Deep energy level transient spectroscopy (DLTS)
spectra of control and target films. (e) and corresponding Arrhenius plots (f) with
fitting. The data points in fare obtained by calculating internal transients that
areincluded in the DLTS signals using the discrete Laplace transform, and the
lines are linear fits of the data points. g, The binding energies of H,0 molecules
with the perovskite through H,0-FA*, H,0-Pb*" and H,O-I" approaches when the
structure incorporated GBA.

1.98 cm?V7's?and1.96 pumto2.68 cm?V's™and 3.92 um, respectively
(Supplementary Table 3 and Supplementary Note 7).

The effects of the decreased moisture sensitivity of perovskite
due to the elimination of vacancies by GBA were investigated. On the
basis of the " vacancy and FA"vacancy filled by the AC” and terminated
guanidine groups of GBA, respectively, we calculated the binding
energies of H,0 molecules with FA*, Pb* and " tobe 0.790 eV, 0.373 eV
and 0.475 eV, respectively (Fig. 3g, Supplementary Fig. 23 and Supple-
mentary Table1). Afterincorporating GBA, the binding energy of H,O
molecules with the perovskite transformed from negative (Fig. 3b) to
positive (Fig. 3g), implying harder to bind. The positive value would
indicate that theinteraction of H,0 molecules with the perovskite was
not spontaneous or immediate. Hence, the intercepted perovskite
hydration by GBA could effectively protect the perovskite crystalliza-
tionfrom moisture, ensuring the deposition of high-quality perovskite
films for fabricating efficient PSCs in ambient air (Fig. 3a).

Performance of PSCs fabricated in ambient air

We utilized high-quality perovskite films thatincorporated GBA further
tofabricate PSCs (FTO/c-TiO,/FA, sMA, o,Pbl;/0-F-PEAI/Spiro-OMeTAD/
Au) inambientair. After exploring the influence of the GBA concentra-
tion on the PCE of PSCs (Supplementary Fig. 24 and Supplementary
Table 4), we determined that the optimal concentration was 0.045 M
(themolar ratio of GBA/Pbl, is 3%). Figure 4a displays the current den-
sity—-voltage (J-V) curves (reverse) of the champion control and target
PSCs, in which the aperture area is 0.08 cm? The target PSCs reach a
PCE 0f25.32% with low hysteresis, while the PCE of the control PSCs is
23.13% (Supplementary Fig. 25 and Supplementary Table 5). Specifi-
cally, the target PSCs exhibit an open voltage (V) 0of 1.174 V, which is
much higher than that (1.141V) of control PSCs. The stabilized PCE of
the target PSCs is 25.03%, measured at the maximum power point (Sup-
plementary Fig. 25). The corresponding external quantum efficiency
(EQE) spectra of the control and target PSCs are shown in Fig. 4b, in
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Fig. 4| Photovoltaic performance of control and target PSCs. a,/-V curves of
the champion control and target PSCs with an aperture area of 0.08 cm?. Inset, a
photograph of the PSC. b, EQE spectra of control and target PSCs. ¢, Histogram of
the PCE value among 100 PSCs. d, /-V curves of the champion control and target
PSCswith anaperture area of 1 cm? e,f, Normalized PCE of the unencapsulated
control and target PSCs measured at MPP under continuous 1sunillumination

in N, atmosphere (e) and stored in ambient air at 20% RHand 25 + 5 °Ciin the dark
(f). g,h, Normalized PCE of the encapsulated control and target PSCs measured
at MPP under continuous 1sunillumination at 85% RH (g) and stored at 85 °C and
85% RH in the dark (h). The horizontal dashed line is the 85% of initial PCE. The
initial photovoltaic parameters of the control and target PSCs in the stability test
were listed in Supplementary Table 9.

which the value of integrated short-circuit current density (Js) is basi-
cally consistent with that obtained from the /-V curves. The target
PSCs also possess satisfactory reproducibility with an average PCE of
24.71% (Fig. 4c and Supplementary Fig. 26). One of the best perform-
ing target PSCs was certified by an independent solar cell-accredited
laboratory (National Institute of Metrology, China) and achieved a PCE
0f25.08% (Supplementary Fig.27). We directly compared reported PSCs
fabricated fully inambient air with those in our work (Supplementary
Fig.28 and Supplementary Table 6) and showed that the PCE 0f25.32%

obtained in our work significantly promoted the advances of ambient
air-fabricated PSCs.

The incorporated GBA ensures a uniform perovskite film depos-
itedinambient air, whichis further used to fabricate PSCs withan aper-
ture area of 1 cm? (Fig. 4d). On the basis of the same composition and
devicestructure, the control PSCs exhibit a PCE 0f 20.37%, with a Jsc of
25.20 mA cm,a V,,c 0f 1.148 Vand afill factor of 71.23%. In contrast, the
PCE of the target PSCsimproved to 22.62%, with a/sc 0f 25.43 mA cm 2,
aV,cof1.161Vandthefill factor increased to 76.60% (Supplementary
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Fig.29 and Supplementary Table 7). The effectively improved perfor-
mance in large-area PSCs indicates the further potential of our work
in scalable industrialization.

It has been reported that there are various types and amounts of
defectindifferent perovskite components**%, To verify the expandabil-
ity of GBA inimproving the performance of other perovskites, we also
fabricated PSCs (FTO/c-TiO,/MA, ;sFA, ,sPbl;/0-F-PEAI/Spiro-OMeTAD/
Au, the aperture area is 0.08 cm?) by the one-step method in ambient
air. The target PSCs exhibit a PCE of 23.71%, which is higher than that
(22.22%) of the control PSCs (Supplementary Fig. 30, Supplementary
Note 8 and Supplementary Table 8). In detail, the /s of the target PSCs
is 24.83 mA cm, which shows a small variation with the integrated /.
of'the corresponding EQE measurement.

Toinvestigate the effect of incorporated GBA on PSCs’intrinsic sta-
bility, the PCE evolution of unencapsulated PSCs under various condi-
tions was monitored. We examined the long-term operational stability
through MPP tracking of the unencapsulated PSCs under continuous
AM 1.5 G (100 mW cm™) solar light in a N, atmosphere at 50 + 5°C
(Fig. 4e). The target PSCs could maintain 96% of their initial PCE after
500 hours. Conversely, the control PSCs dropped to <65% of the ini-
tial PCE in no more than 400 hours. GBA enhanced the operational
stability of the PSCs due to the eliminated vacancy that was beneficial
for ion migration, based on the reported degradation mechanism of
PSCs during operation*®. We further monitored the PCE evolution of
unencapsulated PSCs stored inambient air. The PCE of the target PSCs
showed no evident decline after 2,000 hours of ageing, while the PCE
of the control PSCs maintained only 68% of the initial value (Fig. 4f).
The enhanced air stability of the target PSCs could be ascribed to the
decreased sensitivity of the perovskite film to moisture.

The extrinsic stability of PSCs was also assessed following the
International Summit on Organic Photovoltaic Stability standardized
stability testing procedure®. Initially, we performed MPP tracking
of the encapsulated PSCs under continuous AM1.5 G (100 mW cm™)
solarlightinambientair at 85% RH. Asshownin Fig.4g, the target PSCs
maintained 85% of their initial PCE after 300 hours of operation at 85%
RH. In contrast, the control PSCs dropped to <60% of the initial PCE
inno more than 90 h. Then, we conducted stricter stability measure-
ments on the encapsulated PSCs, as shown in Fig. 4h. The target PSCs
exhibited T85> 260 hoursunder the damp heat test (85 °Cand 85% RH),
while the control PSCs showed rapid decay. We also performed the
accelerated degradation measurements of unencapsulated PSCs
stored at 65% RH; the target PSCs show better moisture stability than
control PSCs (Supplementary Fig. 31). On the basis of these results,
GBA ensured the excellent stability of PSCs fabricated in ambient
air, which enabled high-performance PSC fabrication that no longer
required aninertatmosphere; this process could quickly lead towards
the commercialization of these PSCs.

Discussion

Insummary, high-efficiency PSCs were completely fabricated in ambi-
ent air by blocking hydration. On the basis of the critical role of the
vacancy on perovskite hydration, perovskite crystallization was pro-
tected from moisture by eliminating the vacancy sites through the
incorporation of GBA, ensuring the formation of high-quality perovs-
kite filmsin ambient air. Due to the finely controlled perovskite crystal-
linity and decreased vacancy trap states, the PSCs fabricated inambient
airobtained a PCE 0f 25.32% (certified 25.08%); this is the highest value
among the PSCs fabricated in the open environment up to date and
rivals the state-of-the-art PSCs fabricated in a glovebox. In addition,
unencapsulated PSCs exhibit excellent long-term stability, which can
maintain 96% of their initial efficiency after 500 hours of operating
at the maximum power point under simulated AM 1.5 G solar light.
This work provides a feasible approach to enable high-performance
PSC fabrication that no longer required an inert atmosphere and can
quickly lead toward the commercialization of these efficient PSCs.

Methods

Materials

The materials consisted of the following: FTO glass substrate
(12-14 ohm); TiCl, (Aladdin, 99.9%); lead iodide (Sigma-Aldrich,
99.9%); guanabenz acetate salt (Aladdin); DMF (Sigma-Aldrich);
DMSO (Sigma-Aldrich); isopropanol (Acros, 99.8%); chlorobenzene
(Sigma-Aldrich, 99.5%); acetonitrile (Acros, 99.9%); FAI, MAI, MACI,
0-F-PEAI, Spiro-OMeTAD, lithium bis(trifluoromethanesulfonimide)
and 4-tert-butylpyridine (Xi'an Polymer Light Technology Corp).

Device fabrication inambient air

Preparation of the FTO glass substrate: the FTO glass substrate was
ultrasonically cleaned with deionized water, ethanol and deionized
water for 15 min each. After drying the substrate with a high-purity N,
stream, the substrate was treated with ultraviolet ozone for 15 min to
obtain the hydrophilic surface.

Preparation of the compact TiO, electron transport layer: to pre-
paretheTiO,electrontransportlayers, TiCl, (3 ml) and deionized water
(200 ml) were mixed and stirred to obtain a TiO, precursor. Then the
FTO substrate was immersed into the precursor and stored in a water
bath at 70 °C for 40 min to obtain the compact TiO, layer. Before spin
coating the perovskite precursor, the FTO/TiO, substrate was treated
with UV-ozone for15 mintoimproveinfiltration and passivate oxygen
vacancy defect™.

Preparation of perovskite via the two-step method with different
humidities: a1.5M Pbl, (DMF: DMSO, 9:1 volume/volume) precursor
with different ratios of guanabenz acetate (GBA, the molar ratio of
GBA/Pbl,was1%, 3%, 5%) was spin coated onthe FTO/TiO, substrate at
1,500 r.p.m.for 30 sand then annealed at 70 °C for 60 s. After the Pbl,
film cooled to room temperature, ammonium salt (90 mg FAI, 9 mg
MACI, 6.39 mg MAlin1mlIPA) was spin coated on the Pbl, filmat 2,000
r.p.m. for 30 s and then annealed at 150 °C for 15 min. The addition of
MACI caninhibit the transformation fromblack a-phase perovskite to
yellow 6-phase non-perovskite, increasing the stability of the perovs-
kite®'. The characterization in the full text, and the champion PSCs,
were fabricated via the two-step method.

Preparation of perovskite by the one-step method: the .86 M
FA,,sMA, ;sPbl; (DMF: DMSO, 13:2 volume/volume) precursor with 3%
GBAwas spin coated onthe FTO/TiO,substrateat4,000 r.p.m.for18s,
and 200 pl diethyl ether as an antisolvent was dripped onthe centre of
the film12 sbefore the end of spin coating. Then the film was annealed
at110 °Cfor10 min. The PSCsfabricated by the one-step method appear
onlyinSupplementary Fig.30.

Preparation of the o-F-PEAIl layer:10 mM o-F-PEAl dissolved in IPA
was spin coated onthe FTO/TiO,/perovskite surface at 4,000 r.p.m. for
30 swithout further annealing.

Preparation of the Spiro-OMeTAD hole transport layer: the
Spiro-OMeTAD solution was prepared by mixing 72.3 mg Spiro-OMeTAD
in1mlchlorobenzene with26.6 pl4-tert-butylpyridine and 18 pllithium
bis(trifluoromethanesulfonimide) (520 mg ml™ in acetonitrile); this
was spin coated at 4,000 r.p.m.for 30 s.

Preparation of the Au electrode: Au electrode (60 nm) was depos-
ited by thermal evaporation.

SEM, XRD and GIXRD measurements: surface morphology was
characterized by cold field-emission scanning electron microscopy
(SEM, HitachiS-4800). The crystallinity of perovskite films was meas-
ured by X-ray diffraction (XRD, Bruker-D8-Discover) and grazing inci-
dence X-ray diffraction (GIXRD, Micromax-007HF). The XRD using
Cu Ko (A =0.15406 nm) radiation (40 kV, 40 mA), the scan step was
0.01s and the speed was 2° min™. The GIXRD pattern was collected
using Mo Ko (A = 0.709 A) with a sample-detector distance of 217 nm,
and the grazing angle of incidence is 0.5°. The morphology evolution
of the perovskite film under continuous water spray was observed
under an optical microscope (OLYMPUS, DSX500). UV-vis measure-
ment: the absorption intensity of perovskite films was measured by
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UV-vis spectrophotometer (UV-2600). FTIR and XPS measurements:
the chemicalinteraction of GBA with perovskite was characterized by
Fourier transforminfrared spectroscopy (FTIR, Bruker) in the region of
400-4,000 cm™. The surface chemical environment of the perovskite
film wasinvestigated with an X-ray photoelectron spectrometer (XPS,
ESCALAB 250Xi). DLTS measurement: deep-level transient spectros-
copy (DLTS, FT230) was used to characterize awide variety of traps in
the perovskite film. The sample structure is FTO/Perovskite/MoO,/Au.
Thetemperaturerangeisfrom180to 340 K. Thebias voltage, pulse volt-
ageand pulsewidthare-0.2V,-0.01Vand 100 ms, respectively. Atomic
force microscopy and KPFM measurements: atomic force microscopy
(FMNanoview 1000) and Kelvin probe force microscopy (KPFM) were
performed to characterize the surface morphology and surface poten-
tial of the control and target films. PL, PLQE, and TRPL measurements:
steady-state photoluminescence (PL, FLS98003040404), photolu-
minescence quantum efficiency (PLQE) and time-resolved photolu-
minescence (TRPL) were used to characterize the carrier behaviourin
the perovskite film. The excitation wavelength is 470 nm. PL mapping
was carried out with laser confocal fluorescence lifetime imaging
microscopy (Nikon-ARsiMP-LSM-Kit-Legend Elite-USX) at an excita-
tion wavelength of 488 nm. The signal collection area is 55 x 55 pm.
TRPL spectra can be fitted according to the following biexponential
equation /(¢):

1t =4A; exp(?—lt) +A, exp(;—;)

where parameters A, and A, are the amplitude fraction for each decay
component, 7, denotes the fast decay time constants corresponding to
radiative recombination processes and 7, denotes the slow decay time
constants corresponding to non-radiative recombination processes.

Density functional theory simulations

All spin-polarized density functional theory (DFT) calculations were
performed using the Vienna Ab initio Simulation Package®>**, with
the generalized gradient approximation method for electronic
exchange-correlation. Electron correlations were considered by the
generalized gradient approximation method with the functional devel-
oped by Perdew, Burke and Ernzerhof****, Core electrons were consid-
ered by the projector-augmented wave method*>*°. The cut-off was set
to 500 eV and the van der Waals interactions were taken into consid-
eration. The geometries of the models were considered fully relaxed
whenall the forces became lower than 0.05 eV A™. We constructed the
2 x 2 x2a-FAPbl, supercell from optimized M. T. Weller et. al.”” primitive
cellsfor expansion. Therefore, the k-point mesh sampling of 3 x 3 x 3is
used for structural optimization. The a-FAPbI, structure parameters
were listed in Supplementary Table 10. The binding energies (E;,) are
calculated with: £, = E,5— E,— Eg, where E,, E, isthe energy of the free A
andBand E,gis thetotal energy of the adsorption system. Tostudy the
effect of defects, the vacancy was created by randomly removing the
species from the a-FAPbI, supercell to calculate the defect formation
energies of charged neutral defects™.

Device performance measurement

The device efficiency was characterized by a Keithley 2400 source
meter with a scan rate of 13 mV s™ under simulated AM 1.5 G illumina-
tion (100 mW cm™) usinga150 W Class AAA solar simulator (XES-40S1,
SAN-EI); the light intensity was calibrated by the National Institute of
Metrology certified silicon solar cell. The external quantum efficiency
andintegrating current of perovskite solar cells were measured by QE-R
systems (Enli Tech).

Device stability measurement
Thedevices used to testintrinsic stability were without encapsulation.
For the long-term operational stability test, the devices were tracked

atthe maximum power point under light-emitting diode (LED) illumi-
nation (AM 1.5 G, 100 mW cm™) at 50 + 5°C in a N, glovebox. The LED
light intensity was calibrated by the National Institute of Metrology
certified silicon solar cell. For long-term ageing stability, the devices
were stored inambientair at room temperature (25 + 5°C,20%RH) and
measured every two days.

The devices used to test extrinsic stability were encapsulated
in the air using a glass cover and a UV-curable glue for edge sealing.
For long-term operational stability, the devices were tracked at the
MPP under LED illumination (AML.5 G, 100 mW cm) at 85% RH in
the environmental test box. The damp heat test was conducted by
keepingthe devices at 85 °C, 85% RH in the climate test chamber. The
accelerated degradation measurements of unencapsulated PSCs
were conducted by keeping the devices at 25+ 5°C, 65% RH in the
climate test chamber.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

Alldatagenerated or analysed during this study are included in the pub-
lished article and its Supplementary Information. Additional dataare
available fromthe corresponding author onreasonable request. Source
data are provided with this paper.
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» Experimental design

Please check: are the following details reported in the manuscript?
1. Dimensions

IXIYeS The aperture area is 0.08 cm2 and 1 cm2, which can be found in main text and

Area of the tested solar cells D No  Supplementary information.
) ) IXI Yes  The area is determined by a mask with an opening area of 0.08 cm2 and 1 cm?2.
Method used to determine the device area
[INo
2. Current-voltage characterization
Current density-voltage (J-V) plots in both forward IXI Yes  We provide forward and backward scans in supplementary Fig. 25, 29 and 30.
and backward direction [ INo
Voltage scan conditions IXI Yes  The voltage scanlconditions are forward (from —011 Vto 1.2 V) and reverse (from 4142 \
For instance: scan direction, speed, dwell times I:l No fo -0.1V) scan with speed of 65 mV/s and dwell time of 5 ms, see method of device

performance measurement.

Test environment Yes Thevcurrent—voltage characterizatiop is performed in air at room temperature, see
For instance: characterization temperature, in air or in glove box D No  device performance measurement in method.

Protocol for preconditioning of the device before its I:, Yes  No preconditioning is required before characterization.

characterization No
Stability of the J-V characteristic Yes  See Fig.4e in main text and supplementary Fig. 25, 29 and 30.

Verified with time evolution of the maximum power point or with I:, No
the photocurrent at maximum power point; see ref. 7 for details.

3. Hysteresis or any other unusual behaviour

Description of the unusual behaviour observed during Yes  No unusual behaviour was observed and no significant hysteresis in supplementary

the characterization [JNo F&-2529 and 30.
. Yes  We provide hysteresis scans in supplementary Fig. 25, 29 and 30.
Related experimental data
[INo
4. Efficiency
External quantum efficiency (EQE) or incident Yes  External quantum efficiency is shown in Fig.4b , supplementary Fig. 25, 29 and 30.
photons to current efficiency (IPCE) [ INo

A comparison between the integrated response under Yes  Theintegrated short-circuit current from the EQE spectrum matches the short-circuit
the standard reference spectrum and the response I:, No  current from the J-V scan, see Fig.4b , supplementary Fig. 25, 29 and 30.
measure under the simulator

For tandem solar cells, the bias illumination and bias [ ]Yes  Notandem solar cells is fabricated in this work.

voltage used for each subcell No
5. Calibration
Light source and reference cell or sensor used for the Yes  See device performance measurement in method.
characterization [ INo
Confirmation that the reference cell was calibrated Yes | See device performance measurement in method.

and certified [ INo
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Calculation of spectral mismatch between the
reference cell and the devices under test

Mask/aperture

Size of the mask/aperture used during testing

Variation of the measured short-circuit current
density with the mask/aperture area

Performance certification

Identity of the independent certification laboratory
that confirmed the photovoltaic performance

A copy of any certificate(s)
Provide in Supplementary Information

Statistics

Number of solar cells tested

Statistical analysis of the device performance

Long-term stability analysis

Type of analysis, bias conditions and environmental
conditions

For instance: illumination type, temperature, atmosphere
humidity, encapsulation method, preconditioning temperature

[ ves
No

Yes
[ INo

[ ]ves
No

Yes
[ INo
X ves
[ INo

X ves
[ INo
X ves
[ INo

X ves
[ INo

The light spectrum used for measurements matches well with the reference silicon
cell, and we did not calculate the spectral mismatch between the reference cell and
the tested devices.

The size of the aperture area is 0.08 cm2 and 1 cm2, which can be found in main text
and supplementary information.

The aperture area is fixed for each device.

The certificated PCE was obtained in the National Institute of Metrology, China (NIM,
China), and the corresponding result is provided in the supplementary Fig. 27.

Supplementary Fig. 27.

Histogram of the PCE value among 100 control PSCs and 100 target PSCs was shown
in Fig. 4c and supplementary Fig. 26.

Statistical comparison of 100 PSCs was shown in supplementary Fig. 26, Plots of the
box chart graphs containing the mean value, maximum/minimum values, and 25%-
to-75%-region data of circuit current density, open-circuit voltage, fill factor, and
power conversion efficiency.

The long-term operational stability through MPP tracking of the unencapsulated
PSCs under continuous AM1.5G (100 mW/cm?2) solar light in an N2 atmosphere at
50 + 5°C (Fig. 4e).

And the long-term stability of the unencapsulated PSCs in air was tested for up 2000
hours at 25+ 5°C and 20% humdity (Fig. 4F).

The long-term operational stability through MPP tracking of the encapsulated PSCs
under continuous AM1.5G (100 mW/cm2) solar light in ambient air at 85% RH (Fig.
4g).

The damp heat texts (85°C and 85% RH) of encapsulated PSCs was shown in Fig. 4h.
The accelerated degradation measurements of unencapsulated PSCs stored at 65%
RH, was shown in Supplementary Fig. 31.
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