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The power conversion efficiencies (PCEs) of perovskite solar cells (PSCs) are already higher than that of other thin 
film technologies, but laboratory cell-fabrication methods are not scalable. Here, we report an additive strategy to 
enhance the efficiency and stability of PSCs made by scalable blading. Blade-coated PSCs incorporating bilateral 
alkylamine (BAA) additives achieve PCEs of 21.5 (aperture, 0.08 cm2) and 20.0% (aperture, 1.1 cm2), with a record- 
small open-circuit voltage deficit of 0.35 V under AM1.5G illumination. The stabilized PCE reaches 22.6% under 0.3 sun. 
Anchoring monolayer bilateral amino groups passivates the defects at the perovskite surface and enhances pe-
rovskite stability by exposing the linking hydrophobic alkyl chain. Grain boundaries are reinforced by BAA and are 
more resistant to mechanical bending and electron beam damage. BAA improves the device shelf lifetime to 
>1000 hours and operation stability to >500 hours under light, with 90% of the initial efficiency retained.

INTRODUCTION
Perovskite solar cells (PSCs) show great potential for future com-
mercialization due to their mounting power conversion efficiencies 
(PCEs) and compatibility with simple low-temperature solution 
processing that has cost advantages and promise of device scaling 
up (1–4). Early efforts to bring this emerging technology from the 
laboratory to the market have witnessed impressive progress, such 
as the one-step blade-coating technique combined with composition/
surfactant/dopant-engineering strategies to achieve uniform and 
large-area perovskite film coating, improve device performance, and 
simplify device architecture (5–7). A certified efficiency of 15% for a 
57-cm2 module was achieved by fast blade coating at an unprecedented 
speed of 180 m hr−1 (efficiency was certified by Newport after the pub-
lication of the paper) (6). However, commercialization of a perovskite-
based photovoltaic technology requires further advancement in both 
efficiency and long-term stability, with low-cost materials and ease 
of printability.

High-quality perovskite films are critical to realize highly effi-
cient and stable PSCs (8–10). However, polycrystalline perovskite 
films inevitably contain a high density of crystallographic defects, 
such as uncoordinated ions and dangling bonds at surfaces and grain 
boundaries, which can result in charge recombination via nonradi-
ative channels, and thus impair device performance (11–13). On the 
other hand, organic-inorganic hybrid perovskites, e.g., CH3NH3PbI3, 
are unstable under high moisture, illumination, or heat due to their 
soft nature, i.e., low interaction energy between metal cations and 
halide anions induces a high density of ionic defects and volatility of 
the organic cations (14, 15). All of these aspects impose challenges 
for long-term deployment of PSCs in the field.

Previous studies have demonstrated strategies of introducing 
additional functional layers on top of perovskite layers to either pas-
sivate the surface defects or improve the ambient stability of pe

rovskite films (11, 16–19). Although promising, it is more desirable 
to directly formulate the perovskite inks to avoid an additional step 
during the scalable fabrication of PSCs. Ink formulation engineer-
ing has been established in spin-coated devices to viably modulate 
crystal growth, passivate defects, and form a protection barrier for 
improved efficiency and stability via several types of additives, such as 
small organic molecules (20, 21), ammonium salts (22–24), long-chain 
polymers (25–27), and ionic liquids (28). However, multifunctional 
additives that are judiciously designed for blade-coated perovskite 
films are still lacking; the reported molecules are found to not func-
tion as well because of the different film formation mechanism in the 
blade-coating process. There is a dilemma in the utilization of some 
additives to smooth bladed perovskite films because the additives 
often promote the formation of small grains and thus increase the 
area of grain boundaries.

Here, we demonstrate that simple tailoring of the perovskite ink 
formulation with a small amount of bilateral alkylamine (BAA) addi-
tive, i.e., molecules with a structure of “NH2–R–NH2,” not only helps 
in constructing compact perovskite films with uniform size distri-
bution and fewer pinholes but also has strong capability to passivate 
the perovskite grain surface. This BAA-incorporated strategy results 
in significantly enhanced efficiency and stability of p-i-n–structured 
PSCs without adding complexity to the scalable fabrication process. 
One example of the effectiveness of this strategy is that the stabilized 
open-circuit voltage (Voc) of the bladed methylammonium lead iodide 
(MAPbI3) devices by BAA passivation was enhanced to 1.18 V, which 
is well above those counterparts made by spin coating.

RESULTS
Ink formulation and film formation
A series of BAA additives were studied in this work, featuring a 
three-, six-, or eight-carbon chain with ─NH2 tails at both ends, i.e., 
1,3-diaminopropane (DAP), 1,6-diaminohexane (DAH), and 
1,8-diaminooctane (DAO). The chemical structures of the different 
BAA additives are shown in Fig. 1A. BAAs, with symmetric molecular 
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structure, comprise hydrophilic amino tails at both ends and a hy-
drophobic alkyl chain core. Furthermore, BAAs are commercially 
available liquids at room temperature. They can be dissolved in water, 
most polar solvents, and more significantly, all known solvents for 
perovskites. The three BAAs were chosen with the objective of pas-
sivating crystallographic defects at the perovskite grain surface 
by forming coordination bonds between undercoordinated Pb2+ 
ions and ─NH2 tails, as shown schematically in Fig. 1B. In addition, 
the ─NH2 tails can occupy A-site vacancies at MAPbI3 grain surface. 
Superior to regular amine molecules, BAAs tend to anchor onto the 
perovskite grain surface with both ─NH2 tails, which exposes the 
linking hydrophobic carbon chain and forms a moisture-repelling 
barrier on MAPbI3 grains. This is evidenced by the increased con-
tact angle of water droplets on BAA-modified perovskite films or 
single crystals, as shown in Fig. 1C. The BAA-modified perovskite 
films become water insoluble despite both DAP and perovskites 
being very soluble in water. This indicates very strong bonding of 

both ─NH2 tails to the perovskite. In contrast, control perovskite 
films quickly dissolved, coloring the water droplets yellow.

The perovskite films were prepared by blade coating a BAA-
incorporated perovskite ink over a preheated indium tin oxide (ITO) 
glass substrate (7), as illustrated in Fig. 1D. The BAA molecules have 
low boiling points; hence, it was examined whether the BAA mole-
cules remained in the perovskite films after annealing. DAP was used 
as a representative BAA additive to study its possible interaction with 
MAPbI3 and influence on the perovskite film formation. Fourier 
transform infrared (FTIR) spectra in fig. S1 indicate that the primary 
amine analog was still present within the bladed perovskite films af-
ter annealing at relatively high temperatures. Since DAP is a liquid at 
room temperature, logically, there must be a strong interaction be-
tween DAP and perovskites that keeps DAP in the perovskite films 
after high-temperature annealing. However, the thickness of the DAP 
layer should be self-limited to a monolayer on perovskites because 
the interaction between DAP molecules is too weak to keep them in 

Fig. 1. Chemical structures and functions of BAA additives, contact angle measurement, and blading process. (A) Chemical structures of BAA additives. (B) Sche-
matic illustration of defect passivation and water repellence induced by BAA incorporation. (C) Contact angle measurement of a water droplet on MAPbI3 single crystals 
(top row) and MAPbI3 thin films (bottom row) with or without incorporated BAA additive. Scale bars, 5 cm. (D) Sketch showing the blade-coating process for the pe
rovskite film.



solid form. Moreover, the strong interaction of DAP molecules 
with MAPbI3 precursors slows the crystallization and formation of 
MAPbI3 films. Before annealing, the formed MAPbI3 film with only 
0.025 weight % (wt %) DAP additive in the ink solution retained 
x-ray diffraction (XRD) amorphous characteristics, while the pure 
MAPbI3 film showed distinct peaks (fig. S2). It is speculated that
DAP functions as a Lewis base due to its amino groups, with coor-
dination bonds formed by sharing the lone electron pair at N atom 
with the empty 6p orbit of Pb2+ (25, 29, 30). This coordination bond-
ing could retard the reaction of methylammonium iodide (MAI) and 
PbI2, as suggested by the reduced grain size of DAP-modified MAPbI3
thin films with increasing amounts of DAP (fig. S3). Nevertheless,
the slower crystallization enabled the formation of highly uniform 
and compact perovskite films, thus reducing the device leakage cur-
rent (25).

To determine whether DAP molecules get into the crystal struc-
ture of MAPbI3, we analyzed XRD patterns of MAPbI3 films after 
annealing with different DAP concentrations (0 to 0.05 wt %) in the 
perovskite inks. As shown in fig. S4, all observed XRD reflections 
were indexed as MAPbI3 characteristic peaks (31). There is no no-
ticeable shift of peaks toward lower angles, indicating no significant 
unit cell expansion in the perovskite lattice or incorporation of DAP 
into the MAPbI3 crystal structure (24, 32). Because of the large mo-
lecular size of DAP, the amine additives prefer to stay at the periph-
ery of the perovskite grains, with ─NH2 terminal groups limited to 
interacting with undercoordinated Pb ions exposed at the surface.

The MAPbI3-DAP film (0.025 wt % DAP) showed a more uni-
form and compact microstructure, with ultrafine grains and a smooth 
surface, compared with the control MAPbI3 film (Fig. 2, A to D). 
The control film had a grain size of approximately 300 to 500 nm 
and a root mean square (RMS) surface roughness of 31.1 nm from 
atomic force microscopy (AFM) scanning (fig. S5). DAP modifica-
tion decreased the grain size to approximately 100 to 300 nm and 
reduced RMS surface roughness to 24.9 nm. The improved uniform
ity and smoothness of the bladed perovskite films was attributed 

to DAP modulating the crystallization of MAPbI3. Specifically, the 
bilateral ─NH2 groups strongly interact with neighboring MAPbI3 
grains and link them together, which may force the crystals to grow 
in contact with each other more tightly. To examine how DAP re-
inforces the grain boundaries, we subjected the perovskite films to 
mechanical stress and electron beam damage testing. Films were 
fabricated on flexible ITO/PET (ITO films on polyethylene ter
ephthalate) substrates and then bent into a curved shape with a radius 
of 1 cm for several cycles. As shown in Fig. 2 (E to G), the MAPbI3-DAP 
film remained intact after bending, while a lot of pinholes were gen-
erated in the control MAPbI3 film. The cracks after bending generally 
appear at grain boundaries under tensile strain along the plane direction. 
The improved tolerance of film bending should be mainly caused by 
the bridging of neighboring grains by the DAP additives with two 
─NH2 tails, which act as a glue between grains. In addition, the weak 
interaction between perovskites and the underlying poly(triaryl amine) 
(PTAA) layer may cause the peeling of the perovskite grains and re-
sult in the generation of pinholes, as shown in Fig. 2F. The ─NH2 
functional group of DAP can participate in hydrogen bonding with 
the underlying PTAA layer to improve adhesion between perovskite 
and hole transport layer (HTL), thus reducing the peeling-off possi-
bility of the perovskite film during bending. Overall, the correlation 
between a strengthened passivation of grain boundaries and a more 
compact film with fewer pinholes after bending is due to reinforced 
molecular bonding between DAP, perovskite, and the underlying layer. 
It is known that an electron beam can damage perovskites, and cracks 
are often generated first at grain boundaries (33, 34). We used a high-
energy electron beam with a voltage of 1 kV and a current of 15 A 
under scanning electron microscopy (SEM) to accelerate degra-
dation of grain boundaries (note that the settings are much higher 
than required for regular SEM observations). As seen in Fig. 2H, 
the control MAPbI3 film exhibited obvious cracks after the sixth 
consecutive scan (the observed area was exposed for approximately 
15 s per scan), while the MAPbI3-DAP film retained dense grain 
packing even after exposure to the high-energy electron beam. This 

Fig. 2. Perovskite film morphologies and mechanical test. Surface SEM images of (A and B) MAPbI3 and (C and D) MAPbI3-DAP (0.025 wt % DAP added). (E) Sketch 
showing the morphology change of the perovskite films deposited on a flexible ITO-PET substrate after the bending test. Corresponding SEM images of (F) MAPbI3 and 
(G) MAPbI3-DAP films after bending. (H) SEM images showing the degradation of grain boundaries for MAPbI3 and MAPbI3-DAP films after exposure to the high energy 
electron beam for several scanning cycles during SEM characterization. Scale bar, 500 nm (H).



comparison indicates that DAP reinforces grain boundaries, which 
are the weakest spots in polycrystalline perovskite films. In addi-
tion, MAPbI3-DAP devices had greatly reduced dark current or 
leakage current densities compared to MAPbI3 cells (fig. S6), again 
confirming the compactness of the MAPbI3-DAP films. The ener-
gy levels of MAPbI3 films prepared in the absence or presence of 
DAP were studied by ultraviolet (UV) photoelectron spectroscopy. 
Overall, the energy levels were negligibly changed upon incorpora-
tion of very low concentrations of DAP, i.e., 0.025 wt % (fig. S7 and 
table S1).

Photovoltaic performances
We fabricated PSCs with the inverted p-i-n structure using perovskite 
films with or without DAP additives (Fig. 3A). A typical PSC was 
assembled with a structure of ITO/PTAA/BAA-modified perovskite/
C60/bathocuproine (BCP)/Cu, where an approximately 500-nm-thick 
homogeneous and pinhole-free perovskite film (fig. S8) was sand-
wiched between the HTL of PTAA and the electron transport layer 
(ETL) of C60, featuring a planar heterojunction configuration. The 
photovoltaic performances of the PSCs based on MAPbI3 films in-
corporated with different amounts of DAP are summarized in table 
S2. The optimal DAP additive concentration was 0.025 wt %. Less 
DAP content caused insufficient passivation, while excess DAP in 
MAPbI3 resulted in a worse film morphology, which can be ascribed 
to aggregated DAP molecules impairing perovskite crystal growth 
(fig. S3) (24). The J-V curves of the PSCs with and without DAP are 
shown in Fig. 3B, while the extracted device parameters are summa-
rized in Table 1. The PSCs based on the pristine MAPbI3 thin film 
showed a typical PCE of 18.3% with a short-circuit density (Jsc) of 
22.0 mA cm−2, a Voc of 1.08 V, and a fill factor (FF) of 77.2%. For the 
MAPbI3-DAP device, the PCE increased to 21.7%, while the Voc and 
FF were significantly enhanced to 1.18 V and 81.7%, respectively. It 
is worth noting that the optimal concentration for all three BAA 
additives (i.e., DAP, DAH, and DAO) is the same, namely, 0.025 wt %, 
and the DAP-incorporated PSC showcased the best performance 

(a PCE of 21.7%) when compared with DAH-based device (a PCE of 
20.8%) or DAO-based cell (a PCE of 20.3%), which can be attributed 
to the moderate length of carbon chain in DAP for an optimized 
interaction with perovskite films. During the film formation, the 
DAP can be expelled to the film surface. A carbon chain that is too 
long will impair the charge transport from perovskite to ETL. Hence, 
the carbon chain length optimization of universal BAA additive is 
also a critical factor to balance the defect passivation and charge col-
lection and thus effectively improving the device performance. For 
PSCs based on MAPbI3-DAP films, a negligible photocurrent hys-
teresis has been observed (fig. S9 and table S3). The suppressed pho-
tocurrent hysteresis in the MAPbI3-DAP–based PSC was attributed 
to the effective passivation and/or stabilization of undercoordinated 
ions at the surface of the perovskite crystals through strong molecular 
interaction with ─NH2 functional groups. To confirm this, lateral 
structured devices were fabricated with two parallel Au finger elec-
trodes deposited on top of glass/MAPbI3 and glass/MAPbI3-DAP 
films. When a voltage pulse (17.5 V) was applied, the current of 
the latter device immediately increased to the maximum, while the 
former device needed 1200 s to stabilize the current, suggesting that 
trap passivation and ion migration suppression resulted from DAP 
incorporation (fig. S10).

The universality of the BAA passivation was examined by add-
ing the DAP additive to perovskite inks of different compositions 
and bandgaps ranging from 1.51 to 1.82 eV (Fig. 3B and Table 1). 
Enhanced Voc, FF, and device performance were observed for all 
tested perovskite compositions containing DAP. This result high-
lights the effectiveness and versatility of using the BAAs for defect 
passivation and performance enhancement. The PSCs based on Cs/
FA/MA mixed-cation perovskite (CFM) with DAP passivation [an 
optical bandgap of 1.51 eV, determined from the external quantum 
efficiency (EQE) spectrum edge of 821 nm in fig. S11] had a high 
Voc of 1.16 V, corresponding to a record low Voc deficit of 0.35 V. To 
the best of our knowledge, this is the smallest deficit value for all 
PSC devices reported so far.

Fig. 3. Device structure and photovoltaic performance. (A) Schematic illustration of a completed PSC with inverted p-i-n device structure. (B) J-V curves of PSCs based 
on different perovskite compositions incorporated with or without DAP additive. (C) Stabilized Voc of MAPbI3-DAP device as a function of time. (D) Stabilized current 
density and PCE at the maximum power point (0.98 V) of the champion MAPbI3-DAP device (0.08 cm2). (E) PCE histogram of PSCs based on MAPbI3 and MAPbI3-DAP films 
(with 0.025 wt % DAP). (F) J-V characteristic of the champion 1.1 cm2 PSC based on MAPbI3-DAP thin film (inset shows a digital image of the actual device).



MAPbI3-DAP–based devices demonstrated the best performance 
among all tested perovskite compositions. The very high Voc of 1.18 V 
for MAPbI3-DAP device was confirmed by measuring the stabilized 
Voc for 10 min (Fig. 3C). Specifically, this device had a low Voc deficit 
of 0.37 eV, which is a record low value for all MAPbI3-based PSCs 
reported to date, regardless of their fabrication methods. Figure S12 
shows the EQE spectrum of the champion PSC based on the MAPbI3-
DAP thin film, in which the EQE profile exceeds 85% across a broad 
wavelength region from 450 to 750 nm. In addition, the integrated Jsc 
(22.0 mA cm−2) from the EQE spectrum is in good agreement with 
that derived from the J-V curve (22.5 mA cm−2), with a discrepancy 
of no more than 3%. Figure 3D depicts the stabilized Jsc of this cham-
pion device as measured at maximum power point of 0.98 V, giving a 
stabilized PCE of 21.5% under AM1.5G illumination. This highly stabi-
lized PCE is among the best record for MAPbI3-based PSCs, espe-
cially given that the devices in this work were fabricated using a 
scalable blade-coating method. The PCE histogram of MAPbI3 and 
MAPbI3-DAP–based PSCs were collected from a batch of 30 devices 
for each condition (Fig. 3E). Specifically, more than 77% of MAPbI3-
DAP PSCs had PCEs above 20.5%, while only 40% of MAPbI3 devices 
had efficiencies over 18% under 1-sun illumination. This result not 
only demonstrates the effectiveness of improving the device perform
ance but also highlights the excellent reproducibility of this BAA 
passivation strategy. We also fabricated larger area (>1 cm2) PSCs 
using the bladed MAPbI3-DAP films. The PSC with an aperture of 
1.1 cm2 shows a PCE of 20.0%, a Jsc of 22.0 mA cm−2, a Voc of 1.14 V, 
and an FF of 80% (Fig. 3F).

DISCUSSION
Passivation effect of DAP
Time-resolved photoluminescence (TRPL) lifetimes were measured 
for perovskite films with and without DAP incorporation. The 
MAPbI3-DAP film had a PL recombination lifetime of 689 ns, al-
most 2.5 times longer than the control film (278 ns; Fig. 4A), at an 
excitation carrier concentration of 7.2 × 1013 cm−3. Steady PL inten-
sities of different perovskite films deposited on glass substrates are 
shown in fig. S14. DAP incorporation into perovskites of all compo-
sitions both enhanced the PL intensities and slightly blueshifted the 
PL peak. The PL results collectively confirm the defect passivation 
function induced by BAA incorporation.

To investigate the carrier recombination dynamics in the operat-
ing devices, we compared carrier recombination lifetimes of MAPbI3 
devices with or without DAP additive using transient photovoltage 
(TPV) measurements. The devices were soaked under 1-sun illumi-
nation, and laser pulses were applied to perturb the open-circuited 
devices and trigger a small transient photovoltaic signal (35). As seen in 
Fig. 4B, carrier recombination lifetime is longer in the MAPbI3-DAP 
device (0.95 s) compared to the pristine MAPbI3 device (0.53 s), 
suggesting that DAP amine passivation suppresses charge carrier 
recombination. This result is in good agreement with the enhanced 
Voc in the MAPbI3-DAP devices. The elongated carrier lifetime of 
PSCs with DAP passivation can be attributed to an effective reduc-
tion of trap densities within the perovskite films. The trap density of 
states (tDOS) for devices was measured using thermal admittance 
spectroscopy (TAS). Figure 4C showed reduced tDOS over the 
whole trap depth region for the MAPbI3-DAP device. Specifically, 
the MAPbI3-DAP device had one to two orders of magnitude lower 
tDOS than its MAPbI3 counterpart, in both the deeper trap region 
(0.40 to 0.55 eV), which is assigned to defects at the film surface, 
and the shallower trap region (0.30 to 0.40 eV), which corresponded 
to traps at grain boundaries (36). This again confirms that the DAP 
amine can effectively passivate the defects originating from under-
coordinated ions at the perovskite grain surface and further implies 
that the incorporation of BAA into the bulk and/or its presence at 
grain boundaries and surfaces during perovskite film formation is 
critical to the observed performance enhancement.

The light intensity–dependent Voc shown in Fig. 4D provides more 
information on charge recombination in PSC devices. The diode ideal 
factor (n), which can be calculated (n = kT/q × Voc/lnJL, where k, T, 
q, and JL are Boltzmann constant, absolute temperature, elementary 
charge, and photogenerated current density, respectively), is com-
monly used to describe the dependence of applied light intensity 
and voltage (37). The simulated lines were fitted from the light in-
tensities higher than 0.01 sun. It has been reported that n can vary 
between 1 and 3 for PSCs, depending on the trap-assisted recombi-
nation (38, 39). The MAPbI3-DAP device exhibited a higher Voc value 
than the MAPbI3 device under all light intensities. The MAPbI3 de-
vice had an ideal factor of 2.72, suggesting a severe impact of nonra-
diative recombination. In contrast, DAP passivation decreased the 
ideal factor to 1.43, much closer to that of an ideal diode, indicating 
that the nonradiative recombination process was effectively suppressed 

Table 1. Photovoltaic parameters of the PSCs using different perovskite layers prepared with various compositions and ink formulations under 1-sun 
illumination (AM1.5G, 100 mW cm−2). Note that CFM has an optical bandgap of 1.51 eV, MAPbI3 has an optical bandgap of 1.55 eV, and CFPbIBr has an optical 
bandgap of 1.82 eV. The optical bandgap of perovskite with different composition is determined from the external quantum efficiency (EQE) spectrum edge in 
figs. S11 to S13. Data for average PCE () were calculated from at least 30 devices. CFM represents Cs0.05FA0.70MA0.25PbI3 and CFPbIBr represents 
Cs0.2FA0.8Pb(I0.6Br0.4)3 (see details in Materials and Methods section). 

PSCs Jsc(mA cm−2) Voc(V) (%) Average (%) FF(%) Voc deficit(V)

CFM 23.4 1.06 17.0 15.02 ± 0.78 68.4 0.45

CFM-DAP 23.4 1.16 21.5 20.36 ± 0.46 79.4 0.35

MAPbI3 22.0 1.08 18.3 16.45 ± 0.40 77.2 0.47

MAPbI3-DAP 22.5 1.18 21.7 20.53 ± 0.38 81.7 0.37

MAPbI3-DAP (1.1 cm2) 22.0 1.14 20.0 18.24 ± 0.65 80.0 N/A

CFPbIBr 15.1 1.18 13.1 11.78 ± 0.57 73.3 0.64

CFPbIBr-DAP 15.6 1.26 15.2 13.87 ± 0.49 77.5 0.56



due to the reduction of the surface defect states of perovskite film by 
DAP incorporation (40).

The influence of trap-assisted recombination on device perform
ance is more evident for devices under weak light. Figure 4E com-
pares the light intensity dependence of the FF for the two devices. 
Under weak light, the MAPbI3 device displays a low FF, confirming 
the predominant nonradiative recombination process caused by deep-
level trap states, whereas for the MAPbI3-DAP device, the FF remains 
high, indicating that DAP passivation had effectively reduced trap-
assisted recombination. This effect is also evidenced by a prolonged 
TPV lifetime of 1.7 s for the MAPbI3-DAP device, which is more 
than double that of the MAPbI3 counterpart under 0.3-sun illumi-
nation (0.8 s; fig. S15). The corollary of reduced charge recombina-
tion loss is higher Voc and FF and thus high-efficiency of PSCs. As the 
light intensity decreased to low values, i.e., much lower than 0.01% 
sun, we observed a Voc higher than 0.9 V for the MAPbI3-DAP device, 
which is promising for indoor ambient light solar cell applications. 
The PCEs of devices with or without DAP passivation were measured 
under illumination at different light intensities (Fig. 4F and fig. S16). 
The MAPbI3-DAP–based PSC (0.08 cm2) had a PCE of 23.0% with a 
Jsc of 7.63 mA cm−2, a Voc of 1.08 V, an FF of 83.9%, and a stabilized 
PCE of 22.6% under 0.3-sun illumination (fig. S17), signifying that 
DAP amine–passivated PSCs are ideally suited for ambient light en-
ergy harvesting and conversion application (41, 42).

Stability evaluation
Metal halide perovskites are notoriously sensitive to moisture and 
can degrade rapidly in a humid environment (43). The moisture 
stability of pristine MAPbI3 film and DAP-modified MAPbI3 film was 
studied by exposing them continuously to ambient air (relative hu-
midity of 50 ± 5% at room temperature) for 120 hours. Under the 
same conditions, the MAPbI3-DAP thin film maintained a highly 
pure MAPbI3 phase without XRD-detectable PbI2 phase, whereas 
decomposition from MAPbI3 to PbI2 was observed for the MAPbI3 

thin film (fig. S18). The shelf lifetime of completed devices without 
encapsulation was also tested at ambient conditions (50 ± 5 RH% 
at room temperature). As shown in Fig. 5A, the MAPbI3 device 
degraded to 50% of its initial PCE after 500  hours, whereas the 
MAPbI3-DAP device retained more than 90% of original PCE after 
storage for 1000 hours. In addition, the stability of encapsulated 
PSCs based on MAPbI3 and MAPbI3-DAP thin films under realistic 
operating conditions was measured. DAP incorporation enhanced 
the device stability under continuous 1-sun illumination, with the 
MAPbI3-DAP device retaining 90% of initial PCE after 500 hours. 
In contrast, the PCE of MAPbI3 device decreased with prolonged 
illumination duration to only 35% of original PCE after 200 hours 
(Fig. 5B). Last, the thermal stability of the PSCs with DAP passiva-
tion was evaluated, in which the devices were heated to 85°C inside 
a N2-filled glove box. As is shown in fig. S19, there is almost no 
PCE reduction for the MAPbI3-DAP device after being heated for 
24 hours. Such good thermal stability, in turn, confirms that the DAP 
still binds quite strongly to the perovskites after heat treatment. The 
low boiling point of DAP only indicates the weak interaction of amine 
molecules themselves in a liquid form. After the formation of bonding 
between DAP and perovskites, the amine itself is not liquid anymore 
and thus exists as a robust defect passivation agent within perovskite 
films. The significantly enhanced moisture and operational stability 
of MAPbI3-DAP–based PSCs demonstrates the beneficial effect of 
DAP amine incorporation. In addition, the self-assembly of a mois-
ture barrier via the additive-assisted perovskite film blade coating 
warrants to effectively retard the decomposition of perovskites under 
atmospheric conditions. The improved ambient and operational 
stability could be attributed to synergistic functions of the DAP 
amine. On one hand, DAP may shield the surface and interior of 
perovskite grains from moisture. On the other hand, DAP could 
passivate the undercoordinated ions at the boundaries and surfaces 
of perovskite grains, thus alleviating the defect-induced degrada-
tion that normally occurs under operating conditions.

Fig. 4. Carrier recombination lifetime, trap densities, ideal factor, and weak light photovoltaic response. (A) TRPL of perovskite film incorporated with or without 
DAP amine. (B) Carrier recombination lifetime measured by transient photovoltage (TPV) and (C) trap density of states (tDOS) obtained from thermal admittance spec-
troscopy (TAS) measurement of PSCs with or without DAP passivation. (D) Voc and (E) FF dependence as a function of light intensity. (F) J-V curves of PSCs based on 
MAPbI3-DAP film measured under illumination at different light intensities.



CONCLUSIONS
We demonstrated the incorporation of BAA additives into a pe
rovskite ink for scalable fabrication of efficient and stable PSCs. 
PSCs incorporated with DAP showed impressive PCEs of up to 
21.7% with an aperture area of 0.08 cm2 (stabilized output exceed-
ing 21.5%) and 20% over 1.1 cm2, which can be attributed to the 
effective passivation of undercoordinated ions within perovskite 
films. Compared with other reported inorganic/organic additives, 
which were all used in spin-coated devices, the BAA additive not only 
yields a record PCE but is also compatible with the blade-coating 
process. The BAA additive exhibits fascinating multifunctionalities, 
including perovskite crystal growth modulation, reinforced grain 
boundaries, a self-assembled moisture barrier, and stabilized under-
coordinated ions, which all played critical roles in improving the 
efficiency and the ambient and operational stability of the blade-
coated devices. The concept of bilateral amine passivation and func-
tionalization can be universally applied to other mixed-cation and 
mixed-halide perovskites, thus offering an effective pathway toward 
fabricating large-scale halide perovskite devices with superior per-
formance and improved stability.

MATERIALS AND METHODS
Materials
Unless stated otherwise, all materials and solvents were purchased 
from Sigma-Aldrich. Lead iodide (PbI2, 99.999%) was purchased 
from Alfa Aesar. MAI was purchased from GreatCell Solar. All chem-
icals were used as received without further purification.

Device fabrication
The ITO glass substrates were cleaned using an ultrasonicator in de-
ionized water, acetone, and an isopropanol bath for 30 min succes-
sively and subjected to UV-ozone treatment for 15 min. A PTAA layer 
was deposited on the ITO glass by blade coating the PTAA/toluene 
solution (5 mg ml−1) at a speed of 15 mm s−1 and by annealing at 70°C 
for 10 min. The gap between the blade coater and the substrate was 
controlled at 100 m. Five microliters of solution was used for coating 
PTAA on a 1.5 cm by 1.5 cm ITO substrate. The blade coating of pe
rovskite layer was adjusted from a previous method (7). Specifically, 
the 1.1 M MAPbI3 perovskite ink was prepared by dissolving 1.1 M 
PbI2 and 1.1 M MAI in 1-ml N,N′-dimethylformamide (DMF). Other 
perovskite inks with different compositions, Cs0.05FA0.70MA0.25PbI3 

(CFM; with a bandgap of 1.51 eV) and Cs0.2FA0.8Pb(I0.6Br0.4)3 (CFPbIBr; 
with a bandgap of 1.82 eV), were prepared for comparison. Before use, 
small amounts of additives, i.e., methylammonium hypophosphite 
(0.15 wt %) and l--phosphatidylcholine (0.05 wt %), were added to 
achieve uniform coating of perovskite film with good surface coverage 
(6). A series of BAA additives, including DAP, DAH, and DAO, were 
dissolved in DMF separately and then added to the as-prepared pe
rovskite ink at an optimized concentration of 0.025 wt %. Precursor 
ink (5 to 10 l) was dripped onto the ITO substrate, which was set on 
a hot plate at 150°C, and then swiped linearly by a film applicator at a 
speed of 7.5 mm s−1. After coating, the perovskite films were annealed 
at 100°C for 10 min. The blade coating of both PTAA layers and pe
rovskite films was conducted in a N2-purged glove box (below 1.0 parts 
per million of O2 and H2O). Last, 25 nm of C60 (Nano-C), 8 nm of 
BCP, and 80 nm of Cu electrode were sequentially deposited by ther-
mal evaporation to form a complete PSC device.

Device characterization
SEM images were taken by a Quanta 200 field-emission gun environ-
mental SEM. XRD patterns were obtained with a Bruker D8 Discover 
diffractometer with Cu K radiation (1.5406 Å). The J-V measure-
ment of the devices (voltage scanning rate 0.1 V s−1) and the steady 
photocurrent under maximum power output bias (0.98 V) were re-
corded with a Keithley 2400 SourceMeter under simulated AM1.5G 
irradiation produced by a Xenon lamp–based solar simulator (Oriel 
Sol3A Class AAA Solar Simulator). The light intensity was calibrated 
by a silicon reference cell equipped with a SCHOTT visible color KG5 
glass filter (Newport 91150V). A nonreflective shadow mask was used 
to define the active area of the PSCs. EQE spectra were obtained by a 
Newport QE measurement kit by focusing a monochromatic light 
beam with wavelength from 300 to 900 nm onto the devices. PL spec-
trum was measured with a Horiba iHR320 imaging spectrometer at 
room temperature. A 532-nm green laser (Laserglow Technologies) 
with an intensity of 100 mW cm−2 was used as the excitation source. 
TRPL was obtained using a DeltaPro time-correlated single photon 
counting (TCSPC) filter fluorometer with a pulsed laser source at 
406 nm (Horiba NanoLED 402-LH; pulse width below 200 ps, 20 pJ per 
pulse, approximately 1-mm2 spot size), and the signal was recorded 
using TCSPC. AFM measurement was conducted on an Asylum 
Research MFP-3D AFM. TPV decay was measured under different 
light intensities and recorded by a 1-GHz Agilent digital oscilloscope. 
The FTIR spectra (4000 to 500 cm−1) were recorded on a PerkinElmer 

Fig. 5. Stability test. (A) Moisture stability of nonencapsulated PSCs based on MAPbI3-DAP and MAPbI3 films under ambient air (50 ± 5 RH% at room temperature). 
(B) Operational stability of encapsulated PSCs based on MAPbI3-DAP and MAPbI3 films under continuous 1-sun illumination.



FTIR spectrometer with powders scratched from several pieces 
of samples.
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