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Rapid Surface Reconstruction in Air-Processed Perovskite

Solar Cells by Blade Coating

Jing Zhuang, Chunki Liu, Bochun Kang, Haiyang Cheng, Mingchao Xiao, Li Li,*

and Feng Yan*

Blade coating has been developed to be an essential technique for large-area
fabrication of perovskite solar cells (PSCs). However, effective surface
treatment of the perovskite layer, which is a critical step for improving PSC per-
formance, remains challenges during blade coating due to the short interaction
time between the modification solution and the perovskite layer, as well as the
limited selection of available organic solvents. In this study, a novel modifier
N,N-diphenylguanidine monohydrobromide (DPGABYr) dissolved in acetonitrile
(ACN) is blade coated on the MA, ;FA ;Pbl; surface in air to reconstruct the
perovskite surface in hundreds of milliseconds. This work finds that the solvent
ACN rapidly dissolves organic iodide of the perovskite layer and leads to a Pbl,-
rich surface, providing reactive sites for DPGABr to form a thin DPGABr/Pbl,
complex layer. This surface reconstruction can effectively passivate defects and
induce n-type doping on the perovskite surface to facilitate electron transfer.
The resultant devices show a 15% improvement in average power conversion
efficiency. More importantly, the devices with the surface reconstruction show
outstanding long-term stability, with negligible performance degradation

even after 1-year storage in air. This study presents a convenient and effective
approach for improving the performance of blade-coated PSCs prepared in air.

and industrial efforts within the photo-
voltaic community, due to their skyrock-
eted increase in power conversion efficiency
(PCE).'*] Blade coating in air stands out as
a highly effective and cost-efficient method
for producing PSCs on a large scale.[®”]
Moreover, its compatibility with flexible
substrates makes it an ideal choice for
manufacturing flexible devices.®] At the
early stage, researchers were focusing on
the operation conditions of blade coating,
including substrate temperature,' flow
speed, and direction of N, knifel''l and
air humidity.'?l Then more strategies, such
as solvent and additives engineering,['*14
have successfully facilitated the production
of high-quality and large-area perovskite
films. Notably, in comparison with ordered
crystal structure in the bulk, atoms at the
perovskite surface are more vulnerable to
environment during crystallization. The en-
vironmental factors, such as humidity,!'>-17]

1. Introduction

In recent years, metal halide perovskite solar cells (PSCs)
have gained significant attention in both scientific research
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temperature,'1° and atmosphere,[? can

influence the crystal lattice and perturb

the atomic periodicity on the surface.
Therefore, the surface of blade-coated perovskite film, which
closely involves charge trapping, carrier recombination, charge
transfer, and ion diffusion, plays a crucial role on the perfor-
mance of resultant PSCs.?1-23]

Many efforts have been devoted to improving the surface
quality of perovskite films by surface treatments, such as surface
modification or surface reconstruction.?*?! Typically, surface
modification involves the optimization of the chemical or
physical properties of perovskite’s surface without changing
its bulk properties, which is often achieved by introducing
small molecule/polymer treatment!?*?’] (e.g., Lewis base/acid)
or physical modification (such as mechanical peel-off of the
defective layer!?®)). These processes can enhance the quality
of perovskite surfaces with decreased defect density. On the
other hand, surface reconstruction is a spontaneous process that
typically occurs when introducing molecules on the perovskite
surface to react and form a new and more stable structure.
The Pbl, or MAI-terminations of perovskite films serve as a
foundation for surface reconstruction at the molecular level,
stimulating the physical and chemical alteration of the film
surfaces.””! For example, Wu et al. introduced FAI on the
MAPDI, surface to spontaneously form FAPDI, through reacting
with Pbl, termination by immersing blade-coated MAPDI; into
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Figure 1. a) Schematic illustration of the surface reconstruction of MA ;FA 3 Pbl; films by blade coating. b) X-ray diffraction (XRD) patterns of perovskite
films with and without posttreatments. c) Grazing incidence XRD (GIXRD) diffraction patterns of the reference perovskite, pure isopropanol (IPA) treated
film, and pure acetonitrile (ACN) treated film measured with an incident angle of 0.5°. d) XRD patterns of diphenylguanidine monohydrobromide

(DPGABr) powder and DPGABr/Pbl, complex films.

a hot bath of FAI This surface reconstruction can effectively
reduce surface defect density and promote charge transport at
the interface of perovskite and charges transport layers. How-
ever, it is challenging to achieve surface reconstruction directly
by blade coating because the retention time of a coated solvent
is estimated to be only several hundred milliseconds.[®3] Tt is
expected that the solvents and modifiers for posttreatments by
blade coating are critical to the effect of surface reconstruction
of perovskite films, which however have been rarely reported
until now.

In this study, we examined the impact of solvents such as
isopropanol (IPA) and acetonitrile (ACN) for the posttreatment
of mixed perovskite MA ;FA, ;Pbl; on its surface in air by blade
coating. We found that ACN can partially remove MAI/FAI
and expose Pbl, termination on the surface within hundreds
of milliseconds, whereas IPA has negligible impact on the sur-
face, indicating that ACN is a more suitable solvent for further
surface reconstruction. We then introduced a novel surface mod-
ifier, N,N-diphenylguanidine monohydrobromide (DPGABr),
to reconstruct the perovskite film surface. Our results reveal
that this treatment can substantially enhance the photovoltaic
performance due to an effective surface reconstruction on the
perovskite layer. We found that an ultrathin complex layer
of DPGABr/PDI, is formed on the perovskite surface, which
significantly reduces nonradiative recombination and facilitates
electron transfer due to the modulation of Fermi energy on the
surface. Based on this technique, the inverted PSCs prepared
by blade coating in air show a champion PCE of 24.04%, with a
relative enhancement of 15% in the average PCE in comparison
with the control devices. More importantly, the device with the
surface reconstruction shows excellent long-term stability and
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its performance has negligible degradation even after 1-year
storage in air at room temperature.

2. Results and Discussion

2.1. Effect of Solvents Blade-Coated on the Surface of
MA, ,FA, ;Pbl, Perovskite

The perovskite films with the component of MA , FA ;PbI; were
prepared by blade coating in air and subsequently thermally an-
nealed at 105 °C for 15 min in air (see Figure 1a). Then the films
were coated with different solvents including ACN and IPA by
blade coating because these solvents can only dissolve 3D per-
ovskite slowly on the surface.3! The resultant films were char-
acterized using X-ray diffraction (XRD). As shown in Figure 1b,
the primary peaks of all films can be attributed to the reflection of
MA,,FA,;PbI;. It is noteworthy that a [001] peak for PbI, crys-
tal at 12.5° was observed in the sample treated with ACN solvent
by blade coating, indicating that the MAI/FAI on the perovskite
surface was initially dissolved in ACN during the rapid dynamic
process, with Pbl, nanocrystals forming on the surface. However,
IPA-treated MA, ,FA ;PbI; perovskite did not show Pbl, phase
after the blade coating process, which can be attributed to the
lower solubility of MAI/FAI in IPA compared to ACN.[! During
the blade coating process, the trace amount of IPA and instan-
taneous exposure on the perovskite surface makes it difficult to
dissolve MAI or FAL The films were then characterized by graz-
ing incidence XRD (GIXRD). The peak of Pbl, can only be ob-
served from the pure ACN-treated films at an incident angle of
0.5° (Figure 1c). In addition, the peak intensity ratio of Pbl, and
MA,,FA,,PbI; phases decreases when the incidence angle is
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Figure 2. a) 'H-NMR spectra of neat diphenylguanidine monohydrobromide (DPGABr) and DPGABr + Pbl, compounds. b) X-ray photoelectron spec-
troscopy (XPS) spectra of Pb4f for reference and DPGABr-ACN treated films. Top-surface scanning electron microscopy (SEM) images of c) reference
perovskite films and d) DPGABr-ACN treated film. e) Simulated charge density distribution of MAPbI; with a Pb, (I substituted by Pb) antisite defect
passivated by DPGABr. f) Density of states (DOS) of perfect MAPbI;, MAPbI; with a Pb, antisite defect, and MAPbI; with a Pb, antisite defect passivated

by DPGABL.

increased to 1° (Figure S1, Supporting Information), indicating
that PbI, is mainly located on the perovskite surface.

X-ray photoelectron spectroscopy (XPS) spectra of the pristine
perovskite film or the films treated with pure ACN or IPA are
shown in Figure S2a—c (Supporting Information). The XPS core-
level energy spectra of Pb 4f for the pristine perovskite film show
two main peaks at 137.95 and 142.83 eV, corresponding to Pb
4f;), and Pb 4f;),. In addition, I 3ds), and 13d;, peak located at
618.9 and 630.3 eV, respectively. The I:Pb ratio can be calculated
from the integrated areas of I 3d and Pb 4f peaks. We observed a
decline in the I:Pb ratio from 3.15 to 2.68 after the pure ACN post-
treatment, confirming the appearance of the Pbl, termination
on the surface. However, the I:Pb ratio of both the pristine film
or the IPA-treated films remained unchanged, indicating again
that IPA treatment does not have any significant impact on the
surface component or chemical characteristics of MA,, ,FA ,PbI,
during the blade coating process.

2.2. Surface Reconstruction of MA, ;FA, ;Pbl, by DPGABr

We selected DPGABr as a surface modifier because its active site
—NH,* can react with Pbl, terminations, and meanwhile the
—NH, group can act as a Lewis base to passivate surface defects
as reported in previous studies.[”] As presented in Figure 1D, al-
though the perovskite film treated with pure ACN shows the [001]
peak for Pbl,, the film blade-coated with the solution of DPGABr
dissolved in ACN does not show the PbI, [001] peak, indicating
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that DPGABr can interact with Pbl, and generate another phase.
To study their interaction, mixture of DPGABr and Pbl, was dis-
solved in dimethyl formamide (DMF) solvent and deposited on
a glass substrate with thermal annealing at 105 °C for 20 min
to form a solid film, which was then characterized under XRD.
As shown in Figure 1d, the broad peak for the mixture film in-
dicates that DPGABr and Pbl, can form an amorphous complex
while pure DPGABEr can crystalize due to the appearance of sharp
peaks. Based on our experimental results, we propose a surface
reconstruction process wherein the use of ACN as the solvent
rapidly dissolves a significant amount of MAI/FALI to expose PbI,
and then DPGABYr interacts with Pbl, to form a DPGABr/PbI,
complex.

To gain further insight into the interaction between DPGABr
molecules and Pbl,, we conducted nuclear magnetic resonance
(NMR) measurement on the solutions of DPGABr or DPGABr
+ Pbl, dissolved in d6-DMSO solvent. As shown in Figure 2a,
the NMR analysis of DPGABr revealed the 'H resonance sig-
nals at 9.94 and 8.00 ppm, which correspond to the —NH,*—
and —NH, environments of neat DPGABL.***3] For the DPGABr
+ PbI, mixture, the 'H resonance signals of —NH,*— shifted
to 9.90 ppm and that of —NH, remain unchanged, suggesting
the formation of hydrogen bonds between —NH,*— and I-Pb-I
in the solvent.** Then the perovskite films before and after the
DPGABrI-ACN solution treatment were characterized by XPS.
As shown in Figure 2D, the characteristic peaks of Pb 4f in the
XPS spectra were found to shift to a higher binding energy from
137.95t0 138.11 eV after the DPGABr-ACN treatment, indicating
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the altered chemical environment of Pb and thus the formation
of a new phase on the perovskite surface.’> These results all sug-
gest that DPGABr can interact with PbI, induced by ACN coating
and generate a thin complex on the perovskite surface.

Scanning  electron  microscopy (SEM) images of
MA,,FA,,Pbl; with and without DPGABr-ACN posttreat-
ments are shown in Figure 2¢,d. Notably, the perovskite surface
treated with DPGABr-ACN exhibited a more compact and
smoother morphology compared to the reference film, which
is also evidenced by the lower surface roughness observed in
atomic force microscopy (AFM) images (Figure S5, Supporting
Information). These results indicate that that surface recon-
struction was achieved successfully through DPGABr-ACN
posttreatment. Energy-dispersive spectroscopy (EDS) mapping
of Br elements are shown in Figure S6 (Supporting Informa-
tion). The sporadic distribution of Br elements suggests that
amorphous DPGABr/Pbl, complex partially cover the perovskite
surface, as illustrated in Figure 1a. To explore whether DPGABr
can penetrate the perovskite layer, we employed time-of-flight
secondary ion mass spectrometry (TOF-SIMS) to detect the
vertical distribution of DPGA+ ions. As illustrated in Figure S7
(Supporting Information), the depth profile of DPGA+ decreases
rapidly on the surface when the molecular ion (C;3H,,N;+) is
monitored in a positive mode. This observation indicates that
DPGABr only permeates to a very shallow depth and is mainly
localized on the perovskite surface. This limited penetration can
be attributed to the short retention time of DPGABTr solution on
the perovskite film.

We employed density functional theory (DFT) calculations to
investigate the surface properties of films after surface recon-
struction. To simplify the calculation while preserving general-
ity, we constructed a cell of the MAPDI; perovskite with the PbI,
termination. It is well-known that the band edges of organic—
inorganic perovskites are dominated by the orbitals of Pb and I,
which are critical to the band structure and closely involve the de-
fects in the cells. Antisite defects related to these ions are known
to be located at deep levels of the bandgap, acting as carrier re-
combination centers that reduce carrier lifetime.?38] As a Lewis
base, the electron pair of -NH, in DPGABTr enables effective pas-
sivation of antisite defects due to the coordination bonding with
Pb?* 371 which is also considered as one of the main interactions
in our case. Figure S8 (Supporting Information) displays the per-
ovskite supercells with DPGABr passivated defects, providing vi-
sual evidence of the coordination bonding between N element in
DPGABr and Pb?* at the film surface. To further elucidate the ef-
fects of DPGABT passivation, the density of states (DOS) of three
conditions, including pristine MAPbI;, MAPbI, with a Pb, anti-
site defect, and MAPDI; with a Pb, antisite defect passivated by
DPGABEr, are simulated and presented in Figure 2e,f. The calcu-
lation shows that Pb, antisite defects induce midgap trap states,
but after DPGABTr passivation, these trap states are shifted toward
the conduction band edge. As such, we conclude that DPGABr
can passivate Pb, antisite defects of perovskite surface and effec-
tively reduce the number of carrier nonradiative recombination
centers.

We conducted photoluminescence (PL) measurements on per-
ovskite films with and without surface reconstruction to further
evaluate the passivation effects. The tests were performed on per-
ovskite films coated on glass substrates and excited from the per-
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ovskite side with 435 nm excitation. Figure 3a shows that both
films emit infrared light within a wavelength range of approxi-
mately 750 to 840 nm, indicating that the incorporation of DP-
GABr into the perovskite film surface has little impact on the ra-
diative recombination mechanism. However, the DPGABr-ACN
treated perovskite film exhibited a stronger PL intensity, suggest-
ing a reduction in nonradiative recombination centers on the sur-
face. This inference is supported by the time-resolved PL (TRPL)
results shown in Figure 3b. We fitted the data with a biexponen-
tial decay function and calculated the average lifetime 7,,, using
the following equation*?:

A.r?
S, M
2 AT

The resulting 7, for the reference perovskite films and
DPGABr-ACN film was found to be 452 and 791 ns, respectively.
The increased 7, indicates a reduction in nonradiative recombi-
nation centers on the perovskite surface after surface reconstruc-
tions, which is favorable for improving the photovoltaic perfor-
mance of PSCs.

To estimate trap densities in the perovskite films, we con-
ducted space charge-limited current (SCLC) tests, and the in-
set of Figure 3c shows the electron-only device with a structure
of ITO/SnO, /perovskite/PC,,BM/Ag. Figure 3c demonstrates a
trap-filled limit voltage (Vg ) of 0.28 V for the reference device
and a lower Vi 0f 0.11 V for the DPGABr-ACN treated device.
The trap density (N,) was calculated using the equation!’!:

_ 2VipL €,

N, e

(2)

where L represents the thickness of the perovskite film, ¢, rep-
resents the relative dielectric constant of the perovskite, ¢, rep-
resents the vacuum permittivity, and g represents the electron
charge. The trap densities for the perovskites before and after
DPGABT-ACN treatment are estimated to be 2.05 x 10% and
8 x 10 cm™3, respectively. The tests on hole-only devices pre-
sented in Figure S9 (Supporting Information) show a similar re-
sult, with a reduction in N, after DPGAB1-ACN treatment from
1.32 X 10" t0 9.5 x 10** cm~>. The decrease in trap density ob-
served in the DPGABr1-ACN treated film highlights the potential
of surface reconstruction in achieving a high-quality film surface,
which is essential for improving V,_in PSCs.

According to the light absorption spectrum of the
DPGABr/PbI, complex layer, the absorption edge is about
432 nm (Figure S10, Supporting Information), corresponding
to the bandgap energy of 3.12 eV, indicating that the complex
layer is almost an insulator. The coverage of the insulating
complex partially on the perovskite surface can passivate surface
traps while charge transfer will not be influenced if it is thin
enough. Indeed, the decreased contact area between the electron
transport layer and the perovskite layer in a PSC may mitigate
carrier recombination in resultant PSCs, which is similar to
the previous reports on the effect of an ultrathin poly(methyl
methacrylate) (PMMA) interlayer in improving the performance
of PSCs.[4142]

To develop a deeper understanding of charge transfer after sur-
face treatment, we analyzed the energy level alignment of the

© 2023 The Author(s). Advanced Materials published by Wiley-VCH GmbH

85LB01 7 SUOLUWIOD aA 118810 3ot [dde 8y Aq pausenob 8 Sa e YO '8sn JO SaInJ 10} Aeiq 118Ul UO /8|1 UO (SUOTHPUOD-PUR-SLLIBI WD A8 |Im ARe.q Ul Uo//Sdy) SUOIIPUOD pue swie 1 8y} 88s *[202/20/80] Uo Ariqiauluo A8 |im ‘Aisieaiun Ajod Buo BuoH Aq 698608202 eWPe/Z00T OT/I0P/W0d A8 im Afe.d 1jBuluoy/Sdny WoJj pepeo|umod ‘9 ‘v20Z ‘S60rT2ST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

s Ref
A |. DPGABrACN b

N

9
']
[
S =
24

e 69 ©

PL Intensity (a.u.)
Counts

0.1
+ Ref Electron-only
« DPGABr-ACN C o Ref
001 o DPGABr-ACN
1E-3 L
S 1
€
2 1E-44 $n0,
3 mo
1E-54 V._=011V, ¢
TF o °/ _see9% V=028V
~ o - Py FL
3 16 "

1200 1600

700 750 800 850 0 400 800
Wavelength (nm) Time (ns)
d Ref e = - Ref
DPGABr-ACN DPGABr-ACN
3 . el
o | s
el T
%‘ Er-Eygu~1.28 eV /5;5’ E . W,~a38ev
8 y g ‘
e & £
- 4
E,-Ey gy ~ 1.00 &V —
AL W,~4.61eV
-2 6 é "‘ 6 1‘4 1‘6 1’8 2‘0 2‘2

Binding Energy (eV)

Binding Energy (eV)

Figure 3. a) Steady-state photoluminescence (PL) and b) time-resolved PL (TRPL) spectra of perovskite films with and without DPGABr-ACN treatment.
c) Current-voltage curves for two electron-only devices with the structure of ITO/SnO,/MA, ;FA, 3Pbl;/PC;,BM/Ag. The two devices correspond to the
perovskite films with and without surface reconstruction by DPGABr-ACN. d,e) Ultraviolet photoelectron spectroscopy (UPS) spectra of perovskites with
and without DPGABr-ACN treatment. f) Energy level alignment of MA ;FA, 3 Pbl; perovskite solar cells (PSCs) with the DPGABr-ACN treatment.

perovskite films by conducting ultraviolet photoelectron spec-
troscopy (UPS). Figure 3d,e presents the values of E;_ Eyp\ and
work functions (W), respectively, which were extracted from the
cutoff of the linear extension line. Our results indicate that the
gap between E; and Ep,, becomes wider after the surface treat-
ment, suggesting that the surface of the film is more n-type
and that the number of free electrons at the surface increases
due to the contribution of Lewis base on the surface.[**] The de-
crease of W, from 4.61 to 4.38 eV at the surface results in a re-
inforced built-in electric field with a direction from the surface
to the bulk, which can promote the separation of photogenerated
carriers.'*#] According to the values of E; — Eypy, W}, and band
gap (E,) extracted from Tauc plots (Figure S12, Supporting In-
formation), the positions of the valence band (E,) and conduc-
tion band (E.) can be determined. The energy level alignment of
the device is shown in Figure 3f, from which the charge transfer
characteristic can be analyzed. At a steady state, the Fermi levels
in the bulk and on the surface of the perovskite layer should be
aligned, resulting in band bending at the bulk/surface junction.
This downward band bending enables efficient holes transfer to-
ward the PTAA layer and promotes electron diffusion toward the
PCBM layer, which can effectively suppress carrier recombina-
tion.

In order to further demonstrate the complete capabilities of
surface reconstruction in scalable fabrication of uniform per-
ovskite films, we fabricated 5 x 5 cm perovskite films with surface
reconstruction and performed AFM characterizations on differ-
ent regions. As shown in Figure S13 (Supporting Information),
the morphology of the perovskite film is similar in seven regions
with little variations in surface roughness, which indicates a uni-
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form morphology of the whole large-area perovskite film. In ad-
dition, the UV-Visible absorption spectra of different regions of
the perovskite film almost overlap (Figure S14, Supporting Infor-
mation), demonstrating that the thickness of the whole large-area
perovskite film is uniform. Urbach energy (E, ), which quantifies
energetic disorder in the band edges of a semiconductor, can be
used to assess the quality of the perovskite film in different re-
gions. According to equation!¢l:

1240 1
1 = 1 —_——
na na, + 1 L, (3)

where «a is the absorption coefficienta, «, is constant, 4 is wave-
length, and E, is Urbach energy. The slope of the data in near-
band-edge region (1.53-1.59 V) is associated with E, of a film.
The calculated Urbach energies of the seven different areas of
the perovskite film are distributed in a very narrow region of
24.2 + 0.2 meV (Table S4, Supporting Information). These re-
sults fully demonstrate that surface reconstruction is suitable for
the fabrication of uniform large-area perovskite films.

2.3. Photovoltaic Properties of DPGABr-Treated PSCs

To explore the effect of different posttreatments on photo-
voltaic performance, we fabricated PSCs with a structure of
ITO/PTAA/MA, ,FA, ;Pbl, /PC,,BM/BCP/Ag (Figure 4a) mod-
ified with DPGABr-IPA and DPGABr-ACN, respectively. The
results in Figure 4b show that DPGABr-IPA treatment had a
negligible impact on the PCE of PSCs. However, as shown in
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Figure 4. a) Device structure of perovskite solar cell (PSC). J-V curves of PSCs with different concentrations of b) DPGABr-IPA treatment and c) DPGABr-
ACN treatment. Insets: photovoltaic performance parameters. d) External quantum efficiency (EQE) spectra of the PSC with 0.5 mg mL~! DPGABr-ACN
treatment. e) Electrochemical impedance spectroscopy (EIS) of MAy ;FAq ;Pbl; PSCs measured at a bias voltage of 0.80 V under light illumination of

100 mW cm™2. f) The R

rec

Figure 4c, DPGABI-ACN treatment significantly improved the
PCE from 21.31% to 24.04%, along with an enhanced V. of
1.164V, short-circuit current (J.) 0f 24.92 mA cm~2, and fill factor
(FF) of 82.87%. In addition, external quantum efficiency (EQE)
measurements (Figure 4d) show that the integrated photocurrent
of the champion device is 24.01 mA cm~2, which is consistent
with the ] value obtained from the J-V curves. These results sug-
gest that surface reconstruction by DPGABr-ACN treatment can
enhance the photovoltaic performance of PSCs. To demonstrate
that the difference in photovoltaic performance is caused by sur-
face reconstruction rather than pure solvent effects, we fabricated
the PSCs modified with two different pure solvents. As shown
in Figure S16 (Supporting Information), surface treatment with
pure solvent can hardly improve the photovoltaic performance of
the devices.

To gain further insight into the underlying mechanisms of
charge transport and recombination in the PSCs, we character-
ized the devices with electrochemical impedance spectroscopy
(EIS). Figure 4e shows the Nyquist plots measured at a bias volt-
age of 0.80 V under light illumination of 100 mW cm=2. The
equivalent circuit model shown in Figure S17c (Supporting In-
formation) was used to obtain the charge transfer resistance
(R,) and recombination resistance (R, ). Generally, the high-
frequency component represents R,,, while the low-frequency
component represents R,...*"] Specifically, we observed a de-
crease in R,, from 55.38 to 26.68 €, as well as an increase in R .
from 885.4 to 1094 Q for devices before and after the DPGABr-
ACN treatment. These findings suggest that surface reconstruc-
tion led to faster charge transport and reduced nonradiative re-

Adv. Mater. 2024, 36, 2309869 2309869 (6 of 9)

of the MAy ;FA, 3Pbl; PSCs derived from EIS at various voltages under light illumination of 100 mW cm=2.

combination at the perovskite/PCBM interface, which is benefi-
cial for J,. and V. of PSCs. In Figure 4f, we present R, values
at various applied voltages under light illumination of 100 mW
cm™2. It can be observed that the target device shows higher R ..
than that of the control device at every bias voltage. This finding
provides strong evidence that surface reconstruction can signif-
icantly reduce recombination rate in the PSCs due to the defect
passivation by DPGABr.

Figure 5a shows the dependence of V. on light intensity in
PSCs with and without DPGABr-ACN treatment. This analysis
can offer more comprehensive insights into the recombination
process occurring under open-circuit conditions. According to
the equation:*8]

nKyT
6Voc =

In (I) + constant (4)

where n is the ideality factor, Kj is the Boltzmann constant, g
is the elementary charge, T is the absolute temperature, and I
is the light intensity. The V,_ varies linearly with the logarithm
of I. The corresponding slopes, nK;T/q, for the target and con-
trol devices were determined to be 1.36 K;T/q and 1.51 K;T/q,
respectively. Generally, a larger deviation from the ideal slope of
1 KT/q suggests the presence of more trap-assisted recombina-
tion centers.[*”] The lower slope observed in the DPGABr-ACN
treated PSC indicates that nonradiative recombination was ef-
fectively suppressed. In addition, dark I-V curve measurements
were carried out to examine the reverse saturation current den-
sity of PSCs. As shown in Figure 5b, the target PSC exhibits a
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Figure 5. a) V, as a function of light intensity for the perovskite solar cells (PSCs) with and without DPGABr-ACN treatment. b) Dark J--V curves of the
PSCs with and without DPGABr-ACN treatment. The statistics of performance parameters for devices with and without DPGABr-ACN: c) V,, d) J,, €)
fill factor (FF), and f) power conversion efficiency (PCE). g) Stabilized power output of PSCs tracked at the maximum power point (MPP) under AM 1.5G
illumination. h) Long-term storage stability of the PSCs in ambient air. i) Long-term operational stability of the encapsulated PSCs tracked at the MPP
under light emitting diode (LED) light illumination with an intensity of 100 mW cm=2 in ambient air.

lower reverse saturation current density than the control device,
indicating that carrier generation rate in the dark is lower in the
former due to lower trap density.>%] This result is consistent with
the suppressed recombination rate in the target PSCs.

To assess the repeatability of DPGABr-ACN treatment, we
fabricated 30 devices in the same batch to evaluate the perfor-
mance enhancement. Figure 5c—f and Table S7 (Supporting In-
formation) shows that DPGABr-ACN-treated devices outperform
the reference devices in terms of average V., J.., FF, and PCE.
We also evaluated the stabilized power output of PSCs at the
maximum power point (MPP) under AM 1.5G illumination. In
Figure 5g, the results indicate that the PSC treated with DPGABr-
ACN exhibits a higher output PCE of 23.83% at the Vypp of
0.98 V, compared to the control device with a PCE of 20.95% at
the applied voltage of 0.94 V. Notably, both devices maintained
a stable output during operation. In addition, long-term stabil-
ity of PSCs is crucial to practical applications. Figure 5h depicts
the long-term storage stability of the PSCs under ambient condi-
tions (25 + 5 °C, 15% =+ 5% RH). The target device exhibits ex-
cellent stability in 10 000 h (=400 days) while the control device

Adv. Mater. 2024, 36, 2309869 2309869 (7 of 9)

shows obvious degradation in the same period, which can be at-
tributed to the coverage of a thin DPGABr/PbI, complex layer on
the perovskite surface. We further monitored the operational sta-
bility of PSCs at MPP in air ambient (25 + 5 °C, 15% + 5% RH)
(Figure 5i). The encapsulated PSC treated with DPGABr-ACN re-
tained its original PCE after 400 h of white light illumination with
an intensity of 100 mW cm~2 from a light emitting diode (LED).
In comparison, the PCE of reference device decreased to 90%
of its initial efficiency after 95 h. Moreover, compared to previ-
ously reported blade-coated devices (Table S8, Supporting infor-
mation), our devices exhibit superior long-term stability, suggest-
ing that the unique technique of surface reconstruction opens up
promising avenues for the practical applications of PSCs in the
near future.

3. Conclusion

In summary, we present a facile blade-coating approach to re-
constructing a perovskite surface with the DPGABr-CAN solu-
tion, which is very effective on improving the performance of
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air-processed blade-coated PSCs. ACN can dissolve and remove
MAI/FAI quickly on the perovskite surface, leading to the ex-
posure of Pbl,, and DPGABr can enable surface reconstruction
through the reaction with Pbl, termination, yielding a thin amor-
phous complex that covers the perovskite surface. We found that
the DPGABr/PbI, complex layer can passivate defects and tune
the perovskite surface to be more n-type. Consequently, the de-
vices after the treatment show higher PCE with a relative en-
hancement of 15% and a superior air storage stability in 10000
h. This work provides a novel strategy for surface reconstruction
of perovskite films by blade-coating, which is compatible with up-
scaling manufacture of large-area perovskite films and other op-
toelectronic perovskite devices.
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Supporting Information is available from the Wiley Online Library or from
the author.
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