Chemical Engineering Journal 438 (2022) 135647

ELSEVIER

Contents lists available at ScienceDirect
Chemical Engineering Journal

journal homepage: www.elsevier.com/locate/cej

Chemical
Engineering
.. Journal

Check for

Passivation of iodine vacancies of perovskite films by reducing iodine to e
triiodide anions for high-performance photovoltaics

Yifang Qi°, Kevin A. Green ", Guorong Ma ", Surabhi Jha ", Kristine Gollinger *, Chen Wang®,
Xiaodan Gu", Derek Patton ", Sarah E. Morgan ", Qilin Dai®"

& Department of Chemistry, Physics, and Atmospheric Sciences, Jackson State University, Jackson, MS 39217, United States
b School of Polymer Science and Engineering, Genter for Optoelectronic Materials and Devices, The University of Southern Mississippi, Hattiesburg, MS 39406, United

States

¢ Department of Chemistry and Biochemistry, Queens College, City University of New York, Flushing, NY 11367, United States

ARTICLE INFO ABSTRACT

Keywords:

Inverted perovskite solar cells
Tetrabutylammonium chloride
Passivation

Stability

Inverted perovskite solar cells (PSCs) exhibit great potential in large-scale fabrication due to the low-temperature
manufacturing process and low cost compared to normal PSCs. However, defects at the surface and grain
boundaries (GBs) of perovskite films, such as iodine vacancies, lead to low efficiency and poor stability. Herein,
we report a strategy to passivate the defects in situ with tetrabutylammonium chloride (TABCI). Both the surface
defects and GB defects are passivated after perovskite film growth. Moreover, TABCl modifies iodine vacancies
by reducing I to iodide ions, leading to a decrease in charge recombination in the films and enhanced device
performance. The power conversion efficiency (PCE) of devices increases from 18.52% to 20.36 % by TBACI
modification, and TBACI also reduces the Voc loss in the PSCs. Meanwhile, TBACI enhances the UV light stability
of devices tested by continuous UV light irradiation due to the decreased defects by TBACI. The PSCs could
maintain over 90% PCE under continuous UV light irradiation for 450 min. This work not only presents a method
to effectively passivate the defects in situ including the surface defects and GB defects but also demonstrates a
novel strategy to modify the iodine vacancies by the reducibility of TBACI. In addition, the reducibility of TBACL
suppresses the degradation of perovskite films, leading to improved stability.

1. Introduction

In the past decade, hybrid organic-inorganic PSCs have drawn much
attention, and the power conversion efficiency (PCE) has reached 25.7%
[1]. Inverted structure (p-i-n) PSCs are lightweight and enable low-cost,
low-temperature manufacturing compared to the normal structure (n-i-
p) PSCs, thus they have the great potential for large-scale fabrication
[2,3]. However, the highest PCE of inverted devices is 22.7%, which is
still lower than the devices with normal structure [4]. The trap states
influence the PCE of devices significantly, which are always located at
the surface and grain boundaries (GBs) of perovskite films due to the
solution-processed fabrication method [5-7]. Besides, I' can be oxidized
into I, (iodine) and volatilized during the perovskite film annealing.
Therefore, iodine vacancies are one of the major defects in perovskite
films [8,9]. In addition, the hysteresis effect and the device degradation
are also attributed to GBs due to the ion migration pathways [10].
Moreover, GBs are also frail to moisture, leading to poor stability of the
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PSCs. It is believed that significant potential to improve the performance
of PSCs is achievable by passivating the surface and GBs defects [11,12].
Therefore, the investigation of the surface and GBs passivation is very
necessary to the development of PSCs toward high efficiency and high
stability.

Significant progress has been made through defect passivation of
PSCs [13-15]. Bian et al. used polymeric interlayer to achieve for-
mamidinium lead tri-iodide perovskite films with reduced defects and
high-efficiency devices [16]. They also employed the 4-fluoro-phenethy-
lammonium iodide and poly (9-vinylcarbazole) (PVK) to modulate the
growth of the FAPbI; films to obtain high-efficiency devices [17]. Zheng
et al. used three mercaptobenzimidazole-based molecules to passivate
the defects between the perovskite and electron transport layer (ETL)
layer and enhanced the PCE from 19.5% to 21.2% [18]. Luo et al.
improved the PCE from 15.9% to 18.2%, using 1-methyl-3-propylimida-
zolium bromide (MPIB) [19]. Methylammonium iodide (MAI) was re-
ported to passivate the GBs defects to enhance the device performance
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[20]. The surface defects can be passivated by tetrapropylammonium
iodide through strong ionic interactions [21]. Wang et al. utilized tri-
methylammonium chloride to passivate the GBs defects [22]. Cheng
et al. studied the surface defect passivation by cysteamine hydrochloride
in PSCs [23]. Qi et al wused pentaerythritol tetrakis(3-
mercaptopropionate) to decrease the uncoordinated Pb?* defects in
the perovskite films and thus increased PCE of the devices from 19.0% to
21.4% [24]. Wei et al added tetrabutylammonium bromide into
perovskite precursor solution to modify the defects of perovskite films to
increase the device performance [25]. However, the tetrabutylammo-
nium bromide in the perovskite solution affects the perovskite growth
environment. Therefore, the increased device performance may be also
related to the perovskite growth. It is hard to illustrate the effects of the
defects on the device efficiency. However, the reported passivation
methods introduce the passivants either in the perovskite precursor
solution or in an anti-solvent drop-casting process to modify the
perovskite film defects. The defect passivation and perovskite film
growth occur simultaneously. Therefore, the perovskite films grow in
the presence of passivants, leading to the modified perovskite film
growth process. It is a challenge to evaluate the defect passivation effect
on the device performance since the improved device performance is
also attributed to the modified perovskite film growth process. It is
pivotal to develop a method to estimate the defect passivation effect on
the PSC performance without affecting the perovskite film growth to
fundamentally understand how much room remains to improve the PSC
performance via defect passivation strategy.

Iodine vacancies in perovskite films are formed because of the loss of
iodide ions by the volatilization of MAI during the perovskite film
annealing process [26-29]. In addition, perovskite films slowly decom-
pose, leading to the production of Iy and iodine vacancies [30-32],
which is the unstable nature of the iodine compounds. Huang et al. re-
ported that I, is always produced as a side product in the perovskite
films due to the fabrication process of the films [33], and I is not stable
due to fast volatilization [26-29]. Therefore, I, is formed in the perov-
skite films, and is fast volatilized, leading to the production of iodine
vacancies. Additional iodine vacancies are produced with the time of
aging due to the properties of iodine compounds [33]. Iodine vacancies
play arole as defects and are detrimental to the device performance. Ren
et al. introduced formamidinium bromide to reduce traps by iodine va-
cancy filling because bromine can eliminate uncoordinated Pb° [34].
Wu et al. added the pyridinium iodide to passivate defects in perovskite
films by filling negatively charged iodine vacancies and interacting with
positive defects, enhancing the PCE from 20.37% to 21.42% [35]. Haque
et al. utilized phenylethylammonium iodide to passivate the iodine va-
cancies and tackled morphological imperfections of perovskite films
[36]. Xu et al. studied fluorinated organic halide salt 4-fluorophenethy-
lammonium iodide to passivate the iodine vacancies in the perovskite
films and enhance the PCE of the PSCs from 19.5% to 21% [37]. How-
ever, it seems that the reported methods can not suppress the production
of iodine vacancies since research efforts have been focused on filling
the iodine vacancies by the external iodide source. Furthermore, the
films keep generating new iodine vacancies even if the old iodine va-
cancies are filled, which may be the real reason for the poor long-term
stability of PSCs. It is anticipated that suppressing the generation of
iodine vacancies in perovskite films will enhance the long-term stability
of PSCs. Xie et al. introduced tetrabutylammonium iodide to modify
defects in perovskite solar cells [36]. However, we report that the TBACIL
can reduce I to I3’ leading to the reduced defects of the perovskite films
and improved device stability, which provides a new strategy to achieve
high-performance devices. Moreover, we systemically study the device
and film stability by different light sources under different conditions,
and our device stability is much better than theirs. In addition, we also
systemically study the origins of the improved device performance in
terms of charge transport (ultrafast spectroscopy, and steady-state PL),
and charge recombination (LED devices). Therefore, our work provides
significant fundamental science to the field, which opens a new door to
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achieve high efficiency and high stability devices.

Poor stability of PSCs under light exposure conditions, especially UV
light is another factor that limits the practical applications of PSCs. It is
well known that I, is generated under exposure to UV light which in-
duces iodine vacancies in the perovskite films layer, leading to poor
stability [38]. Nishino et al. inserted Sb,S3 as a blocking layer between
ETL and perovskite layer to improve the light stability of devices [39].
Deng et al. increased the UV light stability of devices by inserting a
polymer layer to block UV light, and their devices maintained the initial
PCE after ~ 700 h under UV light irradiation [40]. Bella et al. developed
fluorinated photopolymer coatings on the PSCs to protect the devices
from degradation under UV light [41]. Dai et al. enhanced the stability of
the PSCs under UV light irradiation using NHyl as an interfacial modifier
between the electron transport layer and perovskite layer and the de-
vices maintained 70% of the original PCE for over 20 h under UV light
stress tests [42]. Kang et al. enhanced the UV-light stability of PSCs using
an SrO interlayer to protect perovskite layer degradation [43]. Although
the blocking layer could enhance the light stability of the devices, the
blocking layer may influence the carrier transport and cause a decreased
current. Furthermore, the blocking layer method cannot stop the
perovskite film decomposition. Therefore, it is necessary to find new
ways to improve the light stability by suppressing the perovskite film
decomposition, which may solve the UV light stability problem.

In this work, we report TBACI as a low-cost material to passivate the
perovskite films in situ an approach that does not affect the perovskite
film growth process. The passivation treatment is carried out after
perovskite film growth. Both the surface and GBs defects are effectively
modified. Furthermore, TBACI can reduce I to I3” due to the reducibility
to suppress the I generation and decrease the number of iodine va-
cancies in the perovskite films, leading to iodine vacancy modification.
Moreover, TBACI passivation improves the light stability of PSCs,
especially UV light irradiation, since the perovskite film decomposition
is suppressed by TBACI. In addition, TBACI can suppress I, releasement
from perovskite films and slow the degradation of perovskite films,
leading to improved aging stability. Benefiting from the TBACI passiv-
ation, the PCE of devices increase from 18.52% to 20.36 %. The TBACI
modified devices keep ~ 90% of the initial PCE under continuous UV
light irradiation for 450 min. In contrast, the control device only could
maintain ~ 51% of the initial PCE value under the same UV light soaking
conditions. Thus, we present a low-cost, facile, and effective in situ
strategy to enhance the performance of the device comprehensively.

2. Experimental section
2.1. Materials

N, N-Dimethylformamide (DMF, Anhydrous 99.8%), Isopropanol
(IPA, Anhydrous 99.5%), chlorobenzene (CB, Anhydrous 99.8%) and
Methylammonium iodide (MAI) were purchased from Sigma-Aldrich
(USA). [6,6]-phenyl Cei-butyric acid methyl ester (PCs;BM) was
received from Nano-C Crop (USA). Lead iodide (Pbly, 99.98 %), Silver
(Ag, 99.99%), Bathocuproine (BCP) and Dimethyl sulfoxide (DMSO,
99.8%) were purchased from Alfa Aesar (USA). Poly[bis(4-phenyl)
(2,4,6-trimethylphenyl) amine] (PTAA, greater than99 %) with molec-
ular weight of 10 kDa was obtained from Solaris Chem (Canada). Tet-
rabutylammonium chloride (TBACl) was purchased from Tokyo
Chemical Industry (Japan). ITO coated glass substrates (~9 Q/sq) were
received from Advanced Election Technology Co., Ltd (China). All
chemicals were used as received.

2.2. Device fabrication

Patterned ITO coated glass substrates were cleaned by detergent,
water, acetone, deionized water, and isopropanol sequentially by an
ultrasonic bath for 15 min each. The glass substrates were treated by
UVO for 30 min followed by drying with Nj. After that, the glass
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substrates were moved into a nitrogen glovebox (O2 < 0.1 ppm and H20
< 0.1 ppm). Firstly, the PTAA solution (3 mg/mL in CB) was spin-coated
on the ITO substrates at 4000 rpm for 30 s, and the films were annealed
at 100 °C for 10 min. The perovskite precursor solution (PbIy, 1.2 M, and
MAI 0.3 M in mixed solvents of 1 mL DMF and 85 pL. DMSO) was spin-
coated on the ITO/PTAA at 6000 rpm for 20 s, then the MAI solution (30
mg/mL in IPA) was dropped on the top of the film with 4000 rpm for 40
s. After annealing the films at 100 °C for 30 min, TBACI in IPA with
different concentrations were spin-coated on the perovskite film at 4000
rpm for 30 s. Then the wet films were annealed at 70 °C for 10 min.
PCg1BM solution (20 mg/mL in CB) was spin-coated on the film with
3000 rpm for 30 s followed by annealing at 90 °C for 30 min. Afterward,
BCP solution (0.5 mg/mL in IPA) was spin-coated on the PCg1BM film at
4000 rpm for 30 s. Finally, the silver electrode (Ag) was evaporated on
the top of the film under the vacuum of 6 x 10" Pa to obtain PSCs with
the structure of ITO/PTAA/Perovskite/TBACl/PCs;BM/BCP/Ag. The
area of each device is 0.04 cm? which is defined by the shadow mask.

2.3. Characterization

The surface potential of the films was obtained by Kelvin probe force
microscopy in Surface Potential mode and the morphology was obtained
in tapping mode (Bruker Dimension Icon Atomic Force Microscope). The
morphology of the films was also studied by using a field emission
scanning electron microscope (LYR3 XMH, Tescan). The XRD diffraction
peaks were obtained by MiniFlex600 (Rigaku) with Cu Ka radiation
source A = 1.54056 A. The phase and crystallinity of perovskite were
also collected by the Grazing-incidence wide-angle X-ray scattering
(GIWAXS) based on a laboratory beamline system (Xenocs Inc. Xeuss
2.0) with an X-ray wavelength of 1.54 A and incidence angle of 0.2°
under vacuum condition. The images of GIWAXS were recorded on a
Pilatus 1 M detector (Dectris Inc.) and processed using Irena and Nika
package in Igor software. The UV-vis absorption spectra of perovskite
films were taken by Cary 60 spectrophotometer (Agilent Technologies).
The current density voltage (J-V) curves, as well as stabilized power
output at the maximum power point, were obtained by digital source
meter (Keithley, 2400, USA) under the illumination AM1.5G (100 mW/
cm?) with a G2V Pico solar simulator. The steady-state photo-
luminescence (PL) spectra and the time-resolved photoluminescence
(TRPL) spectra of devices were collected by the fluorescence spec-
trometer (FluoroMax, Horiba) with DeltaHub and NanoLED. The exci-
tation wavelength is 461 nm. The water contact angle measurement of
the films was carried out using a contact angle goniometer (Ossila). The
series and recombination resistance of devices were obtained by an
electrochemical workstation (CHI 604E) with a 0.9 V bias. The mono-
chromatic incident photon-to-electron conversion efficiency (IPCE)
spectra of devices were collected by a quantum efficiency measurement
system (IQE-200B, Newport). The dark J-V curves of electron-only and
hole-only devices were measured by the source meter (Keithley, 2450,
USA). XPS analysis was performed using a Thermo-Fisher ESCALAB Xi
+ spectrometer equipped with a monochromatic Al X-ray source
(1486.6 eV, 300 mm? spot size). Measurements were performed using
the standard magnetic lens mode and charge compensation. The base
pressure in the analysis chamber during spectral acquisition was 3 x 10
7 mBar. Spectra were collected at a takeoff angle of 90° from the plane of
the surface. The pass energy of the analyzer was set at 20 eV for high-
resolution spectra and 150 eV for survey scans, with energy resolu-
tions of 0.1 eV and 1.0 eV, respectively. Binding energies were calibrated
with respect to C 1 s at 285.3 eV. All spectra were recorded using the
Thermo Scientific Avantage software data files were translated to VGD
format and processed using the Thermo Avantage package v5.9904. UV
light stability of the PSCs is performed by a BLAK-RAY Ultraviolet Lamp
(365 nm, Model B 100 AP). The light intensity on the devices is similar to
that of the standard sun (tested by Newport Power Meter Model 1930C
and Newport model 918-SL). The light stability (without UV compo-
nent) is carried via a 100 W incandescent light bulb (10 mW on the
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devices). The transient absorption measurement system is described in
the supporting information and Figure S1.

3. Results and discussions

TBACI is introduced to modify perovskite MAPDI; films. The fabri-
cation process of PSCs (with the inverted structure of ITO/PTAA/
MAPbDI3/TBACl/PCg;BM/BCP) modified by TBACI is shown in Fig. 1a. A
typical two-step method is used to fabricate inverted PSCs. Perovskite
film growth is terminated by annealing. Then, TBACI is spin-coated on
the top of perovskite films to realize the in-situ passivation of the
perovskite films. Surface defects of the perovskite films are passivated.
In addition, the interface between perovskite film and PCg1BM is
modified, which may facilitate the charge transport in the devices.
Thermal annealing of the films ITO/PTAA/MAPbI3/TBACI is leveraged
to not only promote the interactions between MAPbI3 and TBACI but
also hasten the TBACI solution to diffuse into the perovskite films to
further modify the grain boundaries (GBs) of the films (Fig. 1b), which is
also manifested by SEM EDX image (linear mode scan) of the device
(ITO/PTAA/perovskite/TABCl/PC1BM/BCP/Ag) in Figure S2. It can
be seen that the intensity of Cl element varies along with the I element
intensity across the device (Figure S2), indicating the existence of Cl in
the device. The molecules of TBAC] are smaller compared to the
perovskite GBs, leading to effective diffusion and modification of the
GBs. Most importantly, the reducibility of TBACI can reduce the iodine
to iodide ions. Fig. 1¢ shows the photographs of I, in IPA solution and I,
in IPA solution with TBACI. The color of I, in IPA solution changes from
orange to yellow as TBACI is added, indicating the decreased concen-
tration of iodine in the solution. Fig. 1d shows the UV-vis absorption
spectra of I in IPA solution, I5 in IPA solution with TBACI, and TBACI in
IPA. The absorption spectrum of I3 in IPA solution shows a peak at 450
nm, which is consistent with the literature [44]. The absorption spec-
trum of I in IPA solution with TBACI exhibits an additional high-
intensity absorption peak at about 362 nm compared to I in IPA solu-
tion. Huang et al. reported that the absorption peak around 307 nm is
assigned to the toluene-I5 complex [8]. However, they also attributed
the 365 nm UV-vis absorption peak to I3” in 2-ME solvent [45]. So, the
UV-vis absorption peak may be related to the solvent. Seok reported
UV-vis absorption peak of I3 is located at 361 nm [44]. Therefore, we
believe the 362 nm absorption peak is originated from I3". Iodine va-
cancies in perovskite films are formed because of the loss of iodide ions
due to the unstable nature of the iodine compounds and the annealing
process during the fabrication of the devices, which is unavoidable
[26,28]. The absorption peak at 450 nm is attributed to the Iy, which is
consistent with the literature [44]. The additional peak at 362 nm ap-
pears as the TBACI is added, and the 362 nm peak is assigned to the I3
[44]. Therefore, we think I, is reduced to I3 by TBACI. Moreover, TBACI
is an ionic compound, and it contains TBA' and Cl" two parts. We try
different compounds similar to TBACI to reduce I, including TBAI, and
TBABr (Figure S3). It can be observed that all the curves treated by
TBACIL, TBAIL and TBABr show very obvious absorption peaks at 362 nm,
indicating that TBACI, TBAI, and TBABr can reduce I to I5". Therefore, it
is reasonable to conclude that I, is reduced to Is” by TBA™. The reduction
chemical reaction is highly possible related to TBA'. The detailed
chemical mechanism about the electron acceptor or donor is still a
challenge for us to figure out. As stated above, the loss of iodide ions of
the perovskite films during the fabrication process leads to the produc-
tion of iodine vacancies. We consider that iodine vacancies serve as
defects in the films that lead to decreased performance. It is reported
that the additional I3 ions could reduce the concentration of vacancies
of iodine and the deep-level defects of the perovskite films [44,46].
Therefore, I3” ions generated by TBACI can modify the defects (iodine
vacancies) of the perovskite films. Therefore, I, is reduced to I3~ by
TBACI in the solution. For comparison, the absorption spectrum of
TBACI in IPA solution is also shown in Fig. 1d, which just excludes the
absorption of TBACI at 362 nm in the spectra. Iy is produced in the



Y. Qi et al.

a ’ ’

Pbl,+MAI/DMF+DMSO MALI/IPA

Perovskite

PTAA

ITO/Glass l2in IPA

With TBACI

Chemical Engineering Journal 438 (2022) 135647

4

/ TBACI/IPA

—1,inIPA
Iz in IPA with TBACI
I;  —TBAClin IPA

362 nm

300 200 500 600
Wavelength (nm)

e
f
+« New phase ¢ Pbl,
g — TBACI film
RN, o2
% ‘1 AT ~ —Control film
g ‘? b " A JMW o
} —TBACI powders Sl AN
WL”* et 0.0 0.0 BB A SR B S 8
5 10 15 20 25 30 35 40 J P
2 theta (degree) 0.5 0.0 05 110 15 20 0.5 0.0 0.5 110 15 20
G (A7) Gy (A7)

Fig. 1. a The fabrication process of perovskite films modified by TABCl; b The schematic of the perovskite film surface and GB passivation by TBACI; ¢ the
photograph of I, in IPA solution with and without TBACI; d the UV-vis absorption spectra of I, solution in IPA with and without TBACI; e The passivation schematic
of perovskite film by TBACI; f The XRD diffraction patterns of perovskite film, perovskite with TBACI and TBACI powers; g and h The GIWAXS patterns of perovskite

films without and with 0.05 mg/mL TBACI passivation.

perovskite films due to the fabrication process, then fast volatilized,
leading to the production of iodine vacancies in the perovskite films [26-
29]. TBACI can reduce I, in the perovskite films to I3’, which modifies
the iodine vacancies in the films. The schematic of iodine vacancies
formation and modification by TBACI is shown in Fig. le. Iodine va-
cancies are formed during the film fabrication process due to the vola-
tilization of MAI caused by the annealing. TBACI can passivate these
iodine vacancies via the passivation effect. Moreover, I, is also produced
slowly in the films and volatilizing after the film fabrication due to the
film decomposition caused by the nature of iodine compounds. TBACI
can reduce I produced by the film decomposition to I3 to passivate
iodine vacancies, which suppresses film degradation, leading to
improved device performance.

X-ray diffraction (XRD) patterns of TBACI powders, perovskite film
without TBACI (control film), and perovskite film with TBACI (TBACL
film) are shown in Fig. 1f. Both the control and TBACI films show XRD
diffraction peaks at 14.14°, 28.52% and 31.94°, which are indexed into

(110), (220), and (310) crystal planes of perovskite films. The peaks at
12.66° are assigned to the (001) crystal planes of residual Pbl, in the
control and TBACI films [47]. The residual Pbl, in the films doesn’t
affect the film performance according to the literature [48] An addi-
tional peak at 7.26° labeled by “*” is observed for the TBACI film, and
this peak is not originated from TBACI compared to the XRD data of
TBACI powers. This peak is also observed in the film prepared with Pbl,
with TBACI and cannot be observed in the film fabricated by MAI with
TBACI (Figure S4). This peak is different from 2 dimensional (2D)
perovskite peaks, which are at around 4° for n = 2 and 6° forn =1 [49].
It doesn’t show the additional PL peak before 700 nm (Figure S5), so the
diffraction peak at 7.26° is not attributed to 2D perovskites. This in-
dicates a new phase is produced by the TBACI modification via the re-
action of TBACI and the Pb element. The full width at half maximum
(FWHM) values of the (11 0) plane of control and TBACI films are 0.26°
and 0.29°, respectively. TBACI doesn’t influence the crystallinity of
perovskite films, which is understood by the post-annealing process of
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TBACI after perovskite film growth. Fig. 1g and h show the 2D-GIWAXS
images of control and TBACI films. Two main diffraction rings atq = 1.0
and 2.0 A1 are observed, which are assigned to the (110) and (220)
planes of perovskite films [50]. Furthermore, a diffraction ring at q =
0.53 A~! is observed, and the diffraction ring intensity increases with
increasing TBACI concentrations (Figure S6). The diffraction ring at
0.53 A~! is attributed to the new phase, which is consistent with XRD
results. The new phase may be related to the interactions between TBACI
and perovskite films, leading to the stable contact between TBACI and
perovskite for effective defect passivation, which is consistent with the
results of XRD.

In addition, to study the influence of TBACI on the perovskite film
morphology, control and TBACI films are characterized by SEM and
AFM. Fig. 2a and b show the top-view SEM images of control and TBACI
films, respectively. The grain sizes of 350 nm are obtained for the two
films since the TBACI doesn’t affect the perovskite growth process. Some
pinholes are observed for the control film indicated by the red circles in
Fig. 2a. Some particles are exhibited at the GBs for the TBACI film due to
the TBACI modification (Fig. 2b), leading to reduced pinholes and sur-
face defect passivation of the TBACI film. SEM cross-sectional images of
the PSCs prepared by control and TBACI films are shown in Fig. 2¢ and
d, respectively. A clear layer-by-layer structure is presented for both
films. The thickness of the perovskite layer is about 250 nm. The TBACI
film exhibits a much denser structure compared to the control film
(Fig. 2d). This shows significant potential in facilitating the charge
transport in the devices, resulting in high-efficiency devices [51,52].
Therefore, the TBACI passivation shows both surface and GB defect
passivation. We also utilize AFM to investigate the roughness of the
perovskite films affected by TBACI. Fig. 2e and f exhibit AFM topog-
raphy images of the control and TBACI films, respectively. The root-
mean-square roughness (RMS) values decrease from 17.6 nm to 15.3
nm as the perovskite film is modified by TBACI, so the perovskite film
becomes smoother due to the surface modification by TBACI, leading to
effective charge transport in the devices. Fig. 2g and h show the AFM
phase images of control film and TBACI film, respectively. They look
very similar to each other. In AFM images of the control and TBACI films
(Fig. 2f and Fig. 2e), the roughness is improved by the TBACI, which
could reduce charge recombination. In the TBACI film, the grain
boundaries appear to be smoothed by the posttreatment with more
regular features than the control film, which could reduce charge
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recombination. The SEM and AFM results confirm the overall passiv-
ation effects of TBACI from the surface to the GBs.

Fig. 3a shows the contact potential differences (CPD) of the perov-
skite films with and without TBACI acquired through KPFM. The CPD of
perovskite film is increased from —50 mV to 80 mV with TBACI modi-
fication and the variability is reduced. The increased CPD shows great
potential in improving the carrier transport in the devices and enhancing
Vo of the devices [53,54]. To study the interaction between TBACI and
perovskite films, FTIR spectra of the control and TBACI films are
collected and shown in Fig. 3b and c. The NH3 " stretch of the TBACI film
is located at 3176 cm™! compared to 3172 em ™! for the control film
(Fig. 3b) [55]. The control film shows a peak located at 1578 cm™!
(Fig. 3¢), which is attributed to the stretching vibrations of N-H bond of
perovskite film [56]. The peak shifts to 1576 cm ™! as the perovskite film
is modified by TBACIL. The shift of the stretching vibration of NH3* and
NH indicate the strong interactions between TBACI and perovskite films.
According to the XPS results, it is possible that the interaction between
perovskite films through NHs" and TBAC] (N-H---Cl) (see XPS discus-
sion). XPS measurements were carried out to further confirm the in-
teractions between TBACI and perovskite film. The peak of C 1 s is
collected to calibrate the spectra (Figure S7). As shown in Fig. 3d, The N
1 s peak corresponding to the ammonium groups in the control perov-
skite film appears at 401.7 eV, which shifts to lower binding energy at
401.3 eV after TBACI modification. Therefore, TBACI interacts with
perovskite films, which is consistent with the FTIR results. N 1 s peak is
attributed to N-H bonds, corresponding to the protonated amines
(NH3™) from the perovskite component of CH3NH3 ™. The shift of N 1 s
may be attributed to the hydrogen bond between NH3 " and TBACI in the
perovskite (N-H---Cl) [57]. The control film exhibits two peaks at 142.8
and 138.0 eV, which are attributed to Pb 4fs 5 and Pb 4f; o, respectively.
The two peaks shift to 142.5 and 137.6 eV for the perovskite film treated
with TBACI (Fig. 3e). Fig. 3f shows the XPS data of the I 3d. Two peaks
attributed to I 3d3/3 and I 3ds/; are located at 630.4 and 618.9 eV for the
control film. However, the film treated with TBACI exhibits I 3ds,2 and I
3ds,» peaks at 630.1 and 618.6 eV, respectively. The binding energy of
Pb 4f and I 3d shift to lower energy is assigned to the interaction be-
tween uncoordinated Pb and TBACI [58-60]. The Pb-I bonding in the
perovskite layer can be released by the coordination of Pb dangling
bonds with TBACI, which is consistent with the shift of Pb 4f and I 3d
peaks [58-60]. It is possible that the new phase observed in XRD results

Perovskite/TBACI
ITO/PTAA 1 um

Fig. 2. a-b The top-view SEM images of perovskite films without and with TBACI passivation; c-d The SEM cross-section images of the PSCs without and with TBACI
passivation; e-f The AFM images of perovskite films without and with TBACI passivation; g-h The phase images of perovskite films without and with TBACIL

passivation.
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Fig. 3. a The CPD of perovskite films with and without TBACI passivation; b-c The FTIR spectra of perovskite with and without TBACI passivation; d-f The N1s, Pb 4f

and I 3d XPS spectra of the perovskite films with and without TBACI passivation.

is associated with the shift of the XPS data. Therefore, FTIR and XPS
results confirm the interactions between TBACI and perovskite films
although TBACI is introduced after the perovskite growth. The in-
teractions between TBACl and perovskite films attributed to the
annealing process, leading to the interactions between the TBACI and
perovskite films.

To assess the influence of TBACI modification on the efficiency of
PSCs, current-voltage curves (J-V) of the devices are collected and the
photovoltaic parameters are shown in Fig. 4a and Figure S8. The
average PCE of devices increases from ~ 18.7% to ~ 19.3% as the TBACI

concentration increases from 0.01 mg/mL to 0.05 mg/mL. The average
PCE of PSCs decreases to ~ 16.5% when the concentration of TBACI
further increases to 0.1 mg/mL. Excess TBACI influences the electron
transport from the perovskite layer to the PCgBM, leading to inferior
efficiency. Thus, the optimal TBACI concentration is 0.05 mg/mL.
Fig. 4b shows the PCE distributions of control and the devices with
TBACI (0.05 mg/mL) based on 35 devices for each experimental con-
dition. The improved PCE of the TBACI devices is obvious compared to
the control devices. In addition, the PCE of TBACI devices exhibits
narrower distribution compared to that of the control devices, indicating
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Fig. 4. a The PCE of the PSCs passivated by different TBACI concentrations; b The histograms of PCE values of PSCs with and without TBACI (0.05 mg/mL); ¢ The
champion devices with and without TBACI (0.05 mg/mL) passivation; d The hysteresis behavior of the PSCs with TBACI (0.05 mg/mL) passivation; e The steady-state
current density and PCE output of the PSCs with and without TBACI (0.05 mg/mL). The inset shows the Jsc variation in the initial 150 s; f The IPCE spectra of the

PSCs with and without TBACI (0.05 mg/mL) passivation.
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the better reproducibility of the modified devices compared to the
control devices. The optimized devices without and with TBACI (0.05
mg/mL) are displayed in Fig. 4c. The control device has a PCE of 18.52%
with Jsc of 23.19 mA/cmz, Voc of 1.05 V and FF of 75.42%, and the
TBACI device shows the PCE of 20.36% with Jsc of 23.20 mA/cm?, Voc
of 1.09 V, and FF of 80.52%. The integral current density values of
control and modified devices are 18.9 mA/cm? and 19.8 mA/cm?, and
the integrated current data are shown in Figure S9. So, the UV-vis ab-
sorption peak may be related to the solvent.. It is reported that the in-
tegrated current density of IPCE data is 10-20% less than the Jsc, which
is acceptable, due to different light sources, ion migration, and degra-
dation during the measurement by long-time light irradiation [61].
Significant improvement of Voc and FF is achieved by TBACI modifi-
cation. The improved V. is attributed to increased quasi-Fermi level
splitting due to the decreased defect state density of the modified
perovskite film caused by TBACI modification [62,63]. We obtain the
highest occupied molecular orbital (HOMO) level of the perovskite by
ultraviolet photoelectron spectroscopy (Figure S10 a and b). The
HOMO level of the control and TBACI films are —5.43 eV and —5.4 eV.
The bandgap of the perovskite is 1.5 eV [64]. Therefore, the LUMO level
of the control and TBACI are 3.93 eV and 3.9 eV. The energy level
structure diagram is shown in Figure S10 c¢. The energy levels of other
layers are plotted according to the literature [65]. The origin of the Voc
in PSCs is determined by the difference between the LUMO level of
perovskite and the HOMO of PTAA [66]. Therefore, the device based on
TBACI exhibits improved Voc. The increased FF of the modified device is
ascribed to the reduced charge recombination because of the TBACI
passivation. Fig. 4d shows the hysteresis effect of PSCs modified by
TBACI, and the hysteresis index (HI) can be calculated by the following
equation (1)[67],.

_ PCE(reverse) — PCE(forward)

HI
PCE(reverse)

@

where PCE (reverse) is the PCE value obtained by the reverse scan, and
PCE (forward) is the PCE value obtained by the forward scan. The PCE
values of the champion TBACI PSCs are 20.36 % and 19.80% for the
reverse and forward scan, respectively. So, the HI of the modified device
is calculated to be 1.05%, which is neglectable. The interfacial ion
migration and the carrier trapping by the interfacial defects are the two
main reasons for the hysteresis of devices according to previous reports
[68-70]. Thus, we attribute the neglectable hysteresis effect of the
modified devices to fewer surface and GB defects and the reduced ion
migration in the devices due to TBACI passivation. To further confirm
the TBACI effect on the device performance, the steady-state J;. and PCE
output of the PSCs with and without TBACI at the maximum output
power point (0.91 V for TBACI device and 0.89 V for control device) are
studied (Fig. 4e). The steady-state Js. values are 21.60 mA/cm?, and
21.53 mA/cm? for TBACI and control devices, respectively. The steady-
state PCE values are 19.65% and 19.18% for TBACI and control devices,
respectively. The TBACI device shows more stable performance, while
the control device shows a slightly declined output. The modified device
could keep 99.2% of the initial PCE for 450 s, which is better than the
control devices (95.3% of the initial PCE). This is related to the defect
passivation in the perovskite films by TBACI. Furthermore, the current
density of the control device rapidly decreases within the initial 50 s, but
the modified device exhibits stable behavior, which can be seen in the
inset of Fig. 4e. Fig. 4f shows the incident photon to current conversion
efficiency (IPCE) spectra of the control and TBACI devices. TBACl device
shows higher photoresponse intensity than the control device. It could
be noticed that the peak at 620 nm shifts to 660 nm after TBACI
modification. Two devices show the same thickness of the perovskite
layer (Fig. 2¢ and d). The modified layer may influence the peak posi-
tions of the IPCE curves due to the redistribution of the optical electric
field of the PSCs caused by TBACI [54,71]. Therefore, TBACI modifica-
tion leads to improved electron transport, suppressed nonradiative
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recombination at the interface of perovskite/PCg1BM, and redistributed
optical electric field in the devices.

UV-vis absorption spectra of the control film and the TBACI film are
collected to study the influence of the TBACI on light-harvesting
(Figure S11). It can be observed that the absorption curves of the
TBACI and control films look identical to each other. Therefore, TBACI
passivation does not influence the light-harvesting capability of perov-
skite films because perovskite film growth is not disturbed by the TBACI
passivation due to the in-situ modification strategy, which occurs after
the perovskite film growth. In addition, the PL and TRPL under the
excitation of 461 nm are collected to investigate the charge recombi-
nation process influenced by TBACL The PL intensity of TBACI film is
more than 2 times higher than the control film, indicating that TBACIL
modifies the defects of the perovskite films effectively (Fig. 5a). Exci-
tation light is introduced from the TBACI side (inset of Fig. 5a). TBACL
blocks the excitation light to some extent, which is not considered to
compare the PL intensity comparison, indicating the effective in-situ
TBACI passivation. The TRPL spectra of glass/MAPbI3 and glass/
MAPDI3/TBACI films are exhibited in Fig. 5b. MAPbI3 modified by
TBACI shows a longer lifetime compared to the control MAPbI3. The
TRPL decay curves can be fitted by the biexponential function (Eq. (2)).

Y =Ajexp <;—t> + Asexp (;) (2)
1 2

where A; and A; are the relative amplitudes. t; and 7, are the lifetime
values for the fast and slow decay processes, respectively. The fast and
slow lifetime values of control MAPbI3 film are t; = 18.1 ns and 15 =
122.1 ns, respectively. The MAPbI; film with TBACI displays the fast and
slow lifetimes of t; = 15.4 ns and 1, = 193.2 ns, respectively. The fast
decay is attributed to trap-assisted non-radiative recombination at the
surface [72,73], and the radiative recombination in GBs dictates the
slow decay [73,74]. Therefore, the long lifetime of the modified MAPbI3
is understood by the decreased defects and suppressed non-radiative
recombination in GBs due to TBACI passivation. The time-dependent
PL intensity of MAPbI3/TBACI and MAPbI; films under 461 nm light
excitation shows very typical light soaking effects (Fig. 5¢). It is reported
that defects of the perovskite films including the surface defects and GB
defects will be filled by the photogenerated charge carriers under
continuous light irradiation, and the rest of the electrons and holes are
responsible for the PL emission [75,76]. The available photogenerated
charge carriers for the PL emission increase with the decrease of defects
by the photogenerated carriers under light irradiation, leading to
increased PL intensity [75,76]. The PL intensity of the control film shows
a fourteen-fold increase after the continuous light irradiation for 1200 s.
However, a three-fold increase is obtained for the modified film, indi-
cating reduced defects in the modified film caused by TBACI modifica-
tion. Therefore, this is another evidence of the effective defect
passivation by TBACI. Sub-ps-to-ns transient absorption (TA) spectros-
copy measurements are carried out for the unmodified and TBACI-
modified MAPbI3 films with and without the PCgBM acceptor to
further understand the influence of TBACI on defect passivation and
charge transport of MAPDI; film (Fig. 5d and e) in the fast time regime.
The peak of TA spectra at ~ 760 nm is attributed to the transient
photoinduced bleach [77]. The TA kinetic traces of the 760 nm bleach of
the MAPbI3/TBACI and the control film are shown in Figure S12, which
reflect the initial recombination process of charge carriers after photo-
excitation [77]. The prominent slow-down of the carrier recombination
process in the MAPbI3/TBACI film compared to the unmodified sample
indicates the defect passivation effect of TBACI [78]. When PCg;BM is
present (Fig. 5f), the photoinduced bleach of MAPbDI; first shows a ~
10% of growth with a time constant of 25 + 5 ps and then rapidly decays
compared to the cases without the PCg;BM layer. The former growth is
possibly related to the contribution of the PCg;BM absorption to the
formation of charge carriers in the perovskite layer, while the latter
decay reflects the kinetics of carrier extraction by PC¢;BM. The TBACI-
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Fig. 5. The PL spectra of perovskite films with and without TBACI passivation and the structure of passivated sample for PL measurement is shown in the inset figure;
b The TRPL spectra of perovskite films with and without TBACI passivation; ¢ The normalized time-dependent PL intensity of perovskite films with and without
TBAC]; d-e The TA spectra of perovskite/PC61BM and perovskite/TBACl/PC61BM films; f The TA kinetics of the 760 nm bleach of perovskite/PC61BM and
perovskite/TBACl/PC61BM films. Both kinetic traces are fitted with one exponential growth and one exponential decay component.

a b 2000
——Control Rs  Ree Ri —s— Control
—With TBACI —:'m— —e— With TBACI
; 1 500’ Qi Q2
s /./'/._.\o .
%’ Control /./' e \o\
c .
] L ]
°
[ ]

With TBACI

650 700 750 800 _ 850 900 500 1000_1500 2000 2500 3000

Wavelength (nm) Z(Q)
c 01 7 d 0.1
0.01 | pmpt 0.01F et
= P
<0.001 | MolGlass <0001} ImoGlass
c E o® :
o . ® o °® o .
S 1E-4| Tl S 1E-4} .
(@] a " Fi O ° /
n Py 14
1E-5F ._..-'/ = Control 1E-5¢ e’ ‘ « Control
oot * With TBACI . « With TBACI
1E6¢ ° , 1E-6¢ . .
0.1 1 0.1 1
Voltage (V) Voltage (V)

Fig. 6. a The EL spectra of the devices with and without TBACI under 1.8 V, and the photographs of the devices with and without TBACI under the bias of 1.8 V are
shown in the inset; b The Nyquist plot of the PSCs with and without TBACI, and the equivalent circuit is shown in the inset; c-d The electron-only and hole-only
devices with and without TBACI, the structure of devices are shown in the insets.

8



Y. Qi et al.

modified sample demonstrates a faster decay (11 = 1.69 &+ 0.07 ns) in

contrast to the unmodified sample (11 = 1.83 £ 0.07 ns), suggesting
that TBACI modification can promote the charge carrier extraction

process [79,80].

With TBACI
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To study the TABCI effects on the charge recombination in the PSCs,
electrochemical impedance spectra (EIS), electroluminescence (EL), and
the performance of electron-only and hole-only devices are investigated
for the devices with and without TABC] modification. We test EL spectra
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Fig. 7. a The photographs of the perovskite films with and without TBACI under UV light irradiation for different times; b-c The SEM images of perovskite film
without and with TBACI under UV light irradiation for 150 min; d The XRD diffraction patterns of perovskite films with and without TBACI under UV light irradiation
for 150 min; e The XRD peak intensity of perovskite and Pbl, in the perovskite film without and with TBACI under UV light irradiation for 150 min. f The UV-vis
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of PSCs with and without TBACI operating as light-emitting diode (LED)
under the bias of 1.8 V (Fig. 6a). The inset shows the photographs EL of
the PSCs. The PL peaks at 761 nm are observed for both devices. The PL
intensity of the device with TBACI is almost twice higher than the
control device, indicating the TBACI passivation reduces the defects in
the devices. As shown in Fig. 6b, the Nyquist curves are obtained with
0.9 V under dark for the control and TBACI devices, and the equivalent
electrical circuit model is shown in the inset of Fig. 6b [81]. The curves
are well fitted with the model, and the fitting parameters are illustrated
in Table S1. When the PSC is modified by TBACI, series resistance (Rs)
decreases from 43.61 Q to 23.48 Q [74-76]. The decreased series
resistance leads to increased charge transport in the devices, which may
increase the device performance. The Ry, increases from 1805 Q to
2544 Q [74-76], indicating the reduced charge recombination resis-
tance. This can reduce the charge recombination in the devices. There-
fore, the charge recombination is suppressed in the devices after TBACI
modification, which explains the improved FF values in J-V curves of the
modified PSCs [82-84]. In addition, the electron-only and hole-only
devices are fabricated to evaluate the negative and positive trap den-
sities (Fig. 6 ¢ and d), and the device structures are displayed in the inset
of the figures. The J-V curves of electron-only and hole-only devices
include three processes: The first process is the ohmic behavior (J « Vl),
then the second part is the trap-filled limit (TFL) region (J « V", n > 3),
and the final process is the space-charge limited current (SCLC) region
J x V3. According to the onset voltage of TFL (VrgL), the trap density
could be calculated by the following equation (Eq. (3)),

en,L?

2¢e€

3)

VTFL =

where Vrg is the onset voltage of TFL; e is the elementary charge of an
electron; L is the thickness of the perovskite film; ¢ and ¢ are the relative
dielectric constant of MAPbI3 and the vacuum dielectric constant,
respectively. The electron trap densities of PSCs without and with TBACI
are calculated to be 4.14 x 10'® cm™ and 3.74 x 10'® cm™3, respec-
tively. The hole trap densities are estimated to be 4.42 x 10'® cm™ for
the control devices and 3.29 x 10*® em ™3 for the TBACI modified de-
vices. The significantly decreased electron and hole defect densities are
related to the passivation of GBs and surface defects caused by TBACIl in
modified devices, leading to enhanced device performance.

The stability of the PSCs including the light stability and the aging
stability is another issue for the application of PSCs. The light stability of
PSCs is mainly caused by the perovskite material decomposition due to
UV light irradiation [85]. UV-vis absorption spectrum of TBACI in IPA is
shown in Figure S13. The absorption spectrum peak of TBACI is from
260 nm to 340 nm, indicating the TBACI has strong absorption in the UV
light range. Herein we carry out the UV light soaking test to study the
TBACI influence on the UV light stability of PSCs. Fig. 7a exhibits pho-
tographs of the perovskite films with TBACI under continuous UV light
irradiation at different time in comparison to the control films. As the UV
light irradiation time is 90 min, the dominant yellow color appears for
the control MAPDbI; films, indicating the production of Pbl, due to the
decomposition of MAPbI3, while the modified film still shows dark
brown color. The modified film starts to show the yellow color when the
light irradiation time increases to 150 min, but the control film de-
composes completely manifested by the entire yellow color. Therefore,
TBACI inhibits the MAPbI;3 film degradation under UV light irradiation
due to decreased defects, leading to improved UV light stability. Fig. 7b
and c show the top-view SEM images of control MAPbI; film and the
TBACI film under UV light soaking for 150 min, respectively. It can be
seen that the uneven grains of MAPDI3 and a lot of small particles are
distributed in the GBs of the control MAPbDI3 film, while the film
modified by TBACI still shows flat and even grains. This indicates the
control film decomposes at the GBs[86,87]. The small particles might be
Pbl, produced by the film decomposition. Figure S14 shows the SEM
images of the control and modified films under different UV light
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irradiation times (up to 150 min). The control film morphology changes
a lot after 150 min UV light irradiation. Modified films can still maintain
clear grains and uniform film morphology. These suggest the improved
stability of the film by TBACI modification. In addition, the crystal
structure evolution of MAPbI3; films with and without the TBACI
passivation under UV light irradiation for 150 min is illustrated in
Figure S15. The intensity of Pbl, peak at 12.66° increases with the UV
light irradiation time for both films. Fig. 7d shows the XRD diffraction
patterns of the control and modified films after UV light irradiation for
150 min. The relative intensity ratio of the Pbl, (001) plane to the
perovskite (110) plane (Ippio/Iperovskite) Of the control film is much
higher than the modified film. The normalized diffraction peak intensity
ratio of Pbl; (001) plane to perovskite (11 0) plane of control and TBACL
films before and after UV light irradiation for 150 min are shown in
Fig. 7e. The intensities are normalized by the perovskite (110) plane.
The Ippi2/Tperovskite value is 0.1 for both control and modified films before
UV light irradiation. The Ippia/Iperovskite Values for the control film and
the modified film increase to 6 and 2.4, respectively as the UV light
irradiation time increases to 150 min. This indicates that TBACI sup-
presses MAPbI3 decomposition under UV light soaking, which may be
attributed to the decreased defects by TBACI passivation. Figure S16
presents the UV-vis absorption spectra of the MAPbI3 films with and
without TBAC] under UV light irradiation for different times. The
modified film shows higher light absorption intensity than the control
film after 150 min UV light irradiation due to the improved UV light
stability, which is consistent with the results of XRD and SEM. The
UV-vis absorption spectra of the films under UV light irradiation for
140-190 min are shown in Fig. 7f. It can be seen that the modified film
can still keep the light-harvesting properties even under UV light irra-
diation for 190 min. While the UV-vis absorption features of control
perovskite film disappear after UV light irradiation for 190 min. This
further indicates the excellent UV light stability of the film modified by
TBACIL It is considered that the degradation of perovskite starts from the
GBs of perovskite films [88-90]. After TBACI passivation, TBACI mod-
ifies the GBs of the perovskite layer and decreases the defects of the
films, leading to decreased rate of perovskite layer degradation. We
believe this is the dominant reason for the improved stability. Another
possibility is that the TABCI not only passivates the surface but also
modifies the GBs of the perovskite layer. Some TBACI molecules
distribute in the GBs due to the small molecule sizes, which can absorb
UV light to improve the UV stability of the devices (Figure S13).
Based on the enhanced stability of perovskite films by TBACI, we
further explore the UV light stability of PSCs influenced by TBACI
(Fig. 8a). The device modified by TBACI could keep over 90% of its
initial PCE under continuous UV light irradiation for 450 min, and the
device without TBACI only maintains ~ 51%. Thus, the UV light stability
of PSCs is enhanced by TBACI passivation. The light stability of devices
under continuous light irradiation without the UV component is also
measured to further explore the influence of TBACI passivation on the
visible light stability of the devices, as shown in Fig. 8b. The device with
TBACI can maintain above 90% of the initial PCE after light soaking 120
h, but the efficiency of the control device decreases to ~ 47% of the
original value. According to the previous report, the degradation of
devices under light soaking leads to the production of Pb® and I, at the
interface of the perovskite/hole transport layer and perovskite/ETL
[91]. TBACI could reduce I to I3 as discussed before (Fig. 1c and d).
Therefore, TBACI could suppress the degradation of perovskite films
under light irradiation, leading to improved light stability of PSCs.
Furthermore, the PSCs are also exposed in the air (relative humidity =
30 %) without any encapsulation to evaluate the TBACI passivation ef-
fect on aging stability, which is shown in Fig. 8c. It can be seen that the
PCE of the device without TBACI could maintain ~ 39% of the initial
value for 30 days. Both oxygen and moisture could gradually destroy the
perovskite films through defects and then cause ion migration in the
devices [92]. The modified device still exhibits ~ 82% of the initial PCE
after 30 days, indicating TBACI passivation suppresses the water and
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Fig. 8. a The stability of the devices with and without TBACI under UV light; b The stability of the devices with and without TBACI under a lamp; ¢ The long-term
stability of the PSCs with and without TBACI passivation in the air, and water contact photographs of perovskite films with and without TBACI are shown in the inset.

oxygen erosion to perovskite films due to the effective defect passiv-
ation. The water contact angle increases from 25.4° to 44.2° as TBACl is
used to passivate the perovskite films (inset of Fig. 8c), leading to
improved hydrophobic properties of the films and moisture stability of
the corresponding devices by TBACL

4. Conclusions

In this work, we demonstrate an effective method to passivate
inverted PSCs in-situ. TBACI interacts with perovskite films strongly,
resulting in the new phase formation. TBACI could not only passivate the
surface and GB defects in situ but also modify the iodine vacancies by
reducing the I to iodide ions to fill iodine vacancies, leading to reduced
charge recombination and facilitated charge transport in the devices,
which are confirmed by PL, TRPL, EL, TA, and EIS measurements. The
PSCs modified by TBACI achieve PCE of 20.36%, Jsc of 23.20 mA/cm?,
Voc of 1.09 V, and FF of 80.52%. In addition, TBACI modification im-
proves the stability of devices under continuous UV light irradiation and
visible light soaking. The device modified by TBACI shows improved
stability compared to the control device. Besides, the aging stability of
the PSCs is also enhanced by TBACI passivation due to the suppressed
degradation of the PSCs caused by TBACIL Therefore, the in-situ
passivation by TBACI shows significant potential in optimizing the
performance of PSCs toward high efficiency and high stability devices.
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