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SUMMARY

Grain boundaries in perovskites are a major source of degradationin
perovskite solar cells. Here, we report selective passivation of
perovskite grain boundaries with the aid of biphenyl-containing
moieties. We find that biphenyl ligands selectively react with Pbl,-
rich interfaces but not with perovskite itself. Such targeted defect
deactivation of grain boundaries leads to extended radiative recom-
bination lifetime from 1 to 2.7 us while allowing for efficient charge
transfer from grains. The hydrophobic nature of benzene ring pre-
sent in biphenyl improves the stability of perovskite in direct reac-
tion with water by a factor of 3. The devices, all fabricated in
ambient air, show significantly improved reproducibility (17%-
21% efficiency) and increased open-circuit voltage of 1.11 V. This
work offers a design principle for selective passivation of grain
boundaries and chemical stabilization of hybrid structures.

INTRODUCTION

Perovskite solar cells (PSCs) surpassed 25% power conversion efficiency (PCE) in the
lab and are now at the cusp of commercialization.'~'? Perovskites provide a range of
desirable optoelectronic properties, including band gap tunability and long charge
carrier lifetime.”>""” A major challenge in the development of PSCs has been their
instability against moisture and oxygen, which lead to the decay of their perfor-
mance much faster than what the stability standards demand.'®??

Following the gradual move from MAPbI; (MA stands for methylammonium,
CH3NHs™) to FAPbI3 (FA stands for formamidinium, HC(NH,)*) as a light absorber
layer, many important studies improved the stability of PSCs.”**” For example,
Seok et al. demonstrated compositional engineering of PSCs and incorporated
MAPbBr; into FAPbI; to stabilize the perovskite phase.”®*! You et al. introduced
organic halide salt, phenethylammonium iodide (PEAI), and Huang et al. introduced
quaternary ammonium halides for defect passivation or interface engineering.***?
Gratzel et al. tailored the morphology and structure of the perovskite absorber layer
by phosphonic acid ammonium additives, which act as a cross-linker between neigh-

boring grains.***°

It is well established that grain boundaries (GBs) in perovskites are a major source of
degradation in PSCs.*® This is because GBs have a higher density of defects and im-
purities, making them thermodynamically more reactive than the bulk material.
When PSCs are exposed to stressors such as moisture, light, bias, or high tempera-
ture, GBs tend to break first, leading to the overall degradation of the device.?’:*®
For example, methylammonium cations can be deprotonated by water molecules
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that are easily penetrated into GBs or by superoxide anions that are formed due to

the transfer of electron from photoexcited perovskite.*”

The conventional approach for surface passivation of perovskites is to incorporate
low-dimensional structures, predominantly with the aid of PEAI. While effective at
time-zero, these low-dimensional perovskites tend to react with underlying perov-
skite under external stimuli. In addition, they are unselective to GBs only: they cover
all surfaces, potentially impeding charge carrier collection from the grains. There-
fore, there is a need for selectively passivating GBs in PSCs while keeping the surface
of grains intact.”’

Here, we synthesize and apply biphenyl methylammonium halides (4-phenylbenzy-
lammonium halides, to be exact) and show that they selectively reside on defective
sites at the surface, primarily targeting GBs. We attribute this behavior of biphenyl
moieties to the two benzene rings offering higher electron cloud density (and hence
stronger tendency to passivation)*? and higher hydrophobicity (and hence greater

stability against moisture) than PEAI.*®

This approach also increases charge carrier
lifetime by a factor of ~3, resulting in a PCE of 21%, all made in ambient air, with

a significant extension of shelf life and operational stabilities.

RESULTS AND DISCUSSION

Device structure

Following our ongoing interests in the ambient air fabrication of stable PSCs,** we
turned our attention to surface passivation of perovskite. We studied the effect of
BiPhX passivation on planar PSCs with an architecture of glass/indium tin oxide
(ITO)/tin oxide (SnOy)/perovskite (FAg.95MAg 0s5Pbls g5Brg 15)/BiPhX/spiro-OMe-
TAD/Au (Figure 1A), the fabrication of which we reported in detail in our previous
work.**

EFFECT OF BiPhX INTERLAYER

We first studied the effect of different counter ions to biphenyl methylammonium
cation on perovskite photovoltaic performance. We synthesized iodide, bromide,
and chloride (referred to as BiPhl, BiPhBr, and BiPhCl, respectively) salts of BiPhX,
dissolved in anhydrous 2-propanol in 2 mg mL™" concentration, and spin coated
on top of perovskite films (all made in ambient air). We did not synthesize fluoride
salt due to safety concerns as it requires the use of highly corrosive hydrofluoric
acid (HF). Moreover, traces of HF residue can lead to rougher surfaces and may
penetrate through thin films to damage electron transport layer (ETL) or ITO.*®

We found that BiPhl-treated films had better photovoltaic performance than the
control, BiPhBr-, and BiPhCl-treated ones (Figure S1). X-ray diffraction (XRD) analysis
revealed that BiPhCl and BiPhBr shifted the perovskite diffraction peak indicative of
halide exchange and/or of structural strain in perovskite after passivation.*® But Bi-
Phl-treated films showed no observable changes on perovskite diffraction pattern
(Figure S2), indicating intact perovskite structure. Therefore, we chose BiPhl as a
candidate for surface passivation.

We then varied the concentration of BiPhl in 2-propanol and found that 2 mg m!~"
was the optimum concentration (Figure S3). At this optimized concentration, the
deposited BiPhl layer on perovskite is thick enough to passivate surface defects
and thin enough to avoid disturbance of charge transport. A further increase in BiPhl
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Figure 1. Perovskite solar cells structure and performance
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(A) Schematic (left) and cross-sectional SEM image (right) of a typical cell with an architecture of glass/ITO/SnO,/perovskite/BiPhl/spiro-OMeTAD/Au
(note that Au is not seen in these images). The middle panel shows the chemical structure of biphenyl methylammonium iodide.
(B and C) Power conversion efficiency (B) and open-circuit voltage (Vo) (C) of 84 independent perovskite solar cells with and without BiPhl passivation
layer. The boxes indicate the 25 and 75" percentiles. The whiskers indicate the minimum and maximum values. The mean value is represented by an

open square symbol.
(D) Current-voltage characteristic of a champion target cell.

concentration results in poor device performance (mainly fill factor) due to excessive
accumulation of insulating phenyl moieties.*’

Next, we studied the effect of post-annealing (after BiPhl deposition) on device
performance. The results show that the un-annealed films after BiPhl deposition
perform better than the annealed ones (Figure S4). This observation agrees with
an earlier finding of enhanced stability of PSCs with two-dimensional perovskite
layers formed at room temperature with oleylammonium iodide molecules.*®
The higher device efficiency of un-annealed devices could be attributed to better
band alignment, resulting in efficient charge transfer at the perovskite-HTL inter-
face (HTL stands for hole transport layer).

Figure 1B shows the statistical data of 84 fabricated devices modified with optimized
parameters for BiPhl (2 mg mL™" concentration and without post-annealing). The
data show the reproducibility of the devices with mean efficiency of 19% and a
consistently enhanced open-circuit voltage over 1V (Figure 1C). Figure 1D exhibits
the JV curve of the champion device with 21% PCE.

To probe the presence of BiPhl on perovskite film, we carried out XRD of both con-
trol and target films (Figure 2A). The perovskite's sharp diffraction peak at ~14.1° is
observed in both films. However, a new peak at a diffraction angle of 4.7° is
observed in the XRD spectra of target film only that cannot be attributed to BiPhl (Bi-
Phl shows a diffraction peak at 4.2°, Figure S2D). To understand the origin of the
diffraction peak at 4.7° on perovskite, we carried out a control experiment: we
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Figure 2. Characterization of both control and target films
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(A-D) XRD patterns (A), steady-state photoluminescence spectra (B), time-resolved photoluminescence decay traces (C) at 790 nm, and scanning
electron microscope (SEM) images (D) of films. Target film shows selective passivation of grain boundaries. Blue-shaded area is a guide for eyes

highlighting spatial distribution of passivating material.

prepared 1 M solution of BiPhl and Pbl; in 2:1 ratio, respectively, in dimethylforma-
mide (DMF), spin coated on a glass substrate. This product showed a diffraction
angle of 4.7°, the same location as we observed on perovskite film (Figure S5).

We studied the morphology of the films with a scanning electron microscope (SEM)
(Figure 2D). The control films show an obvious presence of unreacted Pbl, (white
grains). After passivation with BiPhl, we observed that while it is present on the grain
surfaces, it predominantly resides on the GBs. To understand the origin of this selec-
tive behavior of BiPhl, we treated ground MAPbI; single crystal with BiPhl and
observed no reaction between them (Figure S5). In contrast, we observed a com-
plete reaction between BiPhl and Pbl; (Figure S5). Hence, we conclude that BiPhl
selectively passivates GBs because it reacts with Pbl,, which usually exists in GBs,
while keeping the surface of perovskite grains intact for intimate connection with
the hole transporter layer.

To probe the origin of increase in the V,,., we monitored the steady-state photolumi-
nescence (PL) of both target and control perovskite films. We observed that the
PL intensity for the target film was nearly twice as high than the control film (Fig-
ure 2B). The PL lifetime of the perovskite film significantly increased from 1.0 to
2.7 us after treatment with BiPhl (Figure 2C). This increase in PL intensity and radia-
tive recombination lifetime indicates a significant reduction in the carrier losses,
hence, increasing the V..
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Figure 3. Moisture-tolerance testing of perovskite film and device operational stability
(A) Contact angle between water and perovskite film.

(B) Perovskite film appearance under water droplet (Video S1).

(C) Perovskite film appearance under water vapor.

(E) Operational stability of encapsulated control and target perovskite solar cell.

Film and device stability

We investigated the stability of the control and target films against water. We first
conducted the contact angle measurement: the control film showed a sharper angle
to water droplets than the target film, indicating the resistance of the target's surface
to water/moisture (Figure 3A).

To further confirm this, we directly placed a droplet of water on both control and
target films. We observed that the control film shows an obvious sign of degradation
in less than a second; however, the target film shows resistance against water and
degrades in at least three times longer time (Figure 3B and Video S1).

We then conducted a humidity test of the films. Both control and target films were
placed in a container having ~87% relative humidity (RH): we observed significant
discoloration of the control film after 6 days under these conditions, while the target
film remained almost intact within this period (Figure 3C).

We also tested the stability of both the control and target encapsulated devices at
maximum power point (MPP) operation (Figure 3D) at room temperature and RH
of 25%-35%. The target device showed a gradual increase in device performance
over time, indicating that the use of BiPhl creates a robust interface with the HTL.
In contrast, the control device lost >30% of its initial efficiency in 25 h, while the
target device remained stable for >300 h. This stability enhancement can be attrib-
uted to suppression of ion migration through the perovskite-HTL interface due to

9

surface passivation”” as well as chemical inertness of biphenyl methylammonium

lead iodide, as we discuss below.

To understand the origin of improved stability against moisture, we synthesized
biphenyl methylammonium lead iodide single crystals from BiPhl and Pbl; in hydro-
iodide acid solvent (see experimental procedures for details). The structure of the
crystal was identified by single-crystal XRD (see Data S1). This compound crystallized
in monoclinic symmetry, C1 2/c 1 space group, with a brutto-formula of (C¢Hs-CgHa-
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Figure 4. Crystal structure of (C¢Hs-CsH;s-CH,-NH3)3Pb,l; H,O
(A) Projection of the crystal structure on ac crystallographic plane.
(B) The same as (A) with a focus on interaction of organic and inorganic motifs.
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(C and D) Inorganic (C) and organic (D) sublattice of the crystal structure.

CH>-NH3)3Pb,l;.H20, in a two-dimensional pattern, with alternating organic and
inorganic layers (Figure 4A). The organic layer is made of C4Hs-CgHy-CHo-NH3* li-
gands, resembling an edge-to-face herringbone motif of benzene, indicating in-
layer 7t-7t interaction (Figure 4D).°° The inorganic layer is made of trimers of Pbl,
octahedra (face and edge shared) connected through corners of Pbly (Figure 4C).
When zoomed in, one can clearly observe interpenetration of organic and inorganic
sublattices (Figure 4B), indicating strong interaction between the two. This is
different from conventional 2D perovskites (e.g., phenethyl ammonium lead iodide),
in which the octahedra are only corner shared, and the two sublattices remain
spatially separate and hence prone to disintegrate (i.e., decompose). The biphenyl
methylammonium lead iodide’s -7 interaction within organic sublattice and the
inter-penetrating nature of inorganic and organic sublattices explain its inertness
against water. In another control experiment, we indeed found that the ground crys-
tal of biphenyl methylammonium lead iodide does not dissolve in water (Figure Sé).

In summary, we synthesized and employed BiPhl ligand to selectively passivate
perovskite GBs. The presence of double benzene rings in BiPhl enabled strong
passivation of the defects and increases hydrophobicity of the surfaces. PL lifetime
results showed an increased lifetime of treated perovskite films from 1.0 to 2.7 us
implying the suppression of non-radiative recombination resulting in increased
Voc. The target perovskite film showcased improved resistance to moisture. This
increased resistance is attributed to the interpenetration of organic and inorganic
sublattices in the crystal structure of biphenyl methylammonium lead iodide. The
PCE of 21% was achieved, with more than 300 h of device stability at MPP. Our
work shows a case for the choice of passivation materials to selectively interact
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with defective sites while keeping the grains intact and for the design of crystal struc-
ture to increase the chemical inertness of the ultimate functional material.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Makhsud I. Saidaminov (msaidaminov@uvic.ca).

Materials availability
The materials synthesized in this work are described in detail in the materials section.
More details can be obtained from lead contact upon a reasonable request.

Data and code availability

The authors declare that the experimental data discussed in the work here can be
found in the paper and the supplemental information. All other data can be obtained
from the lead contact upon reasonable request. The crystallographic information file
is deposited in the Cambridge Crystallographic Data Center (CCDC) under deposi-
tion number 2260262.

Materials

ITO-coated glass substrates were purchased from Shang Yang Solar (X07-10A). Tin
(IV) oxide (SnO3) 15% in H,O colloidal dispersion solution was purchased from the
Alfa Aesar. Formamidinium iodide (FAI, >99.99%), methylammonium chloride
(MACI, >99.99%), and methylammonium bromide (MABr, >99.99%) were pur-
chased from Greatcell Solar Materials, lead (Il) iodide (Pbl,, 99.99%) from TCI
chemicals, and lead bromide (PbBry) was purchased from Alfa Aesar. N,
N-dimethyl formamide (DMF, 99.5%), dimethyl sulfoxide (DMSO, 99.5%), chloro-
benzene (99.5%), and acetonitrile (ACN, >99.9%) were parched from Milipore
Sigma. Sprio-OMeTAD was purchased from Xi'an Polymer Light Technology Co.
Bis(trifluoromethane)sulfonimide lithium salt (Li-TFSI 99.95%), 4-tert-butylpyridine
(tBP, 98%), and cobalt salt (FK 209 Co (Ill) TFSI) were purchased from Millipore
Sigma.

Synthesis of BiPhX

For BiPhl, 15 g of 4-phenylbenzylamine and 50 mL 95% ethanol were added to
a 250 mL round-bottom flask and put in an ice bath. Then 7.4 mL of HI solution
was added slowly over 30 min using a dripping funnel while under continuous
stirring. After complete addition, the mixture was stirred for another 2 h to maxi-
mize the yield. The solvent was then evaporated, and the resulting solid was
dissolved in a minimum amount of boiling ethanol. After complete dissolution,
the solution was left undisturbed overnight for crystallization. The white BiPhMAI
solid crystals were filtered out and washed with diethyl ether and dried under vac-
uum for more than 24 h. The same procedure was followed to prepare BiPhCl and
BiPhBr except hydrochloric acid (HCI) and hydrobromic acid (HBr) were used
respectively.

Control experiments

To study reaction between Pbl, and BiPhl, the powders were mixed in 2:1 M ratio
and ground together to get the XRD patterns. For the thin films, 1 M solution was
prepared in DMF and spin coated on a glass substrate.

Cell Reports Physical Science 4, 101634, October 18, 2023 7
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To prepare BiPh-Pbl; single crystals, we dissolved 1 mol of 4-phenylbenzylamine
in hot HI acid (on hotplate at ~140°C). Then, we dissolved 1 mol of lead acetate
in 5 mL of HI acid. We then added this solution to the precursor solution of
4-phenylbenzylamine and stirred it until it was dissolved. We then slowly cooled
the reaction system and observed crystals after ~24 h.

Preparation of solutions

A 7 mL solution of SnO, was prepared by taking 6 mL of deionized (DI) water
and 1 mL of SnO; 15% in H,O colloidal dispersion nanoparticles with a 6:1
volume ratio. It was sonicated for 30 min and filtered with 0.45 um polyvinylidene
difluoride (PVDF) syringe filter before deposition. Perovskite solution based on
FA0.9sMAg 05Pbl; g5Bro 15 was prepared by dissolving 217 mg of FAI, 582.7 mg of
Pbl, 7.1 mg of PbBr;, 22 mg of MACI, and 23.3 mg of MABr in 0.8 mL of DMF
and 0.1 mL of DMSO. BiPhl solution was prepared by dissolving it in anhydrous iso-
propyl alcohol (IPA) for 2 mg/mL concentration. Spiro solution was prepared by dis-
solving 0.1 g of spiro-OMeTAD powderin 1.1 mL of chlorobenzene, 0.039 mL of tBP,
0.023 mL of Li-TFSI (pre-dissolved in acetonitrile, 540 mg/mL), and 0.01 mL of Co-
complex (pre-dissolved in acetonitrile, 376 mg/mL) solution. All solutions, i.e.,
perovskite, biphenyliodide, and spiro-OMeTAD, were filtered with 0.22 pm polyte-
trafluoroethylene (PTFE) syringe filter.

Device fabrication

Glass substrates were sonicated with DI water, acetone, and isopropanol, respec-
tively, for 15 min. Then, they were dried with a N, gas gun and were given ozone treat-
ment for ~15 min. 0.15 mL of already prepared SnO, solution was spin coated at
3,000 rpm for 30 s. All the films were then thermally annealed at 150°C for 30 min
and again given ozone treatment for 30 min. A perovskite solution of 75 plL was
spin coated in a three-step process on top of SnO; and thermally annealed for
10 min for crystallization assisted with dripping of diethyl ether in a 3™ step. After
that, 0.1 mL of BiPhl solution was spin coated on top of cooled perovskite film at
5,000 rpm for 30's. A'75 pL solution of spiro-OMeTAD was deposited with a dynamic
spin coating method at 2000 rpm for 30 s. A thin layer of ~80 nm of gold was then
evaporated on top of the film for front metal connections.

Solar cell characterization

Photovoltaic parameters were measured with Newport Oriel sol-3A (class AAA) solar
simulator at standard 1.5 A.M. solar irradiance, and a commercial-grade Si solar cell
was used as a reference. The data were recorded with Ossila source meter by scan-
ning the cell from —0.100 to 1.2 V for 0.0907 cm? active area at room temperature.
Similarly, for operational stability measurements, PSCs were placed in a self-de-
signed LED simulator, and data were recorded with an Ossila source meter with
time interval of 15 min between each measurement.

Material characterization
PSCs were fabricated in the air. XRD measurements were done with a PANalytical
Empyrean system using a Cu (Ka, 1.5406 A) source.

SEM images were obtained with a Hitachi S-4800 FESEM. PL spectroscopy was
carried out by UV-Vis AVENTES spectrometer (AvaSpec-ULS2048CL-EVO-RS) in
the reflection mode ranging from 500 to 780 nm in a dark room every 2 s. Time-
resolved photoluminescence (TRPL) measurements were performed on an Edin-
burgh Instruments OB920 Single Photon Counting system. The samples were
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excited using a 510-nm pulsed laser diode. Emission was collected at 780 nm us-
ing a 16-nm bandwidth monochromator.

For single-crystal XRD, a crystal was coated in paratone oil, mounted on a MiTeGen
Micro Mount, and transferred to the cold stream (150 K) of the X-ray diffractometer.
Data were collected on a Bruker Smart instrument equipped with an APEX || CCD
area detector fixed at 5.0 cm from the crystal and a Cu Ka fine-focus sealed tube
(A = 1.54178 nm) operated at 1.5 kW (50 kV, 30 mA), filtered with a graphite mono-
chromator. Data were collected at 173 K; the temperature was regulated using an
Oxford Cryosystems Cryostream 700.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2023.101634.
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