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Stabilization of Inorganic Perovskite Solar Cells with a 2D

Dion—Jacobson Passivating Layer
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and Antonio Abate*

Inorganic metal halide perovskites such as CsPbl; are promising for
high-performance, reproducible, and robust solar cells. However, inorganic
perovskites are sensitive to humidity, which causes the transformation from
the black phase to the yellow 6, non-perovskite phase. Such phase instability
has been a significant challenge to long-term operational stability. Here, a
surface dimensionality reduction strategy is reported, using
2-(4-aminophenyl)ethylamine cation to construct a Dion—Jacobson 2D phase
that covers the surface of the 3D inorganic perovskite structure. The
Dion—Jacobson layer mainly grows at the grain boundaries of the perovskite,
effectively passivating surface defects and providing favourable interfacial
charge transfer. The resulting inorganic perovskite films exhibit excellent
humidity resistance when submerged in an aqueous solution
(isopropanol:water = 4:1 v/v) and exposed to a 50% humidity air atmosphere.

1. Introduction

Inorganic metal halide perovskites have
been drawing significant attention due to
their remarkable thermal stability (absence
of volatile constituents),l?! good photosta-
bility (lack of phase segregation),l* and suit-
able bandgap (1.7 eV) for photovoltaics.[*>]
Solar cells based on inorganic perovskites
have shown improved power conversion
efficiency (PCE), from 2.9%!° in 2015 to
21.3%!”] at present.

However, inorganic perovskites are ex-
tremely sensitive to humidity, which trig-
gers the transformation from the photoac-
tive black phase to the & yellow, non-

The Dion—Jacobson 2D/3D inorganic perovskite solar cell (PSC) achieves a
power conversion efficiency (PCE) of 19.5% with a V,_ of 1.197 eV. It retains
83% of its initial PCE after 1260 h of maximum power point tracking under 1.2
sun illumination. The work demonstrates an effective way for stabilizing

efficient inorganic perovskite solar cells.

perovskite phase.®°] Such degradation se-
riously challenges the stability of inor-
ganic solar cells and represents the most
severe impediment to their commercial-
ization potential. Several strategies have
been proposed to improve perovskite in-
trinsic humidity stability, e.g., the use of
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2D perovskites, ionic incorporation,'% regulating surface
energyl"!l as well as surface termination.['?) Among these ef-
forts, introducing a 2D perovskite capping layer on top of 3D
perovskites is an effective way to realize a hydrophobic surface
within the solar cell and prevent humidity from reacting with
the inorganic perovskite. Compared with 3D perovskites, 2D
perovskites consist of layered perovskites and organic cations
sheets, a structure that confers outstanding humidity stability
and tuneable bandgap. However, since the aligned organic cation
spacer usually acts as an insulating layer between conducting lay-
ers of inorganic metal halide octahedra, it significantly hinders
charge transport. Consequently, employing thick layers of 2D
perovskites makes optimization of efficiency and stability of solar
cells often incompatible."**) Construction of 2D/3D stacking
structures with a thin 2D layer can combine the advantages of
enhanced stability in 2D perovskites with strong light absorption
and good charge carrier-transport properties in 3D perovskite
materials. Therefore, the 2D/3D heterostructure is considered a
crucial element in preserving the high efficiency of PSCs while
improving device stability.'>] Phenethyl ammonium iodide
(PEAI) to form PEA,PbI,/CsPbL,,['®] and phenyl trimethy-
lammonium iodide (PTAI) to construct a PTA,PbI,/CsPbl,
heterostructure have been demonstrated to improve both ef-
ficiency and stability.'”] Such heterostructures have involved
Ruddlesden—Popper (RP) 2D perovskite, where successive metal
halide octahedra layers have staggered arrangements, and van
der Waals forces between adjacent cations’ sheets significantly
distort the 2D perovskite structure. The Dion—Jacobson type
of 2D perovskites,[1®182° where the metal halide slabs are
all aligned, have been much less explored, even though their
structure should be more stable than their RP counterparts and
van der Waals forces do not play a significant role.”!! To our
knowledge, this is the first time to report depositing a 2D Dion—
Jacobson layer on all inorganic CsPbl; solar cells to improve its
stability.

In this work, we set out to investigate the potential of
Dion—Jacobson 2D perovskites to improve the stability of
photovoltaic devices based on inorganic perovskites. 2-(4-
Aminophenyl)ethylamine (PMEA) cation was used to form a
layer of 2D Dion—Jacobson perovskite and modify the surface
of the 3D CsPDbI; perovskite film. After the 2D perovskite was
formed, 2D/3D perovskite solar cells (PSCs) achieved a PCE of
19.5% with an open circuit voltage (V,.) of 1.197 V. The improved
PCEs are attributed to decreased trap concentration facilitating
recombination at the interface. Additionally, the treatment with
the 2D layer improved the stability of the 3D film, with the black
phase preserved four times longer than in the pure 3D film when
immersed in an aqueous solution of isopropanol (IPA:water =
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4:1 v/v). Upon exposure to 47%—56% humidity at room temper-
ature, the pure 3D perovskite started to degrade after 0.5 hours,
but the 2D/3D perovskite still maintained a pure phase after
3.5 h. The PMEA-based devices retained 83% of their PCE after
1260 h of MPP tracking under 1.2 sun illumination and showed
excellent stability against exposure to humidity and heat (85 °C)
in the air atmosphere.

2. Results and Discussion

The schematic illustration of the 2D/3D multilayer structure is
shown in Figure 1A, where the 3D perovskite is CsPbl;, and the
2D one is PMEA,PbI,. The sketch of the organic cation [2-(4-
aminophenyl)ethyllammonium diiodine (PMEAL,) is shown in
Figure 1B. The diammonium diiodide was synthesized by a reac-
tion between [2-(4-aminophenyl)ethyllammonium and HI acid.
In this work, we used isopropanol (IPA) to dissolve PMEAL,,
then spin-coated its solution on the top to 3D perovskites. We
conducted grazing-incidence X-ray diffraction (GIXRD) to ver-
ify the formation of the 2D layer. As displayed in Figure 1B, af-
ter annealing and depositing PMEAL, solution on the surface of
CsPDbl; perovskite, we observed the signature of the formation
of the 2D phase in the form of an additional diffraction peak at
low angles (5.7°). Grazing-incidence wide-angle X-ray scattering
(GIWAXS) was further measured (see Figure 1C,D). The refer-
ence film only displayed diffraction features corresponding to the
CsPbI, phase, where g, = 1.0, 1.4 A refer to the (110) and (020)
planes, respectively. Besides these diffraction rings of pure 3D,
an additional diffraction arch was visible in the 2D/3D film at
g, = 0.4, which was attributed to the (001) planes of the 2D phase.
Furthermore, the (110)/(020) peak intensity ratio increased from
2.36 to 2.69 after 2D passivation, indicating that the presence of
a 2D perovskite layer has induced the preferential orientation of
the (110) crystallographic planes on the surface(Figure S2, Sup-
porting Information ). The shift of N-H vibration peaks, shown
in Fourier transform infrared (FTIR) spectra (Figure S3, Support-
ing Information), verified the interaction between PMEA cation
and perovskite. Figure S4 (Supporting Information) shows the
top view morphologies of reference and 2D/3D perovskite films
utilized by scanning electron microscopy (SEM). Many pinholes
were observed in the reference film in Figure S4A,C (Support-
ing Information), while pinholes were not detected at the surface
of 2D/3D film (Figure S4B,D, Supporting Information). Cross-
sectional SEM images in Figure S4E,F (Supporting Information)
shows that the thickness of reference and 2D/3D films were 406
and 411 nm, respectively.

Since the black phase in CsPbI; films transforms into the §
phase quickly when exposed to a humid environment, improv-
ing moisture tolerance is critical for the stability of CsPbl; solar
cells. We systematically investigated the effect of the 2D surface
layer on stability against humidity. We started with water contact
angle measurements to evaluate the influence of a thin layer of
2D on the surface wettability. As shown in Figure 2A, after de-
positing a layer of 2D perovskite, the water contact angle of the
treated film was 52°, higher than the 34° value for the reference
film and providing a first hint that moisture resistance was im-
proved. We immersed perovskite films in a mixture of solvents
(water:IPA = 1:4 v/v) to examine the time-dissolved film mois-
ture stability. The process is displayed in Video S1 (Supporting

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 1. Surface dimensionality reduction for inorganic perovskites. A) Schematic illustration of the 2D/3D perovskite interface. B) XRD patterns at
0.5 incident angle of 2D/3D and reference film, where “W” indicates the 2D perovskite phase, and the inserted molecular structure is PMEA cation.
C,D) are grazing-incidence wide-angle X-ray scattering (GIWAXS) data of pure 3D and 2D/3D perovskite films (angle of incidence = 0.15°).
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Figure 2. 2D/3D structure enhanced film humidity stability. A) Water contact angle measurement for reference (top) and 2D/3D (bottom) perovskite
films. B) Optical images of reference (top) and 2D/3D (bottom) films exposed to a mixture solvent (water:IPA = 1:4 v/v) at different times (simultaneously
present in the same solution). C,D) XRD patterns of reference and 2D/3D films exposure to 47%—56% humidity air atmosphere at different times, the
zoom graph for the selected area is in Figure S6 (Supporting Information). E) Time-dependence PCE profiles of reference and 2D/3D perovskite devices
under air atmosphere with 20% humidity.
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Figure 3. Improved charge-transport properties. A) Steady-state PL spectra and B) time-dependent PL of the films without and with 2D passivation.
C) SPV transient spectra of FTO/TiO, /perovskite/Spiro film with and without a 2D interlayer. The excitation wavelength is 689 nm, above the bandgap of
inorganic perovskite(1.7 eV). The inset demonstrates charge extraction, which induces a trSPV signal. D) Schematic diagram of energy level arrangement
of prepared PSCs with or without 2D interlayer. E,F) are CAFM images of reference and 2D/3D perovskite films.

Information). The pictures extracted from Video S1 (Supporting
Information) show that the reference film turned yellow after 5
s, while the 2D/3D film remained in the black phase significantly
longer (Figure 2B). We measured XRD as a function of exposure
time to analyse structural modifications after film exposure to air
atmosphere with 47%—56% humidity. The results are displayed
in Figure 2C,D. The peaks at 10°, 13°, and 26°, related to the yel-
low & phase, started to appear after 0.5 h for the reference film.
In contrast, only the pure black phase without 6 phase peak was
detected after 3.5 h in the 2D/3D perovskite film, demonstrating
the protective effect provided to CsPbl, by the deposition of the
2D perovskite layer.

We proceeded to study the effect of the 2D layer on the sta-
bility and efficiency of solar cells by fabricating both reference
and 2D/3D perovskite devices and testing them in the air. 2D/3D
devices maintained 95% of their original efficiency after 70 min
in an ambient atmosphere, while the performance of pure 3D
perovskites degraded faster (Figure 2E). To study the effect of
the 2D layer in high-temperature conditions, we placed the de-
vices on an 85 °C hot plate in an air atmosphere (20% humid-
ity) and measured photoluminescence (PL) spectra as a function
of time. Figure S5 (Supporting Information) shows that in ref-
erence devices, luminescence disappeared after 6 h, while with
the 2D layer, intense luminescence was measured even after the
reference sample was degraded.

We conducted several charge-transport characterization mea-
surements to study the effect of the 2D passivation layer on
charge transport. First, we compared steady-state and time-
resolved PL (TRPL) measurements for reference and 2D/3D per-
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ovskite films to investigate the charge carrier recombination dy-
namics. The steady-state PL emission intensity of the 2D/3D het-
erostructure film was two times more intense than the one from
the reference film (Figure 3A), hinting at a significant suppres-
sion of nonradiative recombination in the 2D/3D film. The TRPL
decays and fit curves are displayed in Figure 3B, showing that
the monomolecular decay time in 2D/3D perovskite was 3.50 ps
against 1.85 us in reference films under the same excitation con-
ditions (see Supporting Information for details of the fit func-
tion). The slower TRPL decay in 2D/3D perovskite films than in
control samples was related to slower nonradiative recombina-
tion and originated from the reduced density of defects in the
presence of the passivating 2D layer.

We showed that the 2D layer boosts carrier lifetime due
to suppressed nonradiative recombination. Here we performed
space-charge limited current (SCLC) measurements to di-
rectly determine the trap density (as shown in Figure S7,
Supporting Information). We fabricated an electron-only and
hole-only device with FTO/TiO,/perovskites/C,/BCP/Au and
FTO/PEDOT:PSS/perovskites/Spiro-OMeTAD/Au architecture,
respectively. For the electron-only 2D/3D device, the trap-filled
limit voltage (Vqp; )22 was reduced to 0.55 V compared to 0.72 eV
of the pristine one. For the corresponding hole-only devices, Vg
decreased from 0.14 to 0.10 V with the addition of the 2D layer.
These results confirmed the passivating role of the 2D layer and
the resulting reduction of the density of trap states, in agreement
with results obtained from PL and TRPL measurements.

We demonstrated the effect of the 2D layer on defect passiva-
tion. Now to demonstrate the impact of 2D Dion-Jacobson on

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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holes extraction to HTL, we performed transient surface pho-
tovoltage (trSPV) excited by a 5 ns laser pulse with photon en-
ergy 1.8 eV for samples with and without the passivating 2D
perovskite layer. As shown in Figure 3C, without 2D passiva-
tion, the positive signal transient increased to 206 mV within
1 s, while the signal of 2D/3D increased to the higher value of
274 mV simultaneously. The enhanced positive SPV signal indi-
cated that passivation by the 2D perovskite layer boosted carrier
concentration. We also observe the enhanced hole extraction as a
faster rise of trSPV signal in 2D/3D sample before 1 ps. The en-
hanced hole extraction was also confirmed in films deposited di-
rectly on glass without ETL (Figure S8, Supporting Information).
Figure S9 (Supporting Information) shows the full SPV maps as
a function of time and photon energy, demonstrating consistent
charge extraction conditions for excitation photon energies rang-
ing from 1.6 to 3.0 eV. From the dark J-V curves in Figure S10
(Supporting Information), it was observed that the dark current
density of 2D/3D devices was an order of magnitude lower than
that of the reference cells, again suggesting reduced nonradiative
recombination thanks to the 2D/3D heterostructure, consistently
with the SPV data.

Ultraviolet photoelectron spectroscopy (UPS) measurements
were employed to determine the work function (WF) of the var-
ious stacks and band offsets at interfaces (Figure 3D). The WF
of 3D and 2D films were calculated to be 4.1 and 3.9 eV, re-
spectively. In addition, the valence band of 2D/3D perovskite
was shifted down to 1.5 eV below the Fermi level, in contrast
to the 1.4 eV value for pure 3D perovskite. 2D perovskite was
placed at the interface with the HTL in the devices, and under il-
lumination, it conceivably only received photoexcited electrons,
not bound excitons. That is why conduction bands were well
aligned; holes could be transferred to the HTL without signif-
icant energy losses. Thus, the deposition of the 2D perovskite
decreased the surface WF, facilitating the transfer of holes in
the 2D layer and further in HTL, as was confirmed by trSPV.
The boost of carrier lifetime and charge extraction increases,?’!
the solar cell’s open circuit voltage (V,.), consistent with recent
work.[2#5] Subsequently, we demonstrated the formation mech-
anism of the Dion-Jacobson 2D layer on the 3D perovskite sur-
face. Conductive atomic force microscopy (CAFM) can measure
high-resolution surface morphology at microscopic scales by cap-
turing the spatial current variations when scanning the surface.
The presence of 2D perovskite organic layers on the surface
caused a reduction in the electric current,?®! as confirmed by
CAFM measurements shown in Figure 3E,F, where the yellow
and black areas correspond to the areas with high and low con-
ductivity, respectively. The reference sample had a uniform cur-
rent throughout the surface (3.4 pA) with insulating regions cor-
responding to valleys between the grains in the topography im-
age. In contrast, the 2D/3D sample showed conductivity only in
some areas, providing information about the formation of the
2D layer. The 2D perovskite started growing mainly from the
grain boundaries of the 3D film and then spread to the cen-
tres of the grains. The thickness of the 2D layer decreased grad-
ually from the edge to the grain centres. The current contrast
was 0.61 + 0.06 pA for the 2D/3D perovskite and 3.2 + 0.1 pA
for pure 3D perovskite, consistent with the insulating character
of the 2D perovskite. As shown in Figure S11 (Supporting In-
formation), the AFM images indicate that the surface of 2D/3D
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film had a root-mean-square (RMS) roughness close to refer-
ence.

To investigate the photovoltaic performance of 2D/3D
perovskites, we fabricated reference and 2D/3D solar cells.
The devices were deposited on a glass substrate with
fluorine-doped tin oxide and employed a direct architecture
(FTO)/TiO, /perovskite/Spiro-OMeTAD/Au, schematically
shown in Figure 4A. Current—voltage (J-V) characteristics of 3D
and 2D/3D perovskite devices were measured under 100 mW
cm~? illumination (AM 1.5G), as shown in Figure 4B. The
PCE of the solar cell based on 2D/3D perovskite was 19.5%,
with V. = 1.197 V, J,. = 20.06 mA cm~2 and fill factor (FF) =
81.12%. In comparison, the reference device had inferior perfor-
mance, with PCE = 18.8%, V,. = 1.165 V, J,. = 20.38 mA cm™
and FF = 79.37%. Figure 4C shows the statistics of the PCE
distribution for reference and 2D/3D devices, suggesting a
consistent and reproducible performance improvement thanks
to the addition of the 2D layer. The corresponding statistics
for V.., J., and FF are displayed in Figure S12 (Supporting
Information). Both reverse and forward scan J-V curves for
reference and 2D/3D devices were measured, demonstrating
minimal hysteresis, as shown in Figure S13 (Supporting Infor-
mation). External quantum efficiency (EQE) spectra were also
measured (Figure 4D); the integrated spectra yielded J.. values
of 19.85 mA cm~? for the 2D/3D device and 20.12 mA cm~2 for
the 3D device (Figure S14, Supporting Information), in good
agreement with the direct measurements from the J-V curves
in Figure 4B.

Using a custom-made ageing setup, we monitored the effi-
ciency under maximum power point tracking of unencapsulated
cells under 1.2 sun illumination for over 1200 h, per ISOS-
L11 protocol.?’”] Both tracking curves shown in Figure 4E re-
sulted from the average of 3 PMEA and reference devices with
initial PCE within the distribution reported in Figure 4C. Af-
ter working for 1260 h, 2D/3D devices retained 83% of their
original efficiency. The PCE of reference devices decreased to
83% of its efficiency within 180 h and degraded to 66% after
1260 h.

3. Conclusion

The 2D perovskite layer was recently broadly used to passivate the
active layer in hybrid organic—inorganic PSC. We have demon-
strated a strategy to improve solar cells’ efficiency and intrinsic
stability based on inorganic perovskite CsPbl; by depositing a
Dion-Jacobson 2D phase on the 3D layer. The 2D layer employed
a hydrophobic diammonium spacer and thus realized a moisture-
resistant barrier, significantly slowing down the degradation of
CsPbl; from the black phase to the yellow d phase in the pres-
ence of water. The 2D Dion—Jacobson layer did not represent a
significant obstacle for charge transport; on the contrary, the in-
terface between the perovskite and hole-transport layer showed
reduced defects and enhanced hole extraction in the presence of
the 2D layer. With this approach, the carrier lifetime of the film
achieved 3.5 ps. A champion solar cell was demonstrated with
PCE = 19.5% and V,. = 1.197 V, which improved PCE and V,
values by adding the Dion-Jacobson layer. The device retained
83% of its original efficiency after over 1200 h under 1.2 sun il-
lumination and MPP tracking. The results presented here offer a
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Figure 4. Photovoltaic performance of inorganic perovskite solar cells. A) Schematic device structure of the inorganic PSCs. B) J-V curves of the 3D and
2D/3D champion cells. C) Statistics of the power conversion efficiency of 3D PSCs of reference and 2D/3D PSCs. D) EQE and integrated current density
of 2D/3D PSCs. E) Normalized PCEs of reference and 2D/3D PSCs of continuous MPP-tracking averaged over three devices under 1.2 sun illumination;
the MPP tracking was measured through a custom-made ageing setup in an N, atmosphere at 25 °C.

promising path toward inorganic perovskite solar cells with suf-
ficient operational stability and efficiency to be commercialized.
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