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High-Quality Pure-Phase MA-Free Formamdinium
Dion-Jacobson 2D Perovskites for Stable Unencapsulated

Photovoltaics

Sajjad Ahmad, Ming Guan, Jinwook Kim, Xinjun He, Zhilin Ren, Hong Zhang, Haibin Su,

and Wallace C. H. Choy*

It is generally difficult to achieve high quality in low-n-value

(MA-free) FA-based Dion-Jacobson (DJ) 2D perovskites due to their low
crystallinity, random well-width distribution of multiple quantum wells (QWs)
with disordered orientation, which has seriously hindered further advances

in photovoltaics. Meanwhile, pure-phase D) 2D perovskites with uniform
QWs width and fixed low-n values are highly desirable for high efficiency

and stability. Herein a novel 4APP(FA),;Pb,|,;-based quasi-D}-2D perovskite is
presented first, where 4APP is 4-aminopiperidinium. The remarkable rigidity
of 4APP and its strong hydrogen bonding with the perovskites prolong the
perovskite intrinsic stability. the tri-solvent engineering approach is further
established by matching solvent properties to achieve pure-phase D)-2D
perovskites with uniform QWs width structure and finely oriented crystal
grains, which enhance the power conversion efficiency of unencapsulated
solar cells by 48%, representing one of the highest values in MA-free D

2D perovskite with n<4. Remarkably, the unencapsulated devices retain 95%
of their initial PCE after 2000 h of operation under 1-sun illumination at 40 °C,
and 3000 h exposure in the air at 85 °C and 60-90% relative humidity (RH).
The simultaneous control of rigidity and phase purity in D}-2D perovskites will
open up new directions for fundamental research and application exploration.

incorporation of bulky organic spacers
into single inorganic perovskite slabs, the
stability of PSCs has recently been signif-
icantly improved; this allows the single-
layer inorganic perovskites to be sand-
wiched by organic molecules, resulting in
the formation of the 2D perovskites.[*#]
2D Perovskites are commonly classi-
fied as Ruddlesden—Popper (RP) and
Dion—Jacobson (DJ) phase 2D per-
ovskites materials, in which the typical
organic spacer cations are monoammo-
nium or diammonium respectively.[®]

In the early stages, the superior sta-
bility of RP phase 2D perovskites com-
pared to 3D counterparts attracted many
scientists. This was attributed to their lay-
ered structure and hydrophobic spacer
cations.®1%14] However, their chemical
stability is still limited by the inter-
layer van der Waals (vdW) gap of or-
ganic layers.'%] DJ 2D perovskites have
recently gained great attention by elim-

1. Introduction

The power conversion efficiency (PCE) of perovskite solar cells
(PSCs) with the record-certified value reaching 26.0% is close to
that of single-crystal silicon solar cells.!'3] However, chemical sta-
bility continues to be the fundamental challenge.[*’] Through the

inating vdW gaps.'>7] In comparison

with RP, these 2D perovskites are more

stable, and robust, and offer greater
structural and chemical stability.[']

The first example of D] 2D perovskites, for exam-
ple 4AMP(MA);Pb,I;; and 3AMP(MA),Pb,I,; where
4AMP is 4-(aminomethyl)piperidinium and 3AMP 4-
(aminomethyl)piperidinium is reported by Mao et al.,['’] Since
then, a number of MA-based DJ 2D perovskites and their PSCs
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have been demonstrated with high stability.#1619-21] Despite
significant progress in MA-based 2D PSCs the low thermal
stability of MA poses a threat to their future.!??]

In recent years, FA-based perovskites have demonstrated re-
markable optoelectronic properties and thermal stability.[222]
The polar MA cations (dipole moment of 2.29 D) found in MA-
based perovskites are intrinsically unstable due to their high
volatility and(photo) reactivity. FA, with a dipole moment of
0.21 D, offers a more uniform electron density distribution dur-
ing operation, which renders it more photochemically and ther-
mally stable.?*] In addition, the larger size of FA (2.79 A) leads
to an increased lattice size and degree of space filling, which
is accompanied by stronger hydrogen bonding. Consequently,
FA-based perovskites show narrower bandgaps, which are close
to the thermodynamic optimum for single-junction solar cells.
However, the black perovskite phase (a-FAPbI,) is not thermody-
namically stable at ambient temperature and forms the 6-FAPbI,
(vellow) phase which is not appropriate for photovoltaics.[?°) One
of the strategies to overcome these instabilities is to use FA-based
D] 2D perovskite, which was found to be more stable toward
ambient conditions and ion migration. The interaction of single
organic hydrophobic ligands with the opposite perovskite layers
contributes to templating the a-FAPDI, phase setting a new route
for FA-based PSCs.[222326] 1] et al. developed the first FA-based
D] 2D perovskites (PDMA)(FA),Pb,1;, (n = 3, PDMA = 14-
phenylenedimethanammonium), which maintain over 60% of
initial PCE after 500 h operation under 1-sun illumination and
more than 85% of its initial PCE when exposed to ambient air
with a relative humidity of 30~40% for 1440 hr.?”] Nonetheless,
FA-based DJ 2D perovskites need further development in terms
of stability and obtaining high-quality pure-phase films.

Several strategies have been proposed to improve the qual-
ity of FA-based DJ 2D perovskites, for example, additive engi-
neering (FAC),[?®! secondary A-site cation.”?! and solvent en-
gineering etc. For example, Cheng et al. used FACI additive
for (PDA)(FA);Pb,I;; and PA as a secondary cation, for exam-
ple, (PDAy,PA,,)(FA);Pb,I,; in FA-based D] 2D perovskites.
DJ 2D perovskites based on FACI additives maintained 86%
of initial PCE under dark inert conditions for 1000 h, and
85% in humid conditions (30-40% RH) for 540 h. While
PDA,,PA,,)(FA);Pb,1;;-based device retains 90% of the initial
efficiency after aging at 85 °C for 800 h.[282°] However, so far, the
operational stability test in addition to the humidity stability test
for most of the reported FA-based 2D perovskite remains unex-
plored, and yet PCE is still far behind its MA-based counterpart.

It should be noted that n> 4 among the different n num-
bers of 2D perovskite materials has shown to be the most effi-
cient with the best stability.['*?230 However, 2D perovskites with
n>4, fabricated through solution methods typically have multiple
QWs, with random well width distributions (different n num-
bers), which, as with impurity phases and structural disorder,
lead to trap-assisted recombination, resulting in decreased de-
vice performance.3132] Additionally, multiple phases can resultin
inefficient charge injection into emission centers, forming mul-
tiple photoluminescence (PL) peaks with coexisting and unsta-
ble emission characteristics.’?-* It worsens in low-n FA-based
2D perovskites as more spacer cations are involved in crystalliza-
tion, also, FA cations interact strongly with [PbI]* octahedrons,
as well as with dimethyl sulfoxide (DMSO).[113] For highly effi-
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cient and stable solar cells, the fabrication of a pure-phase FA D]
2D perovskite with uniform QWs width remains a major scien-
tific challenge. Pure-phase films exhibiting uniform QWs width
of DJ 2D perovskites with fixed n values are more efficient and
stable. This is due to the fact that the conductive perovskite layers
are uniformly distributed and equally protected by the hydropho-
bic organic layer.[22:3436]

In this work, first we investigate a series of (MA-free) FA-
based quasi- D] 2D perovskites with various cyclic organic
spacers (A) including 4APP (4-(aminomethyl)piperidinium),
4AMP (4-(aminomethyl)piperidinium), AMPY (4-
(aminomethyl)pyridinium) and PP (piperidinium) and compre-
hensively study their influences on the stability and efficiency.
Importantly, we find that organic spacer-perovskite interaction
and rigidity of organic spacer will significantly affect quasi-DJ
2D perovskite stability. The 4APP-based perovskite films have
the highest Young’s modulus and hardness value (E = 29.99 GPa
and H = 1.19 GPa) compared with PP (E = 11.11 GPa and
H = 0.36 GPa) 4AMP (E = 18.63 GPa and H = 0.64 GPa) and
4AMPY (E = 20.11 and H = 0.5). As a result, the FA-based DJ
2D perovskites with 4APP as an organic template between the
perovskite layers, exhibit a more rigid lattice, resulting high
quality intrinsically stable FA-based quasi-D]J 2D perovskite.
Remarkably, the 4APP-based quasi-DJ 2D perovskites thin films
show very little change after heating for over 3000 h at 85 °C
and 30 min at 250 °C in an ambient environment with a relative
humidity of over 60-90%. For boosting the performance in
photovoltaics of 4APP-based perovskites, we further develop a
tri-solvent system composed of gamma-butyrolactone (GBL),
dimethylformamide (DMF), and dimethyl sulfoxide (DMSO).
We unveil that, the different boiling points, Dy (Gutmann’s
donor), numbers and dielectric constants of these solvents are
crucial to the fabrication of high quality (high phase purity,
uniform QWs structure, enhanced crystal grain orientation,
and improved film morphology) FA-based D] 2D perovskites
films. As a result, the PCE of the tri-solvent engineered PSCs
significantly improved by 48% over the control device for FA-free
D] 2D perovskites with n = 4. Particularly, the unencapsulated
devices maintain 95% (Ts) of their initial PCEs when operated at
maximum power (MPP) at 40 °C for over 2000 h, damp heated at
85 °C for over 3000 h in the air (with relative humidity 60-90%),
presenting the highest stability among the reported MA-free D]
2D PSCs.

2. Results and Discussion

2.1. Novel Organic Spacers and their MA-Free FA-Based D) 2D
Perovskites

We synthesized four different kinds of FA-based quasi-DJ 2D
perovskites materials, with a general formula of (A)(FA),Pb,I;,
by introducing the inter-related spacers of A = 4APP (4-
(aminopiperidinium), 4AMP (4-(aminomethyl) piperidinium),
4AMPY (4-(aminomethyl)pyridinium) and PP (piperidinium)
(Figure 1a) in which 4APP and PP are newly demonstrated.
Throughout this work, we target to study the n = 4 phase (nomi-
nally n = 4) quasi-DJ 2D perovskites, for example PP(FA),Pb,I,,,
4APP(FA),Pb,1,,, 4AMP(FA),Pb,I,, and 4AMPY(FA),Pb,I,,.
Precursor solutions of these quasi-DJ 2D perovskites were
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Figure 1. Schematic structures and stability analysis of different MA-free D) 2D perovskites. a) Schematic illustration of (A(FA)3Pb4113)-based D) 2D
perovskites and chemical structure of all organic spacers studied in this work. b) XRD spectra of (A(FA)3Pb4113)-based quasi-DJ 2D perovskites films.
c) Thermal stability test of 4APP(FA)4Pb4113-based perovskites at different temperature 0-300 °C in air for 0.5 h d) Normalized FWHM of XRD versus
temperature of (A(FA)3Pb4113)-based quasi-D) 2D perovskites e) Long-term thermal stability test of 4APP(FA)4Pb4113-based perovskites film at 85 °C
in air for 3000 h f) Load versus indentation (P—h) curves and g) hardness for (A(FA)3Pb4l13-based quasi-DJ 2D perovskites.

prepared by stoichiometric reactions between Pbl,, FAI, and AI,
in a mixed solvent of GBL, DMF, and DM SO (see Experimental
section for detail). The thin films of all FA-based quasi-DJ 2D per-
ovskites were formed by using the hot casting-annealing method.
First, the substrate was preheated at 130 °C (hot plate tempera-
ture) and then quickly transferred to the spin coating chuck. After
spin coating for 10 s a brown dark film was obtained. This film
changed to completely black after annealing for 5 min at 130 °C.
The details can be found in the Experimental Section.

UV-vis absorption and photoluminescence (PL) spectro-
scopies were carried out to compare the optical properties of
different (A)(FA);Pb,I,;-based quasi-D] 2D perovskites films.
The absorption spectra of all series, exhibit clear excitonic fea-
tures similar to those of other 2D perovskites,!?’) and become
less prominent for the 4APP and PP with decreasing spacer
size and n value until they eventually disappear for n = o (3D
perovskites) (Figures S1 and S2a, Supporting Information). As
shown in Figure S2b (Supporting Information), the PL spectra
of these materials follow an analogous trend to the absorption
spectra. A clear blue shift in PL emission energy is observed on
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4AMP-based perovskites, as the ligand size is increased (from
PP to 4AMP), which is due to increases in dielectric mismatch
and quantum confinement effects in 2D perovskites because the
2D hybrid perovskite structures are natural quantum wells with
semiconducting perovskite slabs alternating with dielectric or-
ganic slabs.’’~#* A blue shift, can also be seen when changing
from 4AMPY (aromatic) to 4AMP (aliphatic). This is due fact
that aromatic cations exhibit a higher dielectric constant than
aliphatic barriers due to the presence of the delocalized z-electron
cloud. Consequently, the dielectric mismatch and quantum con-
finement effect in quantum-well structures of aromatic-based 2D
perovskites are reduced.[*1—#]

Additionally, we measure the transient PL of all four quasi-
DJ 2D perovskites (Figure S2¢, Supporting Information). 4APP
quasi-DJ 2D perovskites films show a longer average life-
time (25 ns) than those based on the other three (5 ns for
PP(FA),Pb,I,;, 16 ns for 4AMP(FA),Pb,I;;, and 10 ns for
4AMPY(FA);Pb,l;;), indicating a slower carrier combination,
which is more desirable for photovoltaics.'’] To understand
the effect of the organic spacer cations on the crystal structure
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of these quasi-DJ 2D perovskites, we conducted powder X-ray
diffraction (XRD) analysis for n = 4 (Figure 1b). Diffraction spec-
tra of all FA-based quasi-DJ 2D perovskites (nominally n = 4) ex-
hibit two major peaks showing scattering from crystallographic
planes (111) and (202) at diffraction angles (26) of 14.24° and
28.22°, respectively.*] When the organic spacer size increases
(Figure S3, Supporting Information), both peaks shift to a larger
angle, which is due to a change in crystal lattice constant and thus
unit cell size.[*¢]

Among the four organic spacers, we find that 4APP has a
number of advantages in the construction of high-quality FA-
based 2D perovskites. For example: 4APP is among the short-
est cyclic diammonium organic spacers with the highest num-
ber of hydrogen bonds compared to 4AMP, AMPY, and PP. This
is critical to the spacer-perovskite interaction, ensuring 2D per-
ovskites’ intrinsic stability. A strong hydrogen bond between in-
organic perovskites and the positively charged NH3+ and NH2+
groups causes the inorganic perovskites to become more com-
pact and thus more stable as a result.”**] Second, the alkylamine
tail (NH3+) and NH2+ group are directly connected to the ring,
making the 4APP backbone more rigid than that of 4AMP and
4AMPY, thereby providing less flexibility (softness) and freedom
between opposite layers and neighbors organic spacers.®/ Over-
all our results show that a rigid 4APP backbone together with
strong spacer- perovskite interactions make the perovskite diffi-
cult to deform once formed.

To prove our claims, first, we have systematically investigated
the stability of thin films under various harsh conditions. The
XRD patterns of quasi-DJ 2D perovskites (A)(FA),Pb,I;; at vari-
ous temperatures (Figure 1c; Figure S4, Supporting Information)
in air with RH between 60% and 90% to assess the thermal sta-
bility and the resistance to moisture and oxygen of all n = 4 thin
films. In order to forecast the relative change of the main peak
at around 14.21 °C, we calculated the evolution of full width half
maximum (FWHM) with increasing temperatures (50 °C incre-
ments) (Figure 1d). It can be seen that the FWHM of PP, 4AMP,
and 4AMPY-based quasi-DJ 2D perovskites begins to decrease
and the 2D perovskite phase completely disappears at 200 °C. We
believe that the change in FWHM here is caused by the thermal
expansion of the crystal grains, with a greater expansion suggest-
ing soft and chemically unstable stable lattices.*’] In contrast,
4APP-based DJ 2D perovskites, even after 200 and 250 °C, have
almost unchanged FWHM, suggesting a more rigid crystal struc-
ture and chemical stability. We further extend the heat stability for
over four months at 85 °C in the air for 4APP-based perovskite
films. Surprisingly, even though after two months of continues
heating, 4APP-based perovskite is stable and did not show any
sign of decomposition (Figure 1e).

We further conducted nanoindentation experiments on all FA-
based quasi-DJ 2D perovskite films in order to compare and con-
firm their rigidity (Figure S5, Supporting Information). Our re-
sults indicate that the organic spacer, indeed affects the resulting
mechanical properties, especially the hardness and thus stability
of FA-based quasi-DJ 2D perovskites. Figure 1f presents a typical
load-indentation curve for all FA-based quasi-DJ 2D perovskites
films having n = 4. There are a few small typical discontinu-
ities known as “pop-ins” (Figure S6, Supporting Information).
Similar pop-ins have also been reported in nanoindentation of
other 2D and 3D perovskites.[*® In 3D perovskites, pop-in events
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are related to plastic deformation caused by the nucleation and
propagation of slip dislocations. However, it can also occur with
2D crystals due to layer kinking, layer delamination, and layer
fracture. We determine the Young’s modulus and hardness of
all FA-based quasi-DJ 2D perovskites films using the Oliver and
Pharr method (See more detail in Experimental Section). Hard-
ness measures the material resistance to plastic deformation. As
shown Figure 1g and Figure S7 (Supporting Information), 4APP-
based perovskites films show the highest Young’s modulus and
hardness values (E = 29.99 GPa and H = 1.19 GPa) compared
with PP (E=11.11 GPaand H = 0.36 GPa) 4AMP (E = 18.63 GPa
and H = 0.64 GPa) and 4AMPY (E = 20.11 and H = 0.5). While
4AMP and 4AMPY show small Young’s moduli and hardness val-
ues (alkyl chain length (softer organic part) increases), they can
be easily deformed.l*®*] The PP-based perovskite film has the
lowest Young’s modulus and hardness, possibly because one hy-
drogen is absent at one end, causing a poor interaction with the
perovskites. Consequently, our results indicate that 4APP-based
perovskites are more compact and harder and cannot be easily
deformed which are important for achieving highly stable per-
ovskite as described in later sections.

2.2. Tri-Solvent Engineering for High-Quality Pure-Phase D] 2D
Perovskite

Generally, it is difficult to achieve high quality in low-n-value
(MA-free) FA-based DJ 2D perovskites, as FA cations interact
strongly with [Pbl]*-octahedrons, or interact with dimethyl sul-
foxide (DMSO), which is the most commonly used solvent. These
quasi-DJ 2D perovskites have low crystallinity, and random well-
width distribution of multiple quantum wells (QWs) with disor-
dered orientation, which has seriously hindered further advances
in photovoltaics.[?**) However, pure-phase films exhibiting uni-
form QWs width of DJ 2D perovskites with fixed n values are
more efficient and stable. This is due to the fact that the conduc-
tive perovskite layers are uniformly distributed and equally pro-
tected by the hydrophobic organic layer.**l We developed a novel
tri-solvent system with GBL, DMF, and DMSO to improve thin
film morphology, crystal grain orientation, and phase purity of
our champion rigid and stable 4APP-based perovskites for im-
proved photovoltaic applications.

We choose these solvents based on their boiling point, dielec-
tric constant, and Gutmann’s donor number (Dy) (Table 1). The
boiling point will affect the crystallization process and a solvent
with a high boiling point contributes to slow down the crystalliza-
tion process and will be beneficial to the growth of high-quality
phase pure perovskites films with large crystal grain, thus pro-
longing carrier lifetime and device performances.®"! Dielectric
constant indicates a solvent ability to dissolve any ionic com-
pound by screening coulomb attraction between its ionic species,
while Dy describes the coordination ability of the solvent with the
cations such as the divalent cation of Pb?* at the center of the lead
halide precursor.***2] The high dielectric constants of DMSO
and DMF make them ideal for the synthesis of 3D perovskite
precursors. When using classic DMF mixed with DMSO sol-
vent for fabrication of FA-based DJ 2D perovskites, DMF quickly
evaporates due to its low boiling point and Dy number than
DMSO. Meanwhile, DM SO interacts strongly with the perovskite
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Table 1. Summary of different properties of three solvent used in this work.

www.advenergymat.de

Name of solvent (Abbreviation) Boiling point [ °C]

Gutmann’s donor number [Dy]

Dielectric constant

Kcal mol~! [eV]
Gamma-butyrolactone (GBL) 204 18 39 —3.258
Dimethylformamide (DMF) 153 27 37 -3.391
Dimethyl sulfoxide (DMSO) 189 30 49 -3.514

precursor such as Pbl,, owing to its high Dy number and bind-
ing energy that will help the formation of perovskites through
forming complex intermediates (e.g., DMSO.PbI, and (DMSO),.
PbL,).

However, there is a concern that the intermediates will be un-
expectedly trapped in the film as residuals.[*®) We postulate that
the intermediate residuals not only produce small grains, poly-
crystalline forms, and large structural disorders like those in 3D
perovskites, >3] but also cause low n phases in 2D perovskites and
thus affect phase purity. In addition, DMSO can cause large pin-
holes at the perovskite buried interface, reducing photovoltaic
performances and accelerate the degradation process.** To ad-
dress the concerns, we introduce GBL with a higher boiling point
(204 °C) than DMSO (189 °C) but lower Dy number and bind-
ing energy in the tri-solvent system for delaying the crystalliza-
tion process which promotes the effective removal of DMSO-
intermediate phases and forms FA-based 2D perovskites with
better crystallinity as to be further verified below.

To probe our hypothesis of the contribution of suitable amount
of GBL in the tri-solvent system, we prepared four different types
4APP-base perovskites thin film obtained from different DMF:

DMF:DMSO:GBL (6:3:1)

(a) DMF:DMSO:GBL (7:3.0) DMF:DMSO:GBL (4:3:3

0 20-10 0 10 20-10

q,/nm’ q,/nm’

o " '/ @
~ | 4APPFAVPB], SAPP(FA),PD, T QPv PODMSO  PYOMF 5:5'2%[ " o306 s
3 i : 3 e [
s | OMFOMSO A DMFOMSOGEL |, 195 el = o’ |
¥ ; N\ : 190 ENL A g0 G ;
£ ront \ ——Front ] L ON T ek ’ & . o i .
& Sack /- Back 1 9C &b - > 0178y :

/ 1 ?H BE(3514eV) BE(3391eV) BE(-3258eV) :

400 400 0 800

600 800 500
Wavelength (nm) Wavelegth (nm)

DMSO: GBL solvent ratios, for example, (7:3:0 (without GBL)
and 6:3:1, 4:3:3, and 2:3:5 with different GBL ratio. As shown
in Figure 2a, surface and cross-sectional scanning electron mi-
croscopy (SEM) measurements reveal strong dependencies be-
tween the GBL ratios and the film uniformity and coverage.
4APP-based DJ 2D perovskites obtained from 7:3:0 solvent mix-
ture (without GBL) have an inhomogeneous surface with many
cracks. In contrast, the grain size increases after mixing GBL
(6.3.1), with few pinholes. An increase in the GBL ratio (4:3:3)
dramatically enlarges crystal grains with uniform surfaces. It
should be noted that further increasing the GBL ratio (2:3:5),
lots of cracks appear on the film surface, implying poor crys-
tallinity, attributed to excess of GBL which causes the crystals to
re-dissolve.

To further investigate the effect of tri-solvent systems on the
crystallographic orientation of the 4APP-based D] 2D perovskites
films, we conducted 2D grazing-incidence X-ray scattering (2D-
GIXRD) measurements (Figure 2b). The 2D-GIXRD map of
DJ 2D perovskites films fabricated from 7:3:0 solvent mixture
(without GBL) showed characteristic continuous Debye—Scherrer
rings and a few low-intensity Bragg spots with some low angle

DMF:DMSO.GBL (2:3:5)

Figure 2. Crystallinity and phase purity of 4APP-based D) 2D perovskite. Surface and cross-sectional SEM images, where the scale bar is T um a) and
2D GIWAXS maps b) of 4APP-based D) 2D perovskite films fabricated from different solvent ratios. c) PL spectra obtained from film side and back side
of 4APP-based D] 2D perovskite films fabricated from 7:3:0/without GBL (right) and 4:3:3 with GBL (left). d) Electrotactic potential plots of GBL, DMSO
and DMF with Pbl2. e) Formation mechanism of pure-phase 4APP-based D) 2D perovskites film via tri-solvent (DMF: DMSO: GBL) engineering, where
P1-P4 represent the different possible positions and TP indicates the target position for 4APP organic ligands.
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(040, 060 peaks) diffraction rings indicating small n values, This
indicating formation of mixture of 2D perovskites phases with
random well-width distribution of multiple QWs and disordered
orientation.*>*] When the GBL amount increases to become
6:3:1 solvent mixture, the perovskite films show strong Braggs
spots and a week diffraction ring. Interestingly, the diffraction
rings for the 4:3:3 based perovskites film completely change
into sharp Bragg spots of (111) along the q, direction and (202)
along the g, direction, indicating a highly preferentially ori-
ented crystal plane relative to the substrate, facilitating charge
transport in devices. In contrast, with the further increase of
GBL like the case of 2:3:5, the perovskites films show diffrac-
tion rings instead of Bragg spots, implying random orientation
of the crystal domains again.>®l As a result, the highly vertically
oriented 4APP-based DJ 2D perovskite is achieved with the op-
timum DMF: DMSO: GBL ratio of 4:3:3 as shown in Figure 2e
(step-3).

To confirm the good (vertical) phase purity of our champion
4APP-based 2D perovskites film, we measured the PL spectra of
samples with different GBL ratios to determine whether the tri-
solvent affects phase purity. When excited from both sides, sam-
ples with optimum GBL ratio (4:3:3) do not exhibit any differ-
ences in PL spectra, but those without GBL exhibit additional
peaks (Figure 2c). As a result, the additional peaks are likely
caused by intermediates/ low n phases formed by excess DMSO
solvent (as discussed above). We also conducted PL measure-
ments on both the front and back of PP, 4AMP, and 4AMPY
films similar to 4APP, which are synthesized from DMF: DMSO:
GBL and DMF: DMSO: GBL. Interestingly, as shown in Figure
S8 (Supporting Information), the control (DMF: DMSO) PL spec-
tra of PP, 4AMP, and 4AMPY for n = 4 have additional peaks
when exited from the back side, in contrast to DMF.DMSO.GBL
perovskites film, which does not exhibit any additional peaks
upon excitation from the back, confirming solvent engineering’s
generalizability.

2.3. Formation Mechanism of Pure-Phase FA-Based D) 2D
Perovskites Films

While preparing D] perovskite films based on FA, we tested the
function of GBL as a mediator, cosolvent/additive to retard fast
crystallization (slow crystallization), form an intermediate phase,
and be easily removed by thermal annealing, due to small Dy
number and its low binding energy with perovskite/Pbl, com-
pared to DMF and DMSO. A detailed formation mechanism of
pure-phase FA-based 2D perovskites is shown in Figure 2e. In
the precures solution (step-1) the presence of GBL facilitate the
solubility of 2D perovskite (ligands- 4APP) due to its high dielec-
tric constant but partially helps in the solubility 3D perovskites
(FA,Pb,1,;), specially Pbl, due to its low Dy number.>!l The
DMF and DMSO evaporated completely during initial perovskite
crystallization (step-2) via host casting-annealing stages (see Ex-
perimental section for detail), but some GBL-perovskite interme-
diates appear to exist, due to their high boiling points. An XRD
analysis shows some low-angle peaks at around 8 after 1 min of
annealing (Figure S9, Supporting Information), which confirms
this. Upon further annealing, GBL is eliminated and low-angle
peaks disappear. In step 3, the organic ligands reach their target
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positions (TP) and form high-oriented perovskite QWs as demon-
strated by GIWAXS, SEM, and PL spectra analysis.

By contrast, using classic DMF: DMSO only 2D perovskites
solution (Figure S10, Supporting Information), DMF and DMS
evaporated quickly (fast crystallization) and the 4APPs were
randomly distributed in different positions (P1-P4), which re-
sulted in random well-width distributions with disordered
orientations®’] (as discussed above).

Overall based on SEM, 2D-GIRXD, and PL results, we con-
clude that a high-quality vertically oriented pure-phase 4APP-
based DJ 2D perovskite thin film can be obtained using an op-
timal amount of GBL tri-solvent without any changes to crystal
structure when compared to the perovskite layer that is made us-
ing traditional DMF: DMSO bi-solvent system.

2.4. Device Performances and Stability

We fabricate devices with FTO/NiO, /(4APP(FA);Pb,I,;/PCMB/Ag
structures from our optimized, stable and rigid 4APP(FA),-based
DJ 2D perovskites (Figure 3a). A representative cross-sectional
SEM image of the device shows a 4APP-based DJ 2D perovskite
layer with a thickness of 650 nm as in Figure 3b. The device
delivers a champion PCE of 17.27% with open-circuit voltage
(Vo) = 1.01 V, short-circuit current density (J.) = 22.01 mA cm?,
and fill factor (FF) = 0.71 as shown in Figure 3c. The device also
shows negligible hysteresis. The performances of the control
device are shown in Figure S11 (Supporting Information). For
the control PSCs prepared from the bi-solvent of DMF: DMSO,
the device performances are V,. = 0.87 V, J,. = 19.7 mA cm?,
FF = 0.677, and PCE = 11.7%. Therefore, the PCE of the tri-
solvent-engineered PSCs is significantly (48%) better than of the
control devices. A statistical analysis of PCEs derived from fifty
devices is presented in Figure 3d. The J . value obtained from
the EQE is in line with the value provided by the J-V curves,
proving its validity (Figure 3e), proving their validity. Figure 3f
depicts the stabilized power output under maximum power
point which is in good agreement with the J-V scan. In addition,
we fabricate devices with PP, 4AMP, and 4AMPY (Table S2,
Supporting Information), where the PCEs of all ligands-based
PSCs improve significantly, again demonstrating our solvent
engineering’s generalizability.

We further evaluate the stability of all four types of FA-based
D] 2D devices without encapsulation under various aging condi-
tions. We first assessed the thermal stability of devices based on
4APP, 4AMP, and 4AMPY at 85 °C in ambient enlivenment. PP,
4AMP, and 4AMPY devices retained 29%, 36%, and 46% respec-
tively after 2016 h and completely died after that, while the 4APP-
based devices exhibited greater thermal resistance and retained
almost 95% PCE after over 3000 h at 85 °C (Figure 4a). We further
evaluated the compatibility of those devices under ambient con-
ditions with humidity ranging from 60 to 90% RH (Figure 4b). In
contrast with PP, 4AMP, and 4AMPY devices, which lost almost
80%, 57%, and 53% of their PCEs, 4APP-based devices retained
95% of their initial PCEs after 3500 h. Finally, we tested the op-
erational stability under 1-sun illumination at maximum power
point for over 2000 h.1*8] Figure 4c presents that the 4APP-based
device can maintain over 95% of its original PCE after 2000 h
continuous operation. These results indicate that D] 2D PSCs

© 2023 Wiley-VCH GmbH
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Figure 3. Fabrication and performances of MA-free D) 2D perovskites solar cell. Device structure a) cross-sectional SEM images where the scale bar is
2 um b) fabricated in this work. Forward and reverse J—V curves c) statistical PCE distribution of 50 devices d) EQE spectra and, stabilized PCE and J,.

of the champion 4APP-based D) 2D PSCs.

based on the 4APP have astonishing stability highest among
the reported DJ 2D FA-based 2D PSCs (Table S3, Supporting
Information).

To understand whether the organic spacer or solvent engineer-
ing is responsible for the stability improvement, we study the
typical thermal stability of 4APP(FA);Pb,I,;5-based DJ 2D per-
ovskite devices fabricated from tri-solvent and bi-solvent (control)
systems. As shown in Figure S12 (Supporting Information), the
unencapsulated 4APP PSCs fabricated from tri-solvent and bi-
solvent maintain almost identical their initial PCEs (95% for tri-
solvent and 93% for bi-solvent) for over 3000 h at 85 °C in air. Itis
therefore evident that the stability of 4APP(FA),Pb,I,,-based per-
ovskite is intrinsically and primarily contributed from the rigid
organic spacers and the strong hydrogen bonding with the per-
ovskite materials in PSCs.

3. Conclusion

In summary, we have studied a series of organic spacers to
achieve a very rigid and chemically stable (MA-free) FA-based
DJ 2D perovskite, namely 4APP(FA),Pb,1,;. The unencapsulated
quasi-DJ 2D perovskites made from 4APP are exceedingly chem-
ically stable under various harsh conditions, that is, exposure at
85 °C for over 3000 h and even 250 °C for 0.5 h The improved
stability is attributed to two aspects. First, the positively charged
ends (NH,* groups) of the organic spacer are strongly linked with
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the negatively charged ends of the inorganic perovskites layer
through hydrogen bonds. Second, the 4APP rigid backbone and
its strong spacer interactions with perovskite materials make it
difficult to deform once the perovskite is formed. Equally im-
portant, we achieve high-quality pure-phase DJ 2D perovskite
films with uniform QWs width structure and excellent crystal
plane orientation by strategically introducing GBL to form a new
tri-solvent engineering with DMF and DMSO. The optimized
4APP(FA);Pb,I,;-based D] 2D perovskites enhance the PCE of
the solar cell by 48% as compared to the control. Importantly, the
unencapsulated 4APP-based PSCs show a T, of over 3000 h at
85 °C in the air with relative humidity (60-90%) with a negligi-
ble decline in the performance. Furthermore, the unencapsulated
devices show impressive operational stability, with a Tos 0f 2000 h
under 1-sun illumination at 40 °C in the air. The present work
not only introduces a convenient approach for enriching novel
new class of highly rigid diamine spacers but also advances the
design and operation of organic spacers and solvents engineer-
ing to further enhance FA-based DJ 2D perovskites stability and
efficiency.

4. Experimental Section
Materials:  4APP (4-(aminopiperidine, 98%), 4AMP (4-(aminomethyl)

piperidine, 98%), AMPY (4-(aminomethyl)pyridine, 98%), PP (piperidine
99%), and lead iodide (Pbl,, 99%), were purchased from TCl. FAI was

© 2023 Wiley-VCH GmbH
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Figure 4. Stability of MA-free D) 2D perovskite solar cells. Thermal stability test at 85 °C a) Humidity stability test at room temperature b) operational
stability test at MPP under 1-sun illumination c) of unencapsulated (A) (FA)3Pb4113-based devices in air with R.H = 60-90%.

purchased from Dyesol. Gamma-butyrolactone (GBL. 99% extra dry)
Dimethyl sulfoxide (DMSO, 99%, extra dry), Dimethylformamide (DMF
99% extra dry), isopropyl alcohol (IPA), Chlorobenzene (CB, extra dry,
99.8%) were purchased from Acros. PCBM was purchased from Solarmer
Energy. Inc. HI (50% wt/wt in water), and Zirconium (IV) acetylacetonate
(ZrAcac, 98%) were purchased from Sigma—Aldrich. NiO, nanoparticles
inks were prepared according to the previous reports.[>%60]

Synthesis of 4APPI,, 4AMPI,, 4AMPYI, and PPI, Salts: The diammo-
nium iodide salts (A)l, (A = 4APP, AMP, AMPY, and PP) were prepared
by adding dropwise 2 moles of hydroiodic acid (HI) to 1 mole equivalent
of diamine, with continuous stirring at 0 °C for 2 h. By evaporating the
solvent at 60 °C, the precipitate of diammonium iodide salts was recov-
ered using a rotary evaporator. ethanol and diethyl ether were used three
times to wash the precipitate. Afterward, the white powder was collected
by suction filtration and dried under vacuum overnight in an oven at 60 °C.

Synthesis and Fabrication of MA-free DJ 2D Perovskites Films:  0.25 mmol
of Al,, 0.75 mmol of FAI, and 1T mmol of Pbl, were used in a mixed sol-
vent of DMF, GBL, and DMSO. with a volume ratio of 7-X:3:X (where X=0
1, 3, and 5). An ultrasonic washing procedure was applied to patterned
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FTO-coated glasses during 15 min of washing with detergent, deionized
water, acetone, and ethanol, followed by drying with nitrogen gas. Then
the FTO glasses were treated by ultraviolet ozone for 20 min. In the next
step, 50 pL of NiO, (20 mg mL™" in deionized water were spin-coated on
FTO glass at 2500 rpm for 50 s. FTO/NiO, substrates were transferred
into a nitrogen-filled glovebox and preheated for 5 min at 130 °C on a hot
plate. After transferring the substrates to the spin-coating chuck, D) 2D
perovskites were spin-coated on top of the NiO, layer at 6000 rpm for
30 s. The film was then annealed at 130 °C for 5 min. After cooling the
perovskite films to room temperature, a 20 mg mL~' PC61BM solution
in chlorobenzene spin-coated for 40 s on the D) 2D perovskite surface,
followed by a 2 mg mL™" zirconium (IV) acetylacetonate solution in iso-
propanol at 4000 rpm for 40. Finally, the 120 nm Ag electrode was ther-
mally evaporated on top of the device under a vacuum of 2 x 10~* Torr in
the high-vacuum deposition system with a device area of 0.08 cm?.
Measurements and Characterizations: The nanoindentation experi-
ment was performed using a Berkovich indenter of a half angle of 65.3°.
During nanoindentation, a maximum load of 2000 uN was applied and the
distances between indents were at least 5 um. The Nano-hardness was
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defined by the maximum load over the residual indentation impression.
Under a light intensity of 100 mW cm~2 calibrated with a standard silicon
reference cell, the current density—voltage (J-V) characteristics of each so-
lar cell with area 0.08 cm? were measured using Enlitech AM 1.5 G so-
lar simulator, and data were collected using Keithley 2400. Perkin Elmer
Lambda 750 UV-vis spectrometer was used to measure UV-vis absorp-
tion spectra of DH 2D perovskites films. A Hitachi S4800 FEG scanning
electron microscope was used to measure the surface and cross-sectional
morphology. Time-resolved photoluminescence spectra were recorded on
an FLS920 fluorescence spectrometer (Edinburgh Instruments) in the air
at room temperature. A picosecond pulsed diode laser (406.8 nm) was
used as the excitation source. The 2D GIWAX maps were obtained at
the Shanghai Synchrotron Radiation Facility (SSRF) using the beamline
BL14B1, with a photon energy of 10 keV (wavelength 1.2398 angstrom)
and an incident angle of 0.40°. Samples were prepared on Glass/FTO sub-
strates for GI-XRD measurements.

Stability Tests: Long-term damp heat tests were conducted on unen-
capsulated devices and thin films inside a constant 85 °C oven. A hot plate
at a specific temperature was used to heat test unencapsulated devices
and thin films at different temperatures. In order to test the long-term hu-
midity stability of unencapsulated devices and thin films, both were stored
in air with RH between 60% and 90%. Continuous maximum power point
(MPP) operation under 1 Sun, AM 1.5G illumination was tested inside an
environment chamber at 50 percent relative humidity and 40 °C by deter-
mining the voltage at VMPP and then tracking the current output.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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