
262 |  Energy Adv., 2025, 4, 262–272 © 2025 The Author(s). Published by the Royal Society of Chemistry

Cite this: Energy Adv., 2025,

4, 262

Enhanced a-phase stability of formamidinium lead
iodide with addition of 5-ammonium valeric acid
chloride†

Yanan Li,‡a Abigale Bahnick,‡a Patrick J. Lohr,a Sean Raglowb and
Adam D. Printz *ac

Formamidinium lead iodide (FAPbI3) is a metal halide perovskite composition that exhibits improved

thermal stability and a more favorable band gap compared to the archetypical methylammonium lead

iodide (MAPbI3). However, the photoactive a-phase is not thermodynamically stable at operating

temperatures, which is a challenge that must be overcome for the viability of FAPbI3-based

photovoltaics. This study explores the use of the ammonium acid additives 5-ammonium valeric acid

iodide (5-AVAI) and 5-ammonium valeric acid chloride (5-AVACl), to stabilize the a-phase of FAPbI3.

While both additives stabilize the photoactive a-phase and suppress the formation of the photoinactive

d-phase, increase grain size, reduce non-radiative recombination, and improve carrier lifetimes, the

addition of 5-AVACl results in superior performance. The improvements with 5-AVACl added are

possibly due to its unique ability to initiate formation of the a-phase of FAPbI3 prior to annealing. DFT

calculations also show that the growth of moisture-stable (111) facets is more favorable with the

addition of 5-AVACl. These property improvements result in a significant increase in the power

conversion efficiency of solar cells, from 9.75 � 0.61% for devices with pristine FAPbI3 to 13.50 � 0.81%

for devices incorporating 1 mol% 5-AVACl.

1. Introduction

There has been unprecedented progress made in the field of metal
halide perovskite solar cells (PSCs) over the past decade, with
power conversion efficiencies (PCEs) increasing to 26.7%, at parity
with single crystalline silicon photovoltaics.1 The most investigated
metal halide perovskite is methylammonium lead iodide
(MAPbI3), but this composition is thermally unstable due to the
volatile nature of the MA+ cation. Furthermore, MAPbI3 has a
band gap between 1.55 and 1.6 eV, wider than the ideal band gap
B1.34 eV necessary for the maximum theoretical power conver-
sion (i.e., 33.7%) for a single-junction solar cell at AM 1.5G
illumination according to the Shockley–Queisser limit.2 A promis-
ing alternative to MAPbI3 is formamidinium lead iodide (FAPbI3),
which has improved thermal stability and a more favorable band
gap compared to MAPbI3.3,4 The improved thermal stability of

FAPbI3 has been attributed to enhanced hydrogen bonding
between the FA+ and PbI6 octahedra.5 The more favorable band
gap of FAPbI3 is due to the larger ionic radius of FA+ (253 pm) than
of MA+ (217 pm), which yields a Goldschmidt tolerance factor
closer to 1—indicative of better crystal symmetry—and results in
the band gap narrowing to around 1.48 eV.4 More explicitly, the
inclusion of the larger FA+ results in the perovskite forming a cubic
or quasi cubic structure, that increases ionic character of the Pb–I
bond and enhances spin–orbit coupling, consequently reducing
the perovskite band gap compared to the octahedrally tilted
tetragonal structure with MA+.5

FAPbI3 exhibits two primary polymorphic phases near room
temperature: the black, photoactive a-FAPbI3 phase and the
yellow, photoinactive d-FAPbI3 phase. The a-phase has a cubic
crystal structure and is formed at temperatures around 150 1C,
while the d-phase is characterized by an octahedral plane-sharing
hexagonal structure and is more thermodynamically stable at
room temperature.6 While the d-phase is more stable than the
metastable a-phase at room temperature, the large band gap of
the d-phase (2.43 eV) makes it unsuitable for solar cell
applications.7,8 Thus, to harness the potential of FAPbI3-based
solar cells, the instability of the a-phase must be addressed.

The instability of the a-phase is caused by the relatively
bulky FA+ inducing lattice distortion,9 but it has been shown
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that this distortion can be mitigated by the partial substitution
of FA+ with smaller cations such as MA+ (ref. 10 and 11) and Cs+

(ref. 12 and 13) or by incorporating mixed halide anions such as
Br�/I�.11,14 However, the strategy of partial substitution with
smaller cations comes with a tradeoff of increased band
gaps (i.e., blue-shifted light absorption), while the inclusion
of mixed-halide perovskites has the deleterious consequence of
phase segregation under light illumination that accelerates
charge-carrier recombination and performance losses.15

Perhaps the most common strategy to improve the a-phase
stability has been to incorporate methylammonium chloride
(MACl) as an additive into precursor solutions.16–19 Kim et al.
demonstrated that the Cl� in MACl induced p orbital localization
of I� and enhanced the a-phase stability through stronger inter-
actions between FA+ and I�.18 Devices comprising FAPbI3 with
40 mol% MACl achieved PCEs exceeding 24% and exhibited
enhanced thermal and photostability, with over 90% PCE reten-
tion after 300 h of aging at 40 1C and 70% PCE retention after
300 h of 1-sun illumination without encapsulation. Although the
MACl volatilized readily during the annealing process, the authors
observed a small amount of residual MA+ in the FAPbI3 films.
Later, Jeong et al. determined that when MACl was added at a
concentration of 35 mol%, B5% of MA+ was incorporated into
the FAPbI3 structure.19

It is thought that the larger band gap that is often coupled
with improved a-phase stability can be avoided by using bulkier
cations that do not substitute into the lattice for FA+. As one
example, Park and coworkers studied the addition of propyl-
ammonium chloride (PACl) as an alternative to MACl to pre-
pare a phase-pure and MA-free a-FAPbI3 and observed that the
PACl improved both the PCE and stability of the a-phase
compared to conventional MACl.20 It was argued that the large
ionic radius of PA+ caused it to passivate the grain boundaries
instead of substituting into the lattice structure; however, the
band gap still slightly increased from 1.523 eV in pristine
FAPbI3 to 1.531 eV with the addition of 20 mol% PACl,
indicating some distortion of the lattice.20 Conversely, Grätzel
and coworkers observed a red shifted absorption—i.e.,
decreased band gap—and improved crystallinity and a-phase
stability with the addition of the bulky cation 5-ammonium
valeric acid iodide (5-AVAI).21

We recently investigated the influence of ammonium acid
additives—5-AVAI and 5-ammonium valeric acid chloride
(5-AVACl)—on MAPbI3 perovskite and highlighted the critical role
of halide composition on film properties and device performance.8

Both additives were found to slow down the crystallization process
due to their strong interaction with perovskite, leading to
increased grain size in MAPbI3 films. Critically, we observed
significantly reduced non-radiative recombination with the inclu-
sion of 5-AVACl that resulted in higher device efficiencies com-
pared to pristine MAPbI3 or 5-AVAI-incorporating devices. While 5-
AVAI has previously been reported to improve FAPbI3 device
performance and stability,21 5-AVACl has not yet been studied.
Given the beneficial effects of 5-AVACl in MAPbI3, we aimed to
understand its influence in the more technologically relevant
FAPbI3 perovskite. We found that 5-AVACl, like 5-AVAI, stabilized

the a-phase and suppressed the formation of the d-phase,
resulting in improved film quality with larger grain size and
longer carrier lifetimes than in pristine films. Furthermore, the
5-AVACl also encouraged more (111) growth, which has pre-
viously been shown to improve stability to moisture.22 At low
concentrations (i.e., 1 mol%), neither additive shifted the band
gap compared to pristine FAPbI3 films, while at higher concen-
trations (i.e., 5 mol%), the band gaps were slightly increased,
which we attributed to the formation of low-dimensional per-
ovskite. Notably, addition of 5-AVACl stabilized the intermediate
phase and facilitated formation of the a-phase even without
annealing, leading to films with fewer defects and increased
photoluminescence and charge carrier lifetimes. As a result,
device PCE increased from 9.90 � 0.25% for pristine FAPbI3 to
13.16 � 0.89% with 1 mol% 5-AVACl incorporated.

2. Experimental methods
2.1 Materials

Indium tin oxide (ITO)-coated glass slides (Rs B 10 O &�1)
were purchased from Xin Yan Technology. Formamidinium
iodide (FAI, 99.99%) was purchased from GreatCell Solar
Materials. Lead iodide (PbI2, 99.99% trace metals basis),
5-ammoniumvaleric acid chloride (5-AVACl, 98%), and 5-
ammoniumvaleric acid iodide (5-AVAI, 97%) were purchased
from TCI Chemicals. Tin(IV) oxide (SnO2, 15% in H2O colloidal
dispersion), lithium bis(trifluoromethylsulfonyl)imide (LiTFSI,
98%), and anhydrous toluene (99.8%) were purchased from
Alfa Aesar. 4-tert-butylpyridine (tBP, 96%) was purchased from
Shanghai Shaoyuan Co., Ltd. Poly[bis(4-phenyl)(2,4,6-trimethyl-
phenyl)amine] (PTAA, Mw: 40 kDa) was purchased from Solaris
Chem. Anhydrous N,N-dimethylformamide (DMF, 99.8%),
and dimethylsulfoxide (DMSO, 499.5%) were purchased from
Sigma-Aldrich. Anhydrous chlorobenzene (CB, 99.8%, extra dry)
and anhydrous acetonitrile (99.8%, extra dry) were purchased
from Acros Organics. 2-Propanol (certified ACS) and acetone
(certified ACS) were purchased from Fischer Scientific. The
DMF and toluene were dried with freshly activated 4 Å mole-
cular sieves before use. All the other chemicals were used as
received without further purification.

2.2 Preparation of samples for XRD and PL

Microscope glass substrates (100 � 100) were cleaned by first
brushing with a soft-bristle toothbrush and 1 wt% alconox
detergent solution to remove any contaminations. The sub-
strates were then sequentially cleaned by ultrasonication in
1 wt% alconox detergent solution, deionized (DI) water, acetone,
and isopropanol for 10 min each. After each sonication treat-
ment the substrates were rinsed with the solvent they were
previously bathed in. Upon removal from the isopropanol,
substrates were dried with nitrogen. Substrates were then
exposed to oxygen plasma in an OptiGlow ACE plasma cleaner
at 120 W for 5 min to remove residual organics and increase the
wettability of the substrates immediately before film deposition.
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The 1.2 M FAPbI3 perovskite precursor solution was pre-
pared in a N2-filled glovebox (O2 o 1 ppm and H2O o 0.2 ppm)
by dissolving 553.2 mg mL�1 PbI2 and 206.4 mg mL�1 FAI in
4 : 1 anhydrous DMF : DMSO and stirred (1000 rpm) on a
hotplate at 70 1C for 1 h. For the FAPbI3 solutions with
additives, 1–5 mol% (with respect to Pb2+) of 5-AVAI or 5-
AVACl were directly mixed with the pristine precursor solution
and then stirred for another 0.5 h on a hotplate at 70 1C. Next,
the solutions were cooled for 1.5 h to room temperature and
filtered with 0.2 mm polytetrafluoroethylene (PTFE) filters
immediately before film deposition.

In a N2-filled glovebox (O2 o 5 ppm and H2O o 0.2 ppm),
65 mL of FAPbI3 precursor solution was dispensed onto a plasma-
treated substrate at room temperature. The films were deposited
via a two-step spin-coating process, first at a slow spin speed of
1000 rpm (1000 rpm s�1 ramp rate) for 10 s, followed immediately
by a fast spin speed of 6000 rpm (6000 rpm s�1 ramp rate) for
30 s. After 25 s of spinning during the second step, 150 mL of
anhydrous chlorobenzene (i.e., the anti-solvent) was dripped
onto the spinning film in a continuous stream within 1 s. During
the anti-solvent drip, the pipette tip was positioned approxi-
mately 5 mm above the substrate, and at a B451 angle pointed to
the center of the substrate. Subsequently, the as-prepared films
were annealed at 150 1C for 30 min.

2.3 X-ray diffraction measurements

X-ray diffraction (XRD) was performed using a Phillips X’Pert
Pro MPD X-ray diffractometer with Cu-Ka radiation (l = 1.54 Å).
XRD patterns were collected from 5–501 with a step size of
0.0171 and a scan speed of 0.2091 s�1.

2.4 Scanning electron microscopy

The morphology of the perovskite films was characterized by a
Hitachi S-4800 SEM, operating at an accelerating voltage of
10.0 kV and a current of 10 mA, with a working distance of
8–9 mm. Samples were coated with 5 nm of Pt prior to
microscopy to improve conductivity and minimize image dis-
tortion by charging effects.

2.5 Photoluminescence and UV-vis absorption spectroscopy

Steady-state PL spectra were measured at room temperature
using a Horiba Fluorolog-3 Spectrofluorometer equipped with a
450-W Xenon lamp. The perovskite film was placed into the
sample chamber at an angle of 301 to the incident light and
excited with the 450 nm (3 nm bandpass). The emission spectra
were collected from 470 to 890 nm with an increment of 1 nm.

Time-resolved photoluminescence (TRPL) measurements
were performed using the Horiba Fluorolog-3 and a DeltaHub
TCSPC module with a NanoLED pulsed diode laser source at
639 nm (Horiba NanoLED DD-635L, 60 ps pulse duration) and a
repetition rate of 20 MHz.

UV-vis absorption spectra of the sample films were collected
using a Cary 5000 UV-vis-NIR Spectrophotometer in the range
of 400–850 nm with 1 nm intervals. A blank glass substrate was
used as the reference slide for baseline correction.

2.6 Preparation and characterization of solar cells

Patterned ITO-coated glass substrates (2 � 2 cm) were cleaned
as described above, and then exposed to oxygen plasma at
120 W for 1 min right before deposition of SnO2 electron
transport layer. A 15 wt% SnO2 colloidal dispersion was diluted
with DI water to obtain a 4 wt% SnO2 solution. The diluted
solution was stirred (1000 rpm) at room temperature for at least
0.5 h, then filtered using a 0.2 mm PTFE filter before deposition.

In ambient conditions, 65 mL of the 4 wt% SnO2 solution was
dispensed onto a plasma-treated substrate at room temperature
and spin-coated at 4000 rpm (4000 rpm s�1 ramp rate) for 30 s,
resulting in a layer thickness of B30 nm. A cotton swab was
dipped into DI water and used to swab off SnO2 from the edges to
expose the underlying cathode ITO for contacts. Once the SnO2 was
swabbed, the layers were then annealed on a hotplate at 150 1C for
1 h. The substrates/films were subsequently cooled to room tem-
perature before being transferred to a N2-filled glovebox, where the
perovskite layers were deposited. The perovskite layer was deposited
on top of the SnO2 films within 2 h to ensure good wetting using the
spin-coating and annealing procedure discussed above (Section 2.2).

After deposition of the perovskite layer, the PTAA hole transport
layer was also deposited in the glovebox. The PTAA solution was
prepared by mixing 15 mg mL�1 of PTAA in anhydrous toluene,
doped with 10 mL mL�1 of LiTFSI solution (170 mg mL�1 in
anhydrous acetonitrile) and 6 mL mL�1 of tBP, stirred (1000 rpm)
at room temperature for at least 0.5 h. The solution was filtered
with a 0.2 mm PTFE filter and then left to settle for another 0.5 h to
reduce formation of comets and pinholes in the subsequent PTAA
layer. After the perovskite layer completely cooled to room tem-
perature (i.e., after at least 2 h), 65 mL of the PTAA solution was spin-
coated on top of the perovskite layer at 4000 rpm (2000 rpm s�1

ramp rate) for 45 s and then annealed at 75 1C for 5 min, resulting
in a 30 nm thick doped PTAA film. To enhance hole transport, the
substrates were then oxidized overnight in a desiccator with an
environment comprising air at a humidity o10%.

The top contacts (150 nm of Ag) were deposited using
a Temescal FC-2500 e-Beam Evaporator. The devices were
placed into a vacuum deposition chamber with a pressure
of o 5 � 106 torr, and the Ag vapor was deposited at a slow
rate of 0.3 Å s�1 for the first 25 nm and then a faster rate of
1.0 Å s�1 for the remaining 125 nm to ensure high quality films.
This process resulted in a perovskite solar cell with an ITO/
SnO2/FAPbI3/PTAA/Ag architecture.

2.7 Solar cell characterization

Devices were masked to an active area of 0.12 cm2 and J–V
measurements were collected using a Keithley 2400 source
meter with a scan rate of 0.02 s per step (0.01 V) during
simulated solar illumination (AM 1.5G, 100 mW cm�2, OAI
TriSol TSS-100US AAA solar simulator), which was calibrated
against a silicon reference cell.

2.8 Modeling intermolecular interactions

Surface calculations were performed using the Perdew–Burke–
Ernzerhof (PBE) generalized gradient approximation (GGA)
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with Grimme’s DFT-D3 dispersion correction as implemented in
the Vienna Ab initio Simulation Package (VASP).23–28 Valence–
core interactions were treated with the projector augmented
wave (PAW) method, and the energy cutoff for plane waves was
400 eV. All structures were fully relaxed using a conjugate-
gradient algorithm until the force on each constituent atom
was less than 0.01 eV Å�1. The convergence criterion for the self-
consistent loop was set to 10�6 eV. A G-centered 3 � 3 � 1 and
8 � 8 � 8 Monkhorst–Pack k-point mesh was used for all slab
calculations and unit cells, respectively.29 (100) and (111) PbI2-
rich surfaces of FAPbI3 were prepared by cleaving pseudocubic
FAPbI3 and introducing 20 Å of vacuum in the direction normal
to the slab surface. The optimal cleaved surface area for adsorp-
tion was determined by increasing the supercell size until
calculated energies were converged for all halide species. For
all surface geometry optimizations, the bottom layer of unit cells
was fixed, and the number of mobile layers was varied to ensure
the convergence of relative adsorption energies. Dipole correc-
tions were applied in the direction normal to the slab surface.

When DFT calculations were performed on isolated mole-
cules for subsequent adsorption calculations with VASP,
geometrically optimized energies were produced by placing
each adsorbate in the center of a cubic simulation cell of side
length 30 Å. A G-only k-point mesh was used for Brillouin zone
integration, and dipole corrections were applied in all Carte-
sian directions. All atomistic visualization was performed with
the visualization for electronic and structural analysis (VESTA)
software package.30

The unit cell of pseudocubic FAPbI3 perovskite was obtained
from the materials project (mp-977014) and subsequently
relaxed without constraints to prevent the introduction of
stresses due to differences in functional and energy cutoff
choice. Surfaces were prepared by cleaving a 2 � 2 � 3 supercell
of pseudocubic FAPbI3 perovskite along the [100] and [111]
lattice directions and introducing 25 Å of vacuum to prevent
self-interactions along the direction normal to the surfaces.

The adsorption energy of each ammonium salt additive on
FAPbI3 was calculated from the following:

Eads = Eslab+additive � (Eslab + Eadditive) (1)

where Eads is the adsorption energy, Eslab+additive is the energy of
the optimized slab of FAPbI3 with an adsorbed additive, Eslab is
the energy of the optimized pristine surface, and Eadditive is the
energy of an optimized isolated additive.

Similarly, we computed the change in surface formation
energy induced by chloride substitution by the following:

DEf = Eslab,Cl � Eslab,pristine + mI � mCl (2)

where DEf is the change is formation energy, Eslab,Cl is the energy
of an optimized surface with a substituted Cl� counterion, and
Eslab,pristine is the energy of the pristine surface, mI and mCl

represent the chemical potential of iodine and chloride under
halide-rich conditions. For these values, we used the crystalline
structures of the orthorhombic halides as thermodynamic refer-
ences. The relative probability of surface Cl� incorporation was
computed from the following Boltzmann distribution at a

temperature of 300 K:

P 111ð Þ
P 100ð Þ

¼ 1

1þ exp
DEf ; 111ð Þ � DEf ; 100ð Þ

kBT

� �
(3)

where P(111) and P(100) are the population of Cl– incorporated into
the (111) and (100) surfaces, kb is the Boltzmann constant, and T
is the temperature.

3. Results and discussion

In previous work, we demonstrated that inclusion of 5-AVAI and
5-AVACl enhanced the optoelectronic properties and stability of
MAPbI3.31 In that study, we observed that 5-AVACl outperformed
5-AVAI as an additive when incorporated into MAPbI3, which
we attributed to the reduced non-radiative recombination in
the perovskite that frequently occurs with Cl-containing
additives.20,31–33 We anticipated similar beneficial effects with
5-AVACl when added to FAPbI3 given its similar chemical compo-
sition and crystal structure to MAPbI3. In FAPbI3, the photoactive
black phase (i.e., the a-phase) is thermodynamically unstable and
is commonly stabilized by the addition of the ammonium-based
additive MACl; however, the MA+ cation from this additive incor-
porates into the crystal lattice, causing distortion that results in an
increased band gap that is deleterious to performance.16–20 We
anticipated that the relatively larger size of the 5-AVA+ cation
(745 pm) compared to MA+ (217 pm) and FA+ (253 pm) would
inhibit its incorporation into the FAPbI3 lattice, thus minimizing
the band gap change (Fig. 1). In this work, we added 5-AVACl or
5-AVAI at concentrations ranging from 1 to 5 mol% into FAPbI3

precursor solutions to study the effect of low concentrations of
these bulky cations on the crystallization, phase stability, optoelec-
tronic properties, and device performance of FAPbI3.

3.1 Additive influence on FAPbI3 crystallinity and growth

We performed X-ray diffraction (XRD) measurements to inves-
tigate the influence of 5-AVACl and 5-AVAI on the FAPbI3 crystal
structure (Fig. 2a). In pristine FAPbI3, we observed three
prominent 2y peaks at 13.9, 28.0, and 31.41, corresponding to
the (100), (200), and (210) lattice planes typical of the photo-
active a-phase.19 A diffraction peak was also observed at 11.751
which we assigned to the hexagonal non-perovskite d-phase,34

and an additional small peak at 11.41 which we attributed to
the monohydrate FAPbI3 phase.35 No peaks associated with
PbI2 were observed. With the inclusion of the additives at a
concentration of 1 mol%, the peak at 11.751 disappeared,
indicating that both additives effectively suppressed d-phase
formation. Furthermore, we did not observe any peak shifts
from lattice expansion or contraction, indicating no 5-AVA+ or
Cl� substitution into the FAPbI3 unit cell. We also observed a
decrease in the full width at half maximum (FWHM) of the
(100) peak from 0.248 � 0.0071 for pristine FAPbI3 to 0.241 �
0.0021 with 5-AVAI added and 0.235 � 0.0051 with 5-AVACl
added, indicating that the additives enhanced crystallinity.20

The improved crystallinity was possibly due to the structure-
directing role of 5-AVA+, which has been shown to modulate the
symmetry of a-FAPbI3 from cubooctahedral to more cubic by

Paper Energy Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
D

ec
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 0

1/
02

/2
02

6 
03

:2
0:

04
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ya00527a


266 |  Energy Adv., 2025, 4, 262–272 © 2025 The Author(s). Published by the Royal Society of Chemistry

forming strong intermolecular hydrogen bonds with the per-
ovskite lattice.21

In FAPbI3, performance and stability have also been corre-
lated with different crystal facets. Recently, Park and co-workers
reported that the (100) facet contributed to enhanced optoelec-
tronic properties, while the (111) facet was more stable against
moisture.22 This improved stability of the (111) facets was attrib-
uted to the lower adhesion energy of H2O when compared to the
(100) facets, indicating that water would preferentially interact
and degrade the (100) facets.22 We calculated the intensity ratios
of the (111) and (100) XRD peaks to evaluate how the additives
affected facet orientation (Fig. 2b and Table S1, ESI†). The (111)/
(100) ratio in pristine films was 0.124 � 0.005, which increased to
0.144 � 0.021 with 1 mol% 5-AVAI and to 0.147 � 0.010 with
1 mol% 5-AVACl, indicating that films with additives might
exhibit enhanced stability to moisture.

We tested the relative stability of FAPbI3 thin films to
moisture by exposing them to damp air (25 1C, 85% RH) for
4 hours, performing XRD measurements afterwards to deter-
mine the how the crystalline structure evolved (Fig. S1, ESI†).

After aging, degradation of the pristine FAPbI3 films was
apparent with the emergence of strong d-phase peaks, while
in the films with 5-AVACl and 5-AVAI we observed greater reten-
tion of the a-phase with minimal transition to the d-phase. We
evaluated the degradation of the a-phase by integrating the area of
the (100) peak before and after aging; we observed that 72.6% of
the a-phase was retained for pristine FAPbI3, while 86.7% and
91.7% of the a-phase was retained with 5-AVAI and 5-AVACl,
respectively (Table S2, ESI†).

The influence of additive concentrations on the crystallinity
of FAPbI3 was also studied using XRD (Fig. 3). All films with 1
to 5 mol% additives exhibited identical peak locations of the
a-phase as observed in the pristine films. As the additive
concentration was increased, the (100) peak intensity increased
and the FWHM narrowed, indicating improved crystallinity
and potentially larger and more uniform grain size.20 Once
the concentration was increased to 5 mol% additives, a new
diffraction peak emerged at 7.91, possibly due to the emergence
of 2D perovskite.36,37 Interestingly, as the concentration of the
additives increased, the 5-AVAI and 5-AVACl influenced the
crystallographic orientation in different ways (Fig. 3 and
Table S1, ESI†). Above concentrations of 1 mol%, both additives
facilitated the growth of (100) planes, resulting in more intense
(100) peaks than observed in pristine FAPbI3. However, the
additives had drastically different influences on the growth of
(111) planes reported to enhance moisture stability.22 With
increasing concentration of 5-AVAI, the films exhibited a stronger
enhancement in the (100) peak intensity than (111) peak intensity,
leading to decreasing (111)/(100) ratios (Fig. 3a and c). Conversely,
increasing the concentration of 5-AVACl resulted in films with a
more pronounced increase in the (111) peak intensity and higher
(111)/(100) ratios (Fig. 3b and d). The driving force for the different
orientations when adding 5-AVAI and 5-AVACl was possibly due to
the additives interacting preferentially with the (100) surface and
consequently inhibiting FA+ insertion and growth of these
planes.38,39 The relatively higher (111)/(100) ratio with 5-AVACl
might be a further synergistic effect due to the Cl� counterion
resulting in slow, controlled growth.38,40 Scanning electron micro-
graphs also showed that the inclusion of both 5-AVAI and 5-AVACl

Fig. 1 (a) Molecular structures of the additives used in this work, 5-AVAI
and 5-AVACl. (b) Illustration of a FAPbI3 lattice (with cations removed)
showing that the large 5-AVA+ cation can fit in the A-sites at the surface,
but not within the crystal bulk. Because the 5-AVA+ cation remains at the
surface rather than in the crystal bulk, it does not distort the lattice and
cause a deleterious band gap increase.

Fig. 2 (a) XRD patterns of the pristine FAPbI3 film and the films prepared with 1 mol% 5-AVAI or 5-AVACl. (b) (111)/(100) intensity ratios and FWHM of the
(100) peak in FAPbI3 films with and without additives.
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yielded smoother-appearing surfaces with larger grain sizes, with
increasing additive concentration resulting in enhancement of
these effects (Fig. S2, ESI†).

To better understand how the additives influenced (111) and
(100) growth, we created atomistic models of the (111) PbI3FA-
rich and (100) PbI2-rich facets of FAPbI3 and explored the
surface interactions with 5-AVAI and 5-AVACl using DFT
(Fig. S3, ESI†). Our results indicated that 5-AVAI and 5-AVACl
coordinated the (111) facet similarly through –NH3

+� � �I� and
X�� � �Pb2+ interactions with 5-AVAI being B88 meV more
exergonic. However, the adsorption of 5-AVAI to the (100) facet
was nearly 450 meV more exergonic than 5-AVACl, a result that
we attributed to the large ionic radius of I�. Critically, the
adsorption of both ammonium salts coordinated the (100) facet
far more strongly than the (111) facet, potentially inhibiting the
growth of this facet during crystallization and resulting in the
observed increase of the (111)/(100) XRD peak intensity ratio
relative to pristine films at low additive concentrations. This
result agreed with recent work by Liu et al., who found that
adding the ammonium salt butylammonium iodide (BAI) to

FAPbI3 films resulted in the preferential growth of (111) facets by
preventing FA+ cations from interacting with the (100) facet.38

The strong coordination of the (100) facet was also consistent
with previous work by Jin and coworkers, who found that the
thermal stability of a-FAPbI3 could be enhanced by reducing the
surface energy through functionalization with long chain ammo-
nium cations due to strong –NH3

+� � �I� hydrogen bonding
interactions.41 Later work by Yang et al. utilized this mechanism
to stabilize a-FAPbI3 with a Ruddlesden–Popper (RP) 2D capping
layer comprising phenylethylammonium spacer cations along
grain boundaries of 3D FACsPbI3.42 As both 5-AVAI and 5-AVACl
demonstrated preferential –NH3

+� � �I� interactions on both the
(100) and (111) facets, our observed suppression of d-phase
formation in annealed films could be partially attributed to a
reduction in a-FAPbI3 surface energy caused by the adsorption of
5-AVAI and 5-AVACl. Despite the thermodynamic favorability of
(111) facet growth with the addition of either 5-AVAI or 5-AVACl,
we note that the (111)/(100) ratio decreased as the concentration
of 5-AVAI increased—a surprising observation that warrants
further study in the future.

Fig. 3 XRD patterns of the FAPbI3 films with 1–5 mol% of (a) 5-AVAI and (b) 5-AVACl, and their corresponding (c) and (d) intensity ratios and FWHM.
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We also investigated the possible incorporation of Cl� into
FAPbI3 at the surfaces and found that chloride substitution into
a I� lattice site was energetically favorable for both the (111)
and (100) facet, a result that we attribute to the increased
Cl�� � �Pb2+ bond strength compared to the I�� � �Pb2+ bond
(Fig. S4, ESI†).18 Interestingly, the energy released by Cl�

incorporation into the (111) facet was B116 meV higher than
the energy released on the (100) facet. Using Boltzmann statistics,
we found that this energetic difference corresponded to a B98.9%
probability of the (111) Cl� substitution at room temperature,
which indicated that the incorporation of Cl� could further
increase the (111)/(100) ratio in FAPbI3 films incorporating
5-AVACl, which was in agreement with our XRD results in Fig. 3d.

Given the strong interactions of these additives with Pb2+,
we anticipated that evidence of these interactions could be
observed during the early stages of film growth. We used XRD
to examine the as-cast—i.e., prior to annealing—films of FAPbI3

with and without 5-AVAI/5-AVACl to assess how these additives
might influence film formation.43 The as-cast pristine film
showed a strong peak associated with d-phase at 11.81 and a
tiny peak associated with a-phase at 13.911 (Fig. 4a), as well as
some unknown peaks which we attributed to the intermediate
phase according to literature.44 The XRD patterns of films with
1 mol% additives looked similar (Fig. S5, ESI†), so to amplify
the signal and determine the effect of the additive interactions
with the perovskite precursors, we increased the additive
concentration to 5 mol%. A decrease in the intensity of the
d-phase peak was observed in films with 5-AVAI, while a large
increase in the intensity of the a-phase peak was observed in
films with 5-AVACl (Fig. 4a). Notably, the d-phase peaks in all
film types exhibited an identical position (11.81), while the
a-phase peak varied depending on composition (Fig. 4b). In the
pristine films, the a-phase was located at 13.911, while inclu-
sion of 5-AVAI resulted in a slight downshift to 13.891 (Fig. 4b),
possibly due to the lattice expansion induced by the large
5-AVA+ cation. Conversely, adding 5-AVACl resulted in a peak
upshift to 13.941, associated with lattice contraction (Fig. 4b),
which suggested that the Cl� incorporated into the a-phase
prior to annealing—possibly playing a role in the formation

and stabilization of the a-phase in the early stages of
crystallization.18 We note that we did not observe this a-phase
peak shift in the annealed films, suggesting that the Cl�

volatilized during annealing, aligning with the previous report
that Cl� was only detected during the initial few minutes of
annealing.20 The volatilization of Cl� from the perovskite is
also consistent with our previous work with MAPbI3 which
showed the decomposition of 5-AVACl into 5-AVA and HCl to
be energetically favorable, hinting at a possible mechanism for
the loss of Cl� during annealing.31 Critically, the use of a Cl�

counterion suggested an alternative a-phase stabilization
mechanism than the hydrogen bonding explanation put forth
by Jin and coworkers.41 Given these observations, we believe
that the stabilization of the a-phase in the early stages of film
formation can be attributed to two consequences of the sub-
stitution of I� with the smaller Cl�: (1) released lattice strain
within a-FAPbI3; and (2) induced p orbital localization of I�

which enhanced the interaction of FA+ with I�.18,45

3.2 Additive influence on FAPbI3 thin film optical properties

We also performed photoluminescence (PL) measurements to
compare the extent of passivation of FAPbI3 surface defects by
5-AVAI and 5-AVACl. As shown in Fig. 5a, the PL intensity for the
films with 1 mol% of 5-AVAI and 5-AVACl were B20 and 90-fold
higher than pristine FAPbI3, implying that 5-AVAI and 5-AVACl
both effectively passivated the defects in FAPbI3 perovskite. To
verify that the enhanced PL intensity was not due to variations in
film thickness, we used stylus profilometry to measure the film
thickness; the pristine FAPbI3 film was 611.63 � 24.91 nm thick
while the films with 1 mol% 5-AVAI and 5-AVACl were 590.82 �
12.22 nm and 603.20 � 23.29 nm thick, respectively, similar in
thickness. The small red shift observed in the films with 5-AVAI
could be attributed to the increased crystallinity and larger grain
size, consistent with a previous report by Grätzel and coworkers.21

Time-resolved photoluminescence (TRPL) was also measured to
determine the photoluminescence lifetime of the films. The short
lifetime, t1, and long lifetime, t2, parameters are related to trap-
assisted recombination and radiative recombination, respectively.
Based on the A1 and A2 values extracted from the TRPL

Fig. 4 (a) Full XRD patterns and (b) zoomed-in view of the as-cast FAPbI3 films without additives and with 5 mol% 5-AVAI or 5-AVACl.
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measurements, films with 1 mol% 5-AVAI and 5-AVACl signifi-
cantly decreased the non-radiative recombination from 45.11%
for pristine FAPbI3 to 9.23% and 3.80%, respectively. Moreover, t2

increased from 108.53 ns for pristine FAPbI3 films to 279.05 ns
with 5-AVAI added and 347.54 ns with 5-AVACl added (Fig. 5b and
Table S3, ESI†).

We additionally performed UV-vis absorption spectroscopy to
characterize any changes in the optical band gap caused by the
introduction of 5-AVAI or 5-AVACl. A shift in optical band gap
would suggest that the inclusion of these additives distorted the
lattice and would likely limit device efficiency. The absorbance
spectra showed similar band-edge absorption near B830 nm in
all samples (Fig. 5c), indicating that there was no band gap shift;
however, the absorbance from 450 to 850 nm was slightly
decreased with the inclusion of 5-AVAI and 5-AVACl, which
could limit current density. The optical band gaps were derived
using Tauc plots, and all samples were found to have a band gap
of 1.511 eV (Fig. 5d). The absence of a band gap shift was
consistent with the XRD results, indicating that the additives
did not negatively affect the FAPbI3 crystal structure.

3.3 Additive improvement of FAPbI3 photovoltaic device
performance and stability

We fabricated FAPbI3 solar cells with an n–i–p architecture of ITO/
SnO2/FAPbI3/PTAA/Ag with 5-AVAI and 5-AVACl to evaluate their
effects on photovoltaic performance. The optimal concentration
was 1 mol% for both additives, with efficiencies decreasing at

higher concentrations, which we attributed to the insulating
nature of the additives and possible formation of 2D/3D hetero-
junctions impeding charge transport (Fig. S6 and S7, ESI†). An
interesting observation was that the addition of these additives
resulted in an inverted hysteresis, suggesting that the additives

Fig. 5 Optical properties of FAPbI3 films with and without additives. (a) Steady-state PL and (b) time-resolved PL of pristine FAPbI3 and FAPbI3 with
1 mol% 5-AVAI or 5-AVACl. Inset in (a) shows the zoomed-in view of pristine FAPbI3. (c) Absorption spectra and (d) Tauc plots of pristine FAPbI3 and
FAPbI3 with 1 mol% 5-AVAI or 5-AVACl.

Fig. 6 Forward scan J–V curves for the champion devices or pristine
FAPbI3, and FAPbI3 with 1 mol% 5-AVAI or 5-AVACl added. Inset shows the
device structure.
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introduced a chemical inductor effect, possibly by influencing
surface recombination and ion migration within the perovskite
layer.46–48 The forward scanned current density–voltage (J–V)
curves of champion devices are shown in Fig. 6. The pristine
FAPbI3 device had poor performance with an average PCE of
9.75 � 0.61%, an open-circuit voltage (Voc) of 0.95 � 0.03 V, a
short-circuit current density (Jsc) of 18.93 � 0.40 mA cm�2, and a
fill factor (FF) of just 53.69 � 2.77%. Both additives increased
the Voc by B0.1 eV, leading to significantly improved PCEs;
1 mol% 5-AVAI increased the average PCE to 13.17 � 0.39%,
while 1 mol% 5-AVACl further enhanced the PCE to 13.50 �
0.81%. The champion 5-AVACl device yielded a PCE of
14.45%—around 39% higher than the champion pristine device
(10.41%)—which was attributed to significantly increased Voc

(1.06 V), Jsc (21.29 mA cm�2), and FF (63.96%). The detailed
parameters were summarized in Table 1.

As well as improving device efficiency, we also observed
evidence of improved device stability. We compared the photo-
voltaic performance of representative devices directly after
fabrication and after 7 days of aging in ambient conditions
(15–20% relative humidity) at room temperature. As shown in
Fig. S8 (ESI†), both additives significantly enhanced the stabi-
lity of FAPbI3 devices. The pristine FAPbI3 device exhibited a
noticeable 17.76% reduction in PCE after 7 days. In contrast,
devices with 1 mol% 5-AVAI and 5-AVACl retained B98% of
their initial PCEs.

4. Conclusion

Previous work has shown that the addition of 5-AVAI into
FAPbI3 can stabilize the a-phase due to the bulkiness of
the 5-AVA+ cation—which inhibits lattice substitution and
distortion, maintaining the low band gap of FAPbI3—and its
ability to hydrogen bond with the perovskite lattice.21 However,
we observed that the benefits of adding a closely related
additive, 5-AVACl, were even greater due to the synergistic
effects of the 5-AVA+ cation and the Cl� counterion. We
observed that including 5-AVACl resulted uniquely in the
formation of the a-phase prior to annealing, which we specu-
lated could be due to interactions between the Cl� counterion
and the perovskite precursors. Furthermore, at a concentration
of 1 mol%, both additives eliminated the formation of the
d-phase and increased the extent of the formation of moisture
stable (111) facets; interestingly, as the concentration of the
additives increased, the (111)/(100) peak intensity ratio
increased for films with 5-AVACl, but decreased for films with
5-AVAI. This diverging phenomenon may be related to the
thermodynamics of Cl� integration into FAPbI3, where our

DFT calculations predicted a greater energy release for the
incorporation of Cl� with the (111) facet than the (100) facet.
At higher additive concentrations, 5-AVACl would continue to
promote (111) growth. We also observed that the inclusion of 5-
AVACl resulted in a 90-fold increase in photoluminescence and
a nearly 3.5-fold increase in the charge carrier lifetime over
pristine FAPbI3, which resulted in a 39% increase in photo-
voltaic champion device PCE from 10.41% for pristine FAPbI3

to 14.45% for FAPbI3 with 1 mol% 5-AVACl.
Stabilizing and passivating a-FAPbI3 without the tradeoff of

an increased band gap is a challenge of great importance for
the viability of FAPbI3-based photovoltaic devices. Drawing
inspiration from Alanazi et al. and our own previous work, we
were the first to include 5-AVACl into FAPbI3, showing its
promising potential.8,21 Although further optimization of
devices comprising FAPbI3 with 5-AVACl is required, this work
highlighted the importance of the species of the halide counter-
ion in the crystallization dynamics, performance, and stability
of FAPbI3-based solar cells.
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