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Problems With Solutions: Manipulating Alkylammonium Additive 
Reactivity for Durable High-Quality Perovskite Films 
Jack R. Palmera, Soichiro Iwamotob, Clark Hanb, Connor J. Dolanb, Hendrik M. Vosslera, Sean P. 
Dunfieldb*, David P. Fenninga,b*

Methylammonium chloride (MACl) is used as a volatile additive in many high-efficiency formamidinium lead iodide (FAPbI3) 
perovskite solar cells. However, MA is known to irreversibly react with FA to form n-methyl formamidinium (nMFA), which 
is detrimental to absorber quality. In this work, we explore a series of alternative alkylammonium chlorides (RACls) in an 
antisolvent-free deposition. We analyze their reactivity toward FA in precursor inks and their effect on perovskite thin film 
crystallinity, photoluminescence quantum yield (PLQY), and durability under light and heat. We find that the length and 
branching of the alkyl chain has a significant effect on reaction rate with FA, with isopropylammonium (iPA) showing a 10 
times slower reaction rate than MA. For films cast with the RACl additives, diffraction intensity of the (001) perovskite peak 
is maximized with ethylammonium (EA) and iPA, then decreases with further increases in alkyl chain length. Full width at 
half maximum of the (001) perovskite diffraction peak is smaller for all additives relative to the MACl control, with iPA 
maintaining a low FWHM after a week of precursor solution aging. Importantly, films cast from solutions aged for one week 
containing the alternative RACl additives all formed black perovskite α-phase, while the MACl controls did not, highlighting 
the negative impact of nMFA. PLQY of films made with alternative additives both before and after solution aging is 
comparable to pristine MACl.  Durability tests of unencapsulated films in inert atmosphere under white light and 85˚C 
heating revealed increased stability of the black perovskite α-phase by replacing MA, with iPA and nBA offering the best 
phase stability. The results presented herein demonstrate promising alternative volatile additives to replace MACl in FAPbI3-
based perovskite solar cells.

1 Introduction
Perovskite solar cells (PSCs) have achieved high efficiencies 
relative to their detailed balance limits in recent years, reaching 
>80% of the theoretical limit.(1) Many record-setting devices 
have converged toward an absorber layer composed of mainly 
formamidinium lead triiodide (FAPbI3) with methylammonium 
chloride (MACl) as an additive in solution.(2,3) MACl serves 
several functions as an additive, including increasing apparent 
crystalline domain size, forming a crystalline intermediate, and 
leaving residual MA in the lattice to relax the tolerance factor, 
“stabilizing” the initial cubic perovskite crystal structure.(2)  
Chemically, MACl is the hydrochloride salt of methylamine, a 
primary amine. Because MA is a weak acid, there exists an 
equilibrium in solution between MA and the free amine, 
methylamine (MA0), which is described by the pKa of MA in that 
solution. Methylamine is an important synthetic building block, 
owing mainly to its high nucleophilicity enabling facile 
molecular functionalization.(4) Although MA is commonly used 

as an A-site in perovskite solar cells (PSCs), there is evidence 
that its relatively low pKa and the high nucleophilicity of 
methylamine make it an unsuitable candidate for commercial 
photovoltaics.(5)

Solution chemistry, including chemical reactions in inks, is 
known to strongly influence the final perovskite film.(6,7) Of 
particular importance is the reaction between MA and FA: MA0 
+ FA+  nMFA+ + NH3, which has been  shown to occur in the 
liquid phase(8), during annealing,(9) and to a limited extent, in 
the solid state film.(10) This reaction irreversibly produces n-
methyl formamidinium (nMFA), which severely damages 
optoelectronic quality and even completely inhibits black 
perovskite phase formation at relatively low 
concentrations.(11) This reaction also produces ammonia, 
which can either leave the film or solubilize the perovskite, 
leaving voids in the film.(12) There are two major steps required 
for this reaction to go forward: 1) deprotonation of the MA 
cation to form methylamine: MA+ MA0 + H+ and 2) 
nucleophilic attack by methylamine on FA: MA0 + FA+  nMFA+ 
+ NH3. By recognizing these distinct reaction steps, alternative 
additives to MA may be rationally designed to minimize the 
formation of deleterious side products.

To target the first step in the reaction, deprotonation, 
various high-pKa additives, such as guanidinium (Gua+), have 
been reported in the literature.(13–15) For example, De Marco 
et al. reported the use of Gua+ as an additive in perovskite solar 
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cells and observed enhanced carrier lifetimes and device 
performance.(15) Recent works have successfully employed 
Gua+ as a surface treatment. For example, Chen et al.(13) 
demonstrated increased device durability and performance 
upon treatment with Gua. The spontaneous reaction of a free 
amine with an FA cation also generalizes to other common 
chemicals used in perovskite processing. For example, Jiang et 
al.(16) use the reaction of a free amine (3-
(aminomethyl)pyridine) with FA to their advantage in a post-
treatment of a FAPbI3 perovskite layer to simultaneously 
achieve n-type doping and passivation of the film surface, 
leading to enhanced stability and efficiency of a p-i-n device. In 
another work, Wang et al.(12) report that phenethylammonium 
(PEA+), a common 2D forming additive, contributed significantly 
to device degradation under light and heat due to the relatively 
low pKa of its ammonium group, causing deprotonation and 
subsequent reaction with FA to form 
(phenethylamino)methaniminium (PEAMA+). The authors avoid 
this degradation pathway by using the high pKa reaction 
product (PEAMA+) itself as a surface treatment to suppress 
deprotonation, resulting in much improved device stability.

A key consideration in the subsequent, nucleophilic attack 
step is the steric bulk of the amine. Methylamine is a relatively 
small molecule with low steric hinderance, resulting in a facile 
reaction with FA. Various alkylammonium chlorides larger than 
MACl have been reported in the literature. Ethylammonium, at 
just one methylene group larger than MA, has been 
demonstrated as an additive(17–22) and as an A-site cation in 
the perovskite lattice.(23,24) N-propylammonium, iso-
propylammonium, and n-butylammonium have also been 
reported as additives(3,25) and as surface treatments,(26) 
enabling promising performance owing to surface passivation 
and some 2D phase formation. However, the recent work by 
Wang et al.(12) critically highlights the importance of additive 
reactivity, and generally shows that alkylammonium reactivity 
toward FA is detrimental to device operational stability. While 
alkylammoniums larger than MA have been effective in 
promoting the performance of PSCs, neither their reaction rates 
toward FA nor the influence of their reaction products on film 
properties have been reported.

In this work, we study a series of alkylammonium chlorides 
(ammonium, ethylammonium, n-propylammonium, 
isopropylammonium, and butylammonium: NH4, EA, nPA, iPA, 
and nBA respectively) and evaluate their: 1) reaction rate with 
FA in inks, 2) ability to form quality perovskite films, and 3) 
perovskite phase durability under light and heat as compared 
with an MACl additive control. By choosing this series of 
increasing alkyl chain length, we sought to isolate the effect of 
additive size on reactivity, film optoelectronic quality, and 
durability. It is observed that the reaction products of all 
additives harm film quality less than nMFA, implying that MA is 
a uniquely detrimental option among the studied set of 
alkylammonium chloride additives. We find that iPACl displays 
the best combination of lowered reaction rate (factor of 10), 
high crystallinity, and high durability under light and heat. We 
attribute the effectiveness of iPACl to its steric bulk, which 
lowers its nucleophilicity and decreases reaction rate with FA.

2 Experimental
2.1 Materials

The following chemicals were used as received without further 
modification: isopropanol (HPLC grade), acetone (HPLC grade), 
Hellmanex III, 2-methoxyethanol (99.8%, anhydrous), 1-methyl-
2-pyrrolidone (99.5%, anhydrous), ammonium chloride 
(99.998% trace metals basis), (3-aminopropyl)triethoxysilane 
(99%), and ethanol (200 proof, anhydrous) were purchased 
from Sigma Aldrich. PbI2 (99.99% trace metals basis), 
isopropylammonium chloride (98.0+%), n-propylammonium 
chloride (98+%), n-butylammonium chloride (98+%), and MeO-
2PACz (98+%) were purchased from TCI America. 
Formamidinium iodide, ethylammonium chloride, and 
methylammonium chloride were purchased from Greatcell. 
Methyl sulfoxide-d6 (99.9% atom D, for NMR) was purchased 
from Fisher Scientific. Microscope slides were purchased from 
VWR (#48300-026) and cleaved into 3 even pieces to make 1 
inch square substrates.

2.2 Solution and Film Preparation

All substrates were treated with the following procedure 
before deposition: 15 minute sonication each in 2% Hellmanex-
III/DI H2O, DI H2O, acetone, and IPA followed by a 20 minute UV-
Ozone treatment. To prepare the perovskite precursor solution, 
PbI2 (1.33 mmol), FAI (1.33 mmol) were dissolved in 1mL of 2-
methoxyethanol (2-ME) and vortexed for 1 hour. To a vial 
containing the RACl salt at the desired concentration, 1mL of 
FAPbI3 solution was added and vortexed for <5 min until 
completely dissolved. Finally, 7.5% by volume of NMP (75 μL) 
was added and gently vortexed for 1 min. The solution was used 
within one hour to minimize unwanted reaction products unless 
otherwise indicated. To age the solutions, the vials were capped 
tightly, sealed with parafilm, and kept in an N2 glovebox until 
further use.

All glass substrates were spincoated with 100μL of 0.6 
mg/mL MeO-2PACz in EtOH at 3000 rpm for 30 s, then annealed 
at 100C inside a N2 glovebox. Glass substrates were coated 
with MeO-2PACz to mildly passivate the float glass surface, 
enabling more repeatable photoluminescence results. Once the 
substrates were cooled, 100μL of perovskite precursor solution 
was deposited onto the substrate and spin coated for 30 
seconds at 8000 rpm with a ramp rate of 2000 rpm/s, then 
annealed at 150°C for 10 minutes. Samples used for 
photoluminescence were treated with (3-
aminopropyl)triethoxysilane (APTES) following the procedure of 
Jariwala et al.(27)

2.3 Proton Nuclear Magnetic Resonance

Inside of a N2-filled glovebox (<1ppm O2, H2O), 0.5M of 
FAPbI3 and 0.075M RACl were dissolved in deuterated DMSO 
(DMSO-d6, Sigma Aldrich, 99.9%) and vortexed for several 
hours to fully dissolve. The samples were transferred into glass 
NMR tubes (NORELL) using clean single use glass pipettes. Pure 
DMSO-d6 was measured as a control for all NMR 
measurements. All NMR tubes were filled to a solution height 
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of 4 cm and sealed with a cap and tightly parafilmed before 
removal from the glovebox. 1H-NMR measurements were 
carried out using a Jeol ECZ 400MHz NMR Spectrometer at 
room temperature. 64 scans were measured and averaged for 
each sample with an acquisition time of 2 seconds and a 
relaxation time of 4 seconds, employing force tune. The pure 
DMSO-d6 was analyzed first to ensure the absence of 
contaminants in the solvent. The NMR data was processed using 
MestReNova software. The central peak of DMSO was 
calibrated to 2.5 ppm.

2.4 Material Characterization

X-ray diffraction measurements were carried out using an 
Anton Paar XRDynamic 500 in Bragg-Brentano beam geometry, 
and coupled scans were taken from 3-45 2θ. Cu-Kα radiation 
was used with a tube voltage of 40kV at 50mA of current. Scans 
were collected in continuous mode with a step size of 0.005˚ for 
a total scan time of 11.5 minutes. Scanning electron 
micrographs were collected in secondary electron imaging 
mode using in-lens detection on an FEI Apreo SEM, with beam 
energy and current fixed at 2kV and 50pA respectively. Samples 
were imaged on glass substrates with no further preparation. 
No significant charging was observed. Attenuated total 
reflectance Fourier transform infrared spectroscopy (ATR-FTIR) 
was collected using a Perkin Elmer Spectrum Two with a 
diamond window. Prior to measuring samples, the diamond 
window was wiped with isopropanol and a background scan 
was collected. FTIR data was collected at a resolution of 0.5 cm-

1 averaged over 32 scans. Camera images of films were 
corrected for brightness and contrast using an internal standard 
image.

2.5 Degradation under Illumination and Heating

Degradation experiments were carried out using a custom 
setup consisting of a sealed aluminum box held at ~2psi N2 
overpressure to keep the samples under inert atmosphere. 
Through a quartz window on the box, samples were illuminated 
with ~0.6 suns equivalent photon flux (Viparspectra XS4000, 
spectrum in Figure S25) and held at 85C using a custom-built 
aluminum hotplate under PID control. Data was collected in the 
form of RGB images using a silicon CMOS camera (GoPro). The 
intensity of the red pixel channel across each sample area was 
averaged and plotted against time to quantify degradation, as 
the primary signal was the transition of black photoactive 
perovskite phase to inactive yellow phase.

2.6 Photoluminescence Quantum Yield and Implied Current-
Voltage Curves

Implied current-voltage (iJV) curves of passivated perovskite 
films were calculated from injection-dependent 
photoluminescence quantum yield (PLQY) measurements as 
previously reported.(28) PLQY measurements were performed 
on each sample using a home-built setup consisting of an 
integrating sphere (Newport, Model 819C-SF-4) and using the 
three-measurement approach.(29) Samples were excited with 

a continuous wave diode pumped solid state 532nm laser 
controlled by a laser diode controller (SRS, Model LD502). One 
port of the integrating sphere was fitted with a switchable-gain 
Si photodetector (Thorlabs, PDA100A2) with an automated 
filter slider (Thorlabs, ELLK6) loaded with a 600nm longpass 
filter (Thorlabs, FELH600, O.D. 6). The laser was modulated at 
993Hz and photodetector signal was read using a lock-in 
amplifier (SRS, SR830). To determine the implied voltage (iV) 
values across the range of illumination conditions, the following 
formula was used:

𝑖𝑉 = 𝑉𝑙𝑖𝑚(𝐽𝑖𝑙𝑙) + 𝑘𝐵𝑇
𝑞 𝑙𝑛(𝑃𝐿𝑄𝑌) 

where kB is the Boltzmann constant, T is the absolute 
temperature of the sample (fixed at 300K), q is the elementary 
charge, and Vlim(Jill) is the radiative voltage limit as a function of 
photocurrent. Implied voltage is directly proportional to the 
quasi-Fermi level splitting (QFLS), a parameter limited by non-
radiative recombination, which is quantified through PLQY. The 
implied current density values were scaled down to 90% to 
represent 10% loss of photocurrent due to optical losses.

3 Results and Discussion
3.1 Solution Reactivity

First, we sought to understand the reaction rates of 
formamidinium (FA) with NH4Cl, MACl, EACl, iPACl, nPACl, and 

Figure 1: (a) General reaction scheme for RACl with FA+. (b) Quantified NMR of the 
reaction product over 5 days.
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nBACl in solution. Molecular structures of all additive cations 
are shown in Figure S1. To study reaction rate, 1H NMR spectra 
of solutions containing FAPbI3 and the RACl in DMSO-d6 were 
collected daily over a period of 5 days. Distinct products evolved 
via the generalized reaction scheme in Figure 1a were identified 
for each RACl and quantified (details in Supplementary Note 1). 
We note that NH4Cl was included as a control condition for RACl 
reactivity, since the product of the reaction between NH4

+ and 
FA+ simply reforms NH4

+. Reaction product concentrations are 
shown as a function of time in Figure 1b, with the slope of linear 
fits representing the reaction rate. Most notably, the reaction 
rate of iPA (0.89 µM*hr-1) is lower than MA (9.87 µM*hr-1) by a 
factor of ~10, while its structural isomer nPA (14.0 µM*hr-1) has 
a reaction rate that is slightly higher than MA. Considering that 
the pKa of iPA and nPA are similar, this difference in reactivity 
is most likely due to the increased steric bulk of iPA increasing 
the activation energy of nucleophilic attack on the FA cation. EA 
and nBA display similar reaction rates of 5.36 µM*hr-1 and 6.01 
µM*hr-1 respectively, which is significantly lower than MA (9.87 
µM*hr-1).  The reaction rates of EA and nBA are possibly slowed 
due to the increased chain length relative to MA; however, this 
trend in reaction rate is broken with nPA, which displayed the 
highest reaction rate. We will not speculate on the cause of the 
increased reactivity of nPA but note that it was reproducible.  
Moving on from solution reactivity, we turn to focus on the 
effect of each RACl and its reaction product on the formation of 
FAPbI3 thin-films.

3.2 X-ray Diffraction

X-ray diffraction intensity of FAPbI3 films produced with 
RACl additives are presented in Figure 2. To highlight the 
potential of films produced with EACl and iPACl to achieve parity 
with MACl films, Figure 2a shows diffraction patterns for FAPbI3 
films cast from fresh inks with 0.2M MACl (control), 0.2M EACl, 
and 0.2M iPACl additives. All conditions are shown in Figure 2b 
on a semi-log plot, where only the intensity of fitted (001) 3C-
FAPbI3 (α-phase) peak is shown to facilitate comparisons, with 
full XRD patterns in Figures S2-S9. EA and iPA produce highly 
crystalline (001)-oriented films, reaching a maximum diffraction 
intensity and orientation at 0.3M RACl, and retain a significant 
portion of that crystallinity in films formed after aging the ink 
(Figure 2b). This retention of crystalline quality is in stark 
contrast to MA, where no 3C-FAPbI3 was detected in films cast 
from aged solutions. MA was the only additive that did not 
retain any α-phase in films cast after solution aging. The 
negative impact of nMFA on perovskite film formation is well 
documented in the literature(6,7); however, Figure 2b 
highlights the uniquely harmful nature of nMFA in the context 
of other chemically similar additives. 

With increasing alkyl chain length in nPA and nBA, 
decreasingly crystalline films are produced, possibly due to the 
size of the additive disrupting crystallization and even forming 
some lower-dimensional phases (Figures S7 and S9). 
Specifically, nPA and nBA which are commonly used 2D forming 
additives, show low dimensional diffraction peaks around 8˚ 2θ 
in the films cast from fresh inks, which increase in intensity in 
the films made from aged inks. We attribute this bias toward 
formation of low-dimensional phases after aging to the vapor 
pressure of the alkylammonium conjugate base and size of the 
reaction product. In the freshly prepared solution, the 
ammonium group is deprotonated, allowing the alkylamine and 
HCl to leave the film, following this reaction: RA+Cl- + Heat  
RA0 + HCl. During ink aging, the RAFA+ reaction product is 
formed, which has a much higher pKa(12) and  does not leave 
the film during the anneal. 

This argument that the amine-FA reaction product is less 
volatile is supported by ATR-FTIR spectra of films shown in 
Figure S10 and S11. Figure S10 shows FTIR absorbance in the 
alkyl C-H stretching region (~3100-2700 cm-1), where little signal 
is observed in the films made from fresh inks. Upon aging, new 
vibrational modes unique to the longer-chained EA, iPA, nPA, 
and nBA are observed, which increase in intensity with 
increasing additive concentration. From NMR, we have 
identified the formation of significant amounts of RAFA+ 
reaction product during ink aging, so we attribute these 
vibrational modes in FTIR to the presence of this reaction 
product. To further confirm the assignment to RAFA+ in the films 
produced from aged inks, Figure S11 shows FTIR spectra in the 
alkyl C-H bending region (~1600-1400 cm-1). Here, the same 
trend is observed: films cast from fresh inks display few unique 
peaks, while spectra of films cast from aged inks contain C-H 
bending modes unique to each additive, which increase in 
intensity with increasing additive concentration. The outlier in Figure 2: (a) Diffraction patterns for FAPbI3 films cast from fresh inks with 0.2M 

MACl (control) and 0.2M EACl and iPACl additives. (b) Fitted (001) 3C-FAPbI3 (α-
phase) diffraction intensity for films cast from fresh and aged inks. Increasing 
opacity represents increasing RACl concentration (0.1, 0.2, and 0.3M).
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this set of data is EA, which shows a unique bending mode 
growing in around 1460 cm-1 in the films cast from fresh inks. 
We attribute this to the size of the EA cation, which is on the 
cusp of ionic radius for fitting in the perovskite lattice,(30) 
allowing for partial incorporation into the perovskite lattice. 
This is corroborated by the XRD peak growing in intensity with 
increasing additive concentration at ~12˚ 2θ in Figure S6c, which 
is likely due to partial formation of some EAPbI3 phase in the 
film.(23)  

In the films made from fresh inks, the full width at half 
maximum (FWHM) of the (001) perovskite diffraction peak is 
generally lowered with increasing additive concentration, likely 
indicating greater uniformity of d-spacing within the film (Figure 
S12). A minimum FWHM of 0.065˚ 2θ achieved by 0.3M EACl. 
Films produced from fresh inks with MACl have a FWHM slightly 
higher than other additives, potentially due to MA 
incorporating into the lattice, producing a broader distribution 
of d-spacing. Upon ink aging, iPACl films retained their low 
FWHM; EA, nPA, and nBA show an increase in FWHM, and MACl 
films did not form α-phase perovskite during annealing. We 
attribute this to the lowered reactivity of iPA, resulting in less 
reaction product in the film made from aged precursors, thus 
retaining its narrowed distribution of d-spacing. To assess the 
microstrain present in films, Williamson-Hall analysis was 
performed on the full diffraction patterns (Figure S13, S14, and 
Table S1). Although the films are textured, a qualitative 
indication of  relative trends in microstrain is evident across the 
families of reflections that do appear in the diffraction pattern. 
Similar trends are observed: fresh iPA and EA films show the 
lowest microstrain, decreasing with increasing additive 
concentration, and upon ink aging iPA retains its low 
microstrain. For longer chain additives nPA and nBA, the 
microstrain is slightly higher. These results highlight the benefits 
of the lowered reactivity of iPA toward producing highly-
crystalline perovskite thin films and the promising performance 
of EA.

Analysis of the low-angle diffraction intensity (5˚-12˚ 2θ) 
reveals increasing low-dimensional phase formation with 
increasing alkyl chain length. Due to the difficulty of indexing 
the many diffraction peaks present in some films formed from 
aged precursors arising due to low-dimensional phases, the 
diffraction patterns were integrated from 5˚-12˚ 2θ to gain 
qualitative insight into the presence of low-dimensional phases 
present in the film (Figure S15). In the films made from fresh 
solutions, no low-dimensional phases were formed in NH4, MA, 
EA or iPA, while nPA and nBA show a minor amount of low-
dimensional phase formation. Upon ink aging, all additives 
except for NH4 result in an appreciable amount of low-
dimensional diffraction intensity, especially in 0.3M EACl and 
nBACl, where the low-dimensional diffraction is dominant. 
These results are consistent with the ATR-FTIR spectra (Figures 
S10 and S11), which show more alkyl species present in the films 
cast from aged inks.

3.3 Film Morphology

Overall, all additives at all concentrations produced black 
films when cast from fresh inks (film photographs in Figures 
S16-S18). Among the films cast from aged inks, all additives 
except MACl retained their ability to form black films. To 
understand the microscopic morphological effect of each 
additive and its reaction product, scanning electron microscopy 
(SEM) images of films cast from fresh and aged inks prepared 
with 0.2M of RACl additive are presented in Figure 3, with SEM 
images of 0.1M and 0.3M shown in Figures S19 and S20 
respectively. Beginning with NH4Cl, the films lack distinct 
domains and display an appreciable pinhole density. 
Importantly, the morphology is unchanged with ink aging, 
which serves as a control to help isolate the effect of aging 
associated with each additive rather than other species in the 
ink (e.g. PbI2, 2-ME, NMP), as NH4 does not produce a unique 
reaction product with FA. MACl produced films from fresh inks 

Figure 3: SEM of films cast from fresh and aged solutions prepared with 0.2M of RACl additive. The 1 µm scale bar is common to all images.
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with apparent domains >1µm, while aging the ink produced 
films with slightly smaller grains and pinholes. EACl produced 
the most favorable films from fresh solutions, with large >1µm 
domains, low pinhole density, and a terraced surface, indicating 
good crystallization.(16) Upon ink aging, EACl films retain some 
surface terracing and low pinhole density, making it a promising 
candidate to replace MACl as an additive to aid film formation. 
iPACl yielded films from fresh inks with a terraced morphology 
and large apparent grain domains, yet also displayed a high 
pinhole density. Upon aging the ink, iPACl films retained their 
terraced morphology, but saw a reduction in pinhole density. 
We speculate that small amounts of the RAFA+ reaction product 
may help to induce nucleation during film formation, similar to 
the effect of pentamindinium observed by Shi et al.(31)  Fresh 
inks with nPACl and nBACl yielded similar film morphologies, 
with relatively small apparent grain domains (<300nm) and 
moderate pinhole densities. Interestingly, upon aging the ink, 
film morphology was improved, showing larger apparent 
domains and fewer pinholes. We again speculate that this 
improvement in morphology is due to the reaction product with 
FA aiding in film nucleation. To isolate the RACl additive as the 
independent variable in this work, identical film processing 
conditions were used across all samples facilitated by the 
avoidance of an anti-solvent in the deposition process through 
the self-volatilizing, 2-ME/NMP based ink (Experimental 
Methods) with a long lived intermediate and high 
reproducibility. While films produced with NH4, iPA, nPA, and 
nBA have varying pinhole densities, methods exist in the 
literature, such as modifying the anneal temperature and 
duration, to suppress pinhole formation without significantly 
changing the solvent chemistry. Thus, with process engineering 
outside the scope of this manuscript, it is likely that pinhole-free 
morphologies relevant to ultimate device applications could be 
achieved.

3.4 Photoluminescence and Implied J-V Curves

To assess the optoelectronic quality of the FAPbI3 films, 
injection dependent photoluminescence quantum yield (PLQY) 
was measured. Because the PLQY is directly related to the ratio 

of radiative to total recombination rates, the quasi-fermi level 
splitting (QFLS) can be calculated. By calculating the QFLS from 
PLQY data over a series of light intensities and using the 
bandgap extracted from PL spectra (Figures S21 and S22) an 
implied current-voltage (iJV) curve can be plotted to reveal the 
theoretical efficiency limit of a given absorber sample. In these 
measurements, evaluation of bulk flim quality was facilitated by 
bottom and top surface passivation by MeO-2PACz(32) and 
APTES(27), respectively. 

Intensity-dependent PLQY of films cast from fresh and aged 
inks with 0.2M of RACl are shown in Figure 4a and b 
respectively, with 1-sun PLQY values extracted and displayed in 
Figure 4c. For films cast from fresh inks, all additives except NH4 
produce films with a 1-sun PLQY of >10%, which translates to an 
implied VOC loss of <59mV from the radiative limit. When the 
solutions are aged and reaction products with FA are formed, 
films made with MACl lose all detectable photoluminescence 
intensity due to no formation of black α-phase perovskite. 
Interestingly, aging solutions containing additives with longer 
alkyl chains (nPA and nBA) showed slightly increased PLQY, 
possibly due to presence of low-dimensional phases acting to 
passivate grain boundaries within the film. EA decreases in PLQY 
after aging, possibly owing to its ability to partially incorporate 
in the perovskite lattice,(30)  which may contribute to more 
crystal defects once aged, lowering PLQY. Overall, these data 
show that the efficiency potential for all RACl additives is on par 
with MACl, and the reaction products of larger RACl additives 
are less harmful to the optoelectronic quality compared with 
MA. These data are further transformed to iJV curves, shown in 
Figure S23. From these curves, an implied power conversion 
efficiency (iPCE) is calculated, representing the maximum 
theoretical efficiency of a solar cell made using each absorber 
with lossless contacts under terrestrial illumination. The trends 
in iPCE are similar to those observed in iVOC, where the longer-
chain additives retain their efficiency limit after aging, with iPA, 
nPA, and nBA all maintaining an iPCE >26% after aging the 
solution. It is also likely, given the similar PLQY and iPCE seen 
amongst the alternate RACls that the surface passivation is 
limiting measured radiative emission and, thus, that the PLQY 

Figure 4: Implied JV curves derived from PLQY measurements of films prepared with 0.2M of the additive cast from (a) fresh and (b) aged inks. Films were passivated with APTES 
to limit the effect of surface recombination. (c) Bar chart of implied efficiencies under AM-1.5G illumination.
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and iPCE may be lower bounds to film optoelectronic 
performance.

3.5 Light and Heat Stability

It is well-known that photoactive 3C-FAPbI3 (α-phase) is 
thermodynamically unstable at room temperature(33) and 
spontaneously transforms to the more stable photoinactive 2H-
FAPbI3 (δ-phase). In addition to promoting grain growth during 
annealing, MACl also stabilizes the α-phase at room 
temperature via partial incorporation of MA into the lattice. 
While beneficial for phase stabilization, the volatility and 
reactivity of MA is detrimental for stability toward light and heat 
stressors.(10) To assess the durability of films produced with 
alternative RACl additives, accelerated stress testing was 
conducted on films produced from fresh solutions. 

The color change of films after 650 hours of light and heat 
stress testing are presented in Figure 5, where the color varies 
from black to yellow from the top to bottom of the figure. MA 
films are seen to most completely phase-transform to the 
photoinactive δ-phase, while iPA and nBA are quite stable. 
Notably, the trends in Figure 5 roughly follow trends in solution 
reactivity, except for nBA, which may be more durable toward 
light and heat due to the longer alkyl chains decorating the 
surface of the grains, effectively lowering the rate of 
volatilization of A-site. Because the reaction of MA and FA has 
been shown to occur in the solid state(10,12), we speculate that 
the solution reactivity in Figure 5 may serve as a rough proxy for 
the stability observed under light and heat, where more 
reactive species will result in films with lower durability.(12) We 
note that device-level durability is a complex function of not 
only the bulk durability but also the interfaces with charge 
transport materials. Nevertheless, the significant difference in 
the rate of phase change in this light and heat test indicates that 
alternative RACls to MA hold promise for improved durability of 
perovskite active layers.

Conclusions
A series of alternative primary alkylammonium chloride 

additives (RACls) are systematically tested for their reactivity 
toward FA in solution, ability to form a high-quality perovskite 
absorber, and for perovskite film durability. Overall, most 
alternative RACls mitigated the disastrous effect of solution 
aging seen with MACl and formed high-quality perovskite films 
with promising implied efficiencies (iPCE >26%, PLQY >10%). 
Insights into the reaction rates and products of 
alkylammoniums with FA suggest that molecular design rules, 
such as steric bulk, can greatly improve the ink stability while 
retaining performance in key metrics of absorber quality.  
Durability of unencapsulated films under 0.6 suns and 85˚C in a 
N2 atmosphere was observed to be significantly increased in all 
cases relative to MACl. iPACl proved to be the most promising 
candidate, likely due to the steric bulk of the isopropyl group 
reducing its rate of nucleophilic attack of FA.
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