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Abstract

Halide perovskites are a class of materials of consolidated optoelectronic and electrochemical
applications, reaching efficiencies compared to established materials in respective fields. In this
scenario, the design and understanding of composition-structure-property relations is imperative.
In solid solutions containing mixed cations, some direct relations between the sizes of the
substituents and the properties of perovskites are generally observed. However, in several cases,
these relations are not observed, implying that other characteristics of these cations play a major
role. Despite its importance, this understanding has not been comprehensively deepened. To
address this issue, we synthesized and characterized the structure, electrical behavior, and stability
of methylammonium lead iodide-based perovskites with equal amounts of the substituents
guanidinium, ethylammonium, and acetamidinium. These three large organic cations have
essentially equal sizes but other remarkably different characteristics, such as the number of N-H
bonds, intrinsic dipole moment, and order of C-N bonds. Herein, we show that these cations have
dramatically different effects over important fundamental and applied properties of resulting
perovskites, including the orthorhombic-to-tetragonal and tetragonal-to-cubic phase transitions,
microstructural development, ionic conductivity, I-V hysteresis, electronic carrier mobility, and
stability against light-induced degradation. These effects are correlated with the characteristics of
the large substituent cations and help pave the way for a better rational chemical design of halide
perovskites.
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1. INTRODUCTION

Halide perovskites are compounds with the general ABX3 composition, where A
represents a monovalent cation, B a divalent cation, and X a halide anion, constructed by
a tridimensional arrangement of corner-sharing BXs octahedra [1]. This class of materials
has recognized diverse optoelectronic applications owing to their chemical, structural,
synthetic, and property vastness [2-10]. With intense initial progress and current
establishment of the fundamentals of these materials, with high efficiencies being
obtained in perovskite devices, as in solar cells [11], these materials can be close to the
commercial outbreak as their main bottleneck, i.e., their instability issues, keeps getting
better addressed [12-17]. In this scenario of technological maturity, a great part of the
scientific challenges ahead lies in consolidating the understanding of the principles
behind empirical knowledge about these materials. These same concerns were pointed
out recently regarding the photo-stability of halide perovskites [18].

Formulating solid solutions for mixed cations at the A-site is one of the relevant
strategies for obtaining the desired set of characteristics in halide perovskites [19,20,21].
In fact, most top-efficiency devices fabricated with halide perovskites use mixed cation
compositions [22]. In these A-site mixed compositions, a plethora of cations can be used,
including inorganic potassium (K*), rubidium (Rb"), and cesium (Cs"), as well as organic
such as methylammonium (MAY), formamidinium (FA"), imidazolium (IMY),
methylhydrazinium  (MHy*),  aziridinium  (AZi*), azetidinium  (AZe"),
dimethylammonium (DMAY), ethylammonium (EA*), acetamidinium (AC"), and
guanidinium (GA") [23-27]. General rules of thumb for the formation of stable
tridimensional halide perovskites are choosing compositions with a Goldschmidt
tolerance factor between 0.8 and 1.0 [28,29] or a Bartel tolerance factor below 4.18 [30],
both of which are essentially determined by the sizes of the ions involved. Not
surprisingly, it is well-known that the sizes of the A-site cations dramatically affect the
halide perovskites’ properties [23,31-36]. For example, it was found that increasing the
size of substituent cations in perovskites based on methylammonium lead iodide
(MAPDI3) decreases ionic conductivity and increases the activation energies [37]. The
main differentiating factor for inorganic cations used in halide perovskites is often
associated with their ionic radii. However, in the organic cations used in halide
perovskites, characteristics other than size are of great relevance, such as chemical

composition, existence of double bonds, possibility of formation of hydrogen bonds,
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shape, and polarity. In this sense, it is recognized that aspects beyond the size of the
substituent cations can affect the properties of the resulting materials [23].

In recent work, it was shown that the formation of single-phase solid solutions of
halide perovskites in compositions of the type AxMA1xPbls is also strongly dependent on
the number of N-H bonds of the substituent A* cations [38]. In terms of their properties,
it was suggested that the formation of hydrogen bonds, also related to the N-H bonds of
organic cations, is a factor responsible for the increase in stability in the ACxMA1.xPbl3
system, given that the AC™ cations have four N-H bonds, while MA* has only three [39].
However, it was shown that GAxMA1xPblz compositions can have lower thermal
stabilities than pure MAPDI3, although GA™ has six N-H bonds [40,41]. Furthermore, it
has recently been shown that other properties of interest in halide perovskites, for
example, permittivities and phase transitions in GAxXFAyMA1.xyPblz compositions, are
also not dependent solely on the size of the substituent cations [42]. Concerning phase
transitions, expectations based on the size of the substituents would suggest that the
GAxMA1.xPbls system would have transition temperatures between tetragonal and cubic
symmetries lower than those of the FAXMA1.xPbl3z system, given that the GA™ cations are
considerably larger than FA*, but it is experimentally observed the opposite [40,42]. In
low-temperature transitions, it has been shown that stabilizing other symmetries may
depend on factors such as size, number of N-H bonds, and dipoles of the substituent
cations [42]. Phase transitions in halide perovskites are relevant for optoelectronic
applications and were the subject of a recent high-impact review [43]. On its side, the
cation dipoles in halide perovskites are reported to influence several factors, such as
charge separation, electronic energy states, phase transitions, defect structure, ion
transport, and formation of ferroic domains [44-47]. For example, compared to FAXMA ;-
xPbls and GAMAL«Pbls [42], EAXMA1xPbls compositions apparently have higher
dielectric permittivities [48], which may be due to the fact that the intrinsic dipole
magnitude of EA™ cations is higher than that of FA™ and GA™.

Given the above-depicted scenario, the present work reports the synthesis of
MAPDI3-based solid solutions containing equal amounts of substituent cations of nearly
equal sizes, namely GA™, EA*, and AC". By comparing the structure, electrical behavior,
and stability of MAPbI3, GA01MAogPbls, EAc1MAggPbl;, and ACo1MAggPbls
perovskites, it was possible to mitigate the effect of the substituent size to verify how the
other characteristics of these substituent cations, mainly the number of N-H bonds and

the intrinsic dipole moment, can alter the properties of the perovskites. The results show
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that despite having similar sizes, these cations lead to dramatically different behavior in
the characteristics of resulting materials. These results advance the knowledge of the
effects of different A-site substituent cations on the properties of halide perovskite solid

solutions.

2. EXPERIMENTAL
2.1 Sample synthesis

For the present study, samples of the four halide perovskites of compositions
MAPbDI3 (or MAPI), GAo1MAosPbls (or GAO.1), EA01MAogPblz (or EAO0.1), and
ACo.1MA9Pbl3 (or ACO0.1) were prepared from the precursors lead iodide (Pblz, Sigma-
Aldrich, 99 %), methylammonium iodide (MAI, Sigma-Aldrich, 99 %), guanidinium
iodide (GAI, Sigma-Aldrich, 99 %), ethylammonium iodide (EAI, Sigma-Aldrich, 99 %),
and acetamidinium iodide (ACI, Sigma-Aldrich, 98 %). A total of approximately 1.2 g of
precursors (Supplementary Note 1) were mixed and ground to mechanochemically react
in a hermetic 25 ml polytetrafluorethylene vessel filled with about 40 % volume of
zirconia balls of diameters between 2 and 6 mm. The system was gently hand-shaken for
about 40 minutes. The resulting black powders of perovskites were sieved in a 250 um
aperture sieve (60 mesh), and dried and annealed for 3 hours at 70 °C in a laboratory oven
with periodic (once every 30 minutes) stirring. Pelletized powders were produced with
150 £ 5 mg of the powders uniformly spread into a 10 mm diameter circular cavity of a
metallic mold and compacted with a pressure of about 250 MPa. Lastly, the pellets were
sintered in an electric furnace at 120 °C for 3 hours and slowly cooled to room
temperature inside the electric furnace. Several pellets of each composition were

synthesized and used in the present study.

2.2 Characterizations

The crystalline structure of the materials was characterized by X-ray diffraction
(XRD) using a Rigaku Ultima IV diffractometer with CuK,; radiation (A = 1.5406 A),
under 40 kV and 20 mA, with a continuous scan (2° min), under dark and at about 25
°C in the range of 26 from 10 to 50°. Differential scanning calorimetry (DSC)
measurements were performed in a DSC 25 - TA Instruments from -50 to 100 °C, with a
5 °C min'! heating rate, under a nitrogen atmosphere, using about 10 to 15 mg of pellets
fragments in hermetically closed aluminum crucibles. The microstructure images of the

samples were obtained in a Zeiss EVO LS15 scanning electron microscope (SEM), with
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a tungsten beam operating in the voltage range between 10 and 20 kV, by secondary
electron analysis. Fourier transform infrared spectroscopy (FTIR) was performed on a
Nicolet NEXUS 670, with 256 scans, resolution 4, sample gain 8, from 600 to 2000 cm"
! using the specular reflection mode with sintered samples, at room temperature (~ 25
°C).

For electrical measurements, circular gold electrodes of about 0.6 mm diameter
were sputtered on top of the perovskite pellets using a copper shadow mask, while a
bottom gold electrode was deposited over the entire sample surface. Impedance
spectroscopy (IS) measurements were performed in a Displex ARS CSW-202 closed
system using an Agilent 4284A LCR meter to measure the conductance (G) and
susceptance (B) in the frequency range of 5.10° to 10° Hz. Room temperature 1S
measurements were conducted in the dark. Data were collected on cooling and heating
regimes at 1 °C min in the -173 to 27 °C range using vaccumm and dark conditions for
temperature-dependent dielectric permittivity analyses. Before starting measurements
under heating, the samples were kept at -173 °C for 30 minutes. Several electrodes were
systematically tested before starting the experiment, and impedance spectra were
collected to ensure the choice of a representative electrode of the overall sample's
electrical characteristics. Steady-state current-voltage (/-V) data were collected using a
Keithley 6517B electrometer in the dark at room temperature. Cycle up and down
measurements were performed from —6 to +6 V with a 0.1 V s? scan rate. Forward

measurements were performed from 0 to +20 V with a scan rate of 0.5 V s™2.

2.3 Light-accelerated degradation tests

For degradation experiments, pellets were placed in a 60 x 15 mm glass Petri dish
and submitted to constant illumination for up to 120 h in a homemade closed setup
(Supplementary Note 2). Throughout the experiment, temperature and relative humidity
ranged from 25 to 32 °C and 45 to 55 %, respectively. After predefined intervals, the
samples were removed from the setup, and XRD data were collected using the same
operational conditions described earlier but in the 26 range from 10 to 35°. Precautions
were taken so that the same faces of the samples were exposed to the illumination during
the test. The XRD data were collected on those same faces, with meticulous care taken to
position the samples in the same arrangement in the sample holder throughout the

experiment. After the 120 h test period, SEM images were also obtained.
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3. RESULTS AND DISCUSSION

Before discussing the properties of synthesized perovskites, it is convenient to
briefly establish the differences between the host methylammonium cations and the
studied substituent cations. As is shown in Table 1, considering early estimations [28,29],
EA*, AC", and GA" cations are quite larger than MA*, but have themselves essentially
the same effective ionic radius (r,ff). Although this consideration is made, and even
though these values have been widely used in the literature, it must be kept in mind that,
especially when it comes to molecular ions, the effective ionic radii of chemical species
are not exact values and should be distributed over a more or less wide range of values,
which are difficult to determine [49]. That said, even if the herein used large cations do
not have the same radii, the differences should not be large enough to affect the results
appreciably, as the other differences are possibly more relevant. Similar to MA*, EA" is
also a linear cation with no unsaturated bonds and with the same number of N-H bonds
(nyg), but much more polar as given by their intrinsic dipole moments (d). On the other
hand, both acetamidinium and guanidinium cations are planar. Acetamidinium is slightly
less polar than MA™, possesses four N-H bonds and has one delocalized double bond,
existing as two resonance hybrids (order of C-N bond is 1.5), while guanidinium is non-
polar, has six N-H bonds, also possesses one delocalized double bond, and exists as three

resonance hybrids (order of C-N bond is 1.33).

Table 1 - Summary of main characteristics of the A-site organic cations used in this work. 7,

nyp, and d are, respectively, the effective ionic radius (values taken from [28] and [39]), number
of N-H bonds, and intrinsic dipole moment (values estimated using MolCalc [50]).

Cation Symbol Structure Terr (PM) NNy d (D)
methylammonium MA* H,C—NH, 217 3 2.69
ethylammonium EA* H,C—H,C—NH, 274 3 4.97
NH,
acetamidinium AC* )\ 277 4 2.01
H,C™ NH,
NH,
guanidinium GA* Py 278 6 0
H,N” NH,

The crystalline structure of the perovskites was studied considering the basic
information on the important organic cation setup and the X-ray diffraction data. The

results are summarized in Figure 1a. The first aspect to be mentioned is the formation of
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the perovskite phase with the peaks assigned in the expected 26 positions and with high
phase purity. Typical non-perovskite APblz (A" = GA"*, EA", AC") [39,48,51] or
unreacted Pbl, secondary phases that could appear, which intense peaks appear,
respectively, at 20 values of about 11.0 and 12.5", are not identified in the diffractograms
of any composition. That means that the formation of perovskites proceeded with a high
reaction extent between the precursors and that the mixed-cation compositions have

substituent contents below the solubility limit, as expected from literature data [38].
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Figure 1 - (a) X-ray diffraction patterns of the studied compositions. Only the 20 intervals of main
peaks are shown. (b) DSC thermograms obtained on heating regimes. (c) Lattice parameters a
and c, cell volume V, and tetragonality factor t = c/a. The parameters shown were calculated
using the relations a = a’/v2 and ¢ = ¢’/2 of a pseudocubic representation, where a’ and ¢’
are the parameters obtained through the Le Bail fit of XRD data using the I4cm space group.
Error bars are the fit residuals. (d) SEM images of the studied compositions. Scale bars are 1 um.

Another important regarding the XRD results is the increased superposition of
peaks due to reflection by planes (002) and (110) at ~ 14.0°, (004) and (220) at ~ 28.2",
and (114) and (310) at ~ 31.8" for the perovskite solid solutions compared to MAPbIs.
Furthermore, the intensity of the peak related to the reflection of plane (213) at ~ 31.5

lowers while the peaks mentioned above get more superposed. It is well known that
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MAPDI3 is tetragonal (space group 14 /mcm or [4cm, depending on the reference [52,53])
at room temperature and transitions to cubic (space group Pm3m [54,55]) symmetry (T
- C) at ~ 60 ‘C [54,56]. The existence of separated above peaks and the presence of the
(213) peak are signatures of the tetragonal phase. The fact that the solid solutions display
increased superpositions and progressive vanishing of (213) peak means that the
structures of the perovskites are “less tetragonal” at the measured temperature, i.e., that
the sizes of the lattice parameters a and c are closer and possibly have lower T — C
transition temperatures. In this sense, the analysis of diffractograms suggests the T — C
temperature of the studied solid solutions decreases in the order GA0.1 > AC0.1 > EAO0.1.
To confirm this trend, we performed DSC measurements. The results are shown in Figure
1b. The trend was confirmed by considering the maximum values of the endothermic
peaks.

We recently observed that GA*-rich compositions possess higher T — C transition
temperatures than FA*-rich compositions in the GAXFAyMA1.xyPbls system [42]. Since
entropic factors arriving from the mixing of A-site cations and cation dynamics are of
crucial importance in stabilizing the cubic phase of HPs [23,57,58,59], we proposed that
the number of N-H bonds may play an important role. With more N-H bonds, it is likely
that the cations are more restricted due to the formation of hydrogen bond interactions
with the iodide anions. In this sense, the GA* cations, with six N-H bonds, would
contribute less to the rotational entropy of the system than the FA™ cations, which have
only four N-H bonds. Also, distortions induced by the formation of such hydrogen bonds
would make it more difficult for the lattice to achieve the non-tilted arrangement of the
Pbls octahedra of the cubic phase. Based on this rationale, we inferred that EA* cations,
with three N-H bonds, would be more effective in stabilizing the cubic phase, confirmed
experimentally by the comparison with literature data [48]. Now, extending the approach,
the trend of the T — C temperature again suggests a correlation between the number of
N-H bonds and the transition temperature. It is also interesting to note that the T — C
temperature order is inversely proportional to the intrinsic dipole moment of the
substituents. It is known that the cation dynamics, or dipole dynamics, play a crucial role
in the structure and phase transitions of hybrid halide perovskites [60]. However, the
effect of the dipole magnitude on the T — C transition remains without deep exploration.
In principle, the magnitude of the dipoles would increase the interactions between
neighboring cations and thus the tendency of dipole ordering, hindering the rotational
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freedom of the cations. Consequently, this possibility would be the increase inthe T — C
transition temperature, which is the opposite behavior observed here, suggesting that the
effect of the dipole magnitude may not be obvious and has to be better addressed in future
endeavors. An important conclusion from these analyses is that cations of the same size
may have dramatically different effects on the phase stability of solid solutions.

One consequence of the different large cations is their effects on the crystal
parameters, given in Figure 1c. To obtain the parameters, we performed Le Bail fits of
XRD data using the I4cm space group (details in Supplementary Note 3). While lattice
parameter a increases in the same trend of cubic phase stabilization, lattice parameter ¢
are essentially the same for MAPbIs, GAO.1, and ACO0.1, but remarkably lower for EA0.1.
These results indicate a somewhat higher degree of A-site cations directionality
perpendicular to z-axis. Despite that, the cell volume of solid solutions is essentially the
same considering the error bars, consistent with the sizes of substituent cations being very
close. Lastly, the tetragonality factor (t = c/a) decreases in the same trend of the T — C
temperature, as expected, reflecting the higher superposition of XRD peaks discussed
above. From the microstructure perspective, as seen in SEM images in Figure 1d, all
studied compositions show quite dense microstructures, without secondary phases and
with clearly distinctive grains and grain boundaries in MAPbIlz compared to the other
compositions. Since microstructure development involves the diffusion of ions, this
observation suggests that migration of ions is hindered in A-site solid solutions, which is
consistent with the general literature consensus [61,62,63]. For GAXFAXMALPbl3, a
correlation between ion transport and microstructural development in perovskites was
proposed [64]. Experimental data in this regard will be later discussed.

FTIR spectra were also obtained to acquire more information regarding the
properties of the organic cations within the perovskite structure. The spectra and
information of the bands of interest are provided in Figure 2 and Table 2, respectively.
Emphasis is placed on the low wavenumber region (700 to 1800 cm™), in which intense
bands related to C-N and N-H bonds are present with less humidity interference. The
direct comparison between the full-range spectra in Figure 2a shows that all peaks
observed in the precursor methylammonium iodide are also observed in the MAPDIz-
based materials. This is unsurprising since the MAI peaks are due to vibrations of the
MA* cation, which are present in all other compositions. On the other hand, peak
positions and relative intensities vary considerably. For a better visualization, we

separated the spectra in upper and lower wavenumber regions of the studied range, as
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shown in Figure 2b. The first important observation is the obvious shift of all MA™ peaks
(modes assigned as v;, v,, and v3) to lower wavenumber from MAI to the perovskites,
owing to their distinctive chemical and structural differences, which affects local
polarizability and hydrogen bond capabilities [65]. Second, for the perovskites of
different compositions, there seems to be little effect of the substituent cations in the MA*
vibrational modes. Perhaps the substituting degree is not high enough for subtle
differences to be detected under the definition of the employed operational conditions.
Despite that, it is intriguing that for modes v, and v, directly related to -NHs" group, the
effects of substitution with GA™ and EA™ appear to be opposite, where GA™ increases the
wavenumbers while EA* reduces them. These two cations have the lowest and highest
intrinsic dipole moments among the studied cations. In principle, this can be related to
the higher local polarizability of EAQ0.1 compared to MAPDIs, which tends to decrease
the local fields and, consequently, the resonance frequency (or its wavenumber) of the
vibrational excitations [65]. On the contrary, with null dipole moment, GA* cations would
tend to result in a less polarized medium, increasing the wavenumber of observed peaks.
Based on an inductive effect, this effect can also be understood, where non-polar GA*
cations polarized the medium and, therefore, the structure composed of Pble octahedra
will have less displacement of its electronic clouds [64]. Therefore, when the inductive
effect is reduced, the electronic clouds in organic cations will also be less displaced,
which should increase the charge density in the chemical atmosphere around the bonds
present in the MA™ cations, increasing the intensity of the bonds. The correlation between
the wavenumber (V) of a band and the chemical bond strength can be qualitatively
assessed from the harmonic oscillator equation given by v = (1/2mc). (\/K_/,u), where
K is the “force constant” of a bond and u is the reduced mass of the bound atoms [66].
Again, for the EA™ cations, the effect would be the exact opposite as their dipole moment
is higher than that of MA®. Before anything else, we emphasize that interesting
discussions require more data with high-resolution FTIR and related techniques for more
enlightening results and interpretations. That being said, the modes assigned as v, and vs,
due to C-N bond stretching in GA™ and AC™ cations, respectively, do differ strongly from
each other, and the C-N bond stretching of MA™ cations, assigned as v,. The
wavenumbers increase in the order from MA* < GA™ < AC* due to the increased bond

order in the same trend, as depicted in the harmonic oscillator equation.

https://doi.org/10.26434/chemrxiv-2024-qjphd ORCID: https://orcid.org/0000-0002-1440-7763 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-qjphd
https://orcid.org/0000-0002-1440-7763
https://creativecommons.org/licenses/by-nc-nd/4.0/

—
o
~—

Normalized reflectance
m
j
[=]

ACO0.1

T
800 1600

=

T
1400

T T T
1200 1000 800
v(em™)

T

Normalized absorbance

—MAI
——MAPbI

—EA, MA,

Normalized absorbance

———

T T T T T T T T T
1000 980 960 940 920 ©00 880 860 840 820
T T T T T T

—MAI
=—MAPDbI,

—FA

/\‘ i — ] SN

MA, ,Pb

QW

T T
1700 1650 1600

T T T T
1550 1500 1450 1400
v (em™)

Figure 2 - (a) Normalized reflectance and (b) absorbance spectra at lower (top) and higher
(bottom) wavenumbers obtained by FTIR for the studied compositions. The experimental spectra
of the MAI precursor used in this work are also presented for better comparison. The unassigned
bands are due to C-C, C-H, O-H bonds or coupled modes of no analytical use in this work.

Table 2 - Characteristics of assigned bands in FTIR spectra. All values in cm™. Wavenumber
imprecisions are of £ 1 cm™. (-): non-existent bands. (*): The peaks are possibly superpositions
of the same MA™* and EA" cations vibration modes.

MAI MAPI EA0.1* GA0.1 ACO0.1

Band Attribution Cation
Vi CHs-NHs" rocking MA*
v, C-N stretching MA*
V3 NHs" sym. bending MA*
Vy C-N stretching GA*
Vs C-N stretching AC*

910 900 899 901 900
987 955 955 955 954
1486 1463 1460 1464 1462
- - - 1649 -
- - - - 1674

MAPDIz-based perovskites at lower

To study the effects of different substituent cations on the phase transitions of the

temperatures, impedance spectroscopy

measurements were also performed, focusing on the real (&) and imaginary (¢')
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dielectric permittivity. Figure 3 shows their dependencies on temperature at 1 MHz,
obtained under heating and cooling regimes. This frequency was chosen to diminish the

contribution of extrinsic polarization mechanisms.
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Figure 3 - Temperature dependencies of the real (¢') and imaginary (¢'') components of the
dielectric permittivity at 1 MHz measured on cooling (blue) and heating (gray)

In MAPbI3, from the heating curves perspective, the abrupt change on both €' and
¢ at about 160 K (-113 °C) marks the orthorhombic-to-tetragonal phase transition (0 —
T) [67,68]. In the orthorhombic phase (space group Pnma [55]), MA* cations are fully
ordered [69,70,71] and frozen in fixed directions [72]. With increasing temperature, the
sudden increase in the dielectric permittivity is due to disrupting the cooperative ordering
of MA™ cations [48,73] to a state of partial disorder in the tetragonal phase [69,70]. In
FAXMAPbls perovskites, several different phases may exist in low temperatures
[74,75], which, in conjunction with dielectric measurements in GAxFA/MA1x,Pbl3
perovskites [40,42], led to the inference that, on heating, the disappearance of the
orthorhombic phase is accompanied by a peak in the &'’ curve, while the appearance of
the tetragonal phase is accompanied by a rapid increase in &'. From that perspective, the
studied solid solutions have lower O — T transition temperature than MAPbIs, possibly
with no other stable phases in the studied range. On heating, for EA0.1, the 0 -» T
transition occurs at about 140 K (-133 °C), at 133 K (-140 °C) for ACO0.1, and below 100
K (-173 °C) for GAQ.1. With that in mind, there seems to be a direct correlation between
the transition temperature and the electric dipole of the substituents, an inverse correlation
with their number of N-H bonds, or both. However, experimental results in FAXMA1xPbl3
and GAxFAyMA1.«.,Pblz perovskites show that high FA*-contents may lead to an increase

in the temperature demanded for the perovskite to be a tetragonal single phase compared
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to MAPbI3 [42,74]. Taking aside that FA™ cations are smaller than those used in this work,
it has four N-H bonds and is close to the null electric moment. Hence, this behavior
doesn’t fit the above-suggested correlations. In this scenario, having in mind that several
different and connected effects are expected to play a role, including steric hindrance of
rotational motion, dipole-dipole interactions, hydrogen bonds, and inorganic cage
deformation [29,46,76], we have already pointed out that the relation between the 0 - T
transition in solid solutions and the characteristics of substituents is an intricate
combination of cation sizes, dipoles, and number of N-H bonds [42]. Present
experimental results reinforce this intricacy. A better elucidation of these correlations
could be achieved through more data being obtained in other MAPbIs-based solid
solutions in conjunction with actual crystallographic data that allows the exact stable
phases that may coexist at low temperatures. Such data would also be valuable to access
the nature of the subtle shoulder present in &' at ~160 K for the GAO0.1. This type of signal
appears consistently in GAxMA1xPbls and GA*-rich GAXFA/MA1.xyPbl3 compositions
[40,42], which leads to the conclusion that it is not an experimental artifact. Lastly, we
mention that along the tetragonal phase, the progressive decay of &' with temperature
means that the temperature dependence of the dielectric permittivity is dominated by
dipolar polarization, whose contribution diminishes through thermal randomization by
increasingly free dipole rotation with temperature. Since this occurs for all the studied
compositions, we infer that the differences observed in their dielectric behavior are mostly
due to changes related to how the substituent cations affect the dynamics of MA* cations
rather than the behavior of the substituent cations themselves, in line with previous
interpretations [42].

As halide perovskites are vastly meant for optoelectronic and electrochemical
devices, it is imperative to understand their electrical behavior. In this sense, we evaluated
the charge transport characteristics of the studied compositions by impedance
spectroscopy and steady-state current-voltage measurements at room temperature. The
results are shown in Figure 4. From IS measurements, the collected frequency-dependent
data was converted to the real (Z) and imaginary (Z'") components of the dielectric. In
Figure 4a, the so-called Nyquist plots of Z" vs Z’ impedance arcs are shown. In these
plots, it is well known that the diameter of the arcs is proportional to the resistance (R) of
the samples. Hence, there seems to be a trend of increasing the sample resistance such
that MAPI < GA0.1 < EA0.1 < ACO0.1. The Nyquist plots were modeled using the Cole-

Cole relaxation model [77] to obtain the resistances, where it is assumed the sample can
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be treated as a parallel association of a resistor of resistance R and a constant phase

element (CPE) to account for the distribution of relaxation times. In this case, the fitting

equation is given by Z"" = \/[(R/2)cosec(9)]?> — [Z' — R/2]> — (R/2)cotg(¢p), where
@ = brr/2 and b is the Cole-Cole coefficient, an empirical parameter, in the interval
between 0 and 1, which reflects the existence of a distribution of relaxation times in the
material and deviation from the ideal Debye relaxation. A detailed derivation of the above
equation can be found elsewhere [51]. Then, the obtained resistances were converted to
the conductivity (o,.) of the materials using the relation o,;. = L/AR, where L is the
distance between the electrical contacts (i.e., the sample thickness of about 500 pm as
given in Supplementary Note 4) and A4 is the electrode area (~ 3.10" m?). The results are
shown in Figure 4b. As expected, the conductivity of the materials followed the same

trend as the sample's resistances.
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Figure 4 - (a) Impedance Nyquist plots of studied materials. Symbols are the experimental data
and lines that fitthe Z"’ vs Z' the equation derived from the R|CPE model. (b) Conductivity values
are calculated from the extracted resistances. (c) I-V hysteresis determined using current-voltage
cyclesinthe -6 to +6 Vand a 0.1 V s scan rate. (d) Forward J-E data was obtained using current-
voltage measurements from 0 to +20 V and 0.5 V s* scan rate. The curves shown are the mean of
four measurements. () Ohmic conductivity is determined from J-E curves at low electric fields.
(f) Electronic charge carrier mobility was estimated using the models described in the main text.
Except for a4, errors bars are the standard deviation from the mean. For o, error bars are the
fit residuals.

Increasing experimental evidence demonstrates that the electrical response

measured by impedance spectroscopy in halide perovskites is controlled by mobile ions
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[78,79,80], which, in MAPDbIz-based materials, are mostly iodine vacancies and
interstitials [81,82,83]. With that in mind, results suggest that the solid solution’s ionic
transport is strongly mitigated compared to MAPDI3, as pointed out previously. However,
the difference is that EA* and AC* seem more effective than GA™ in reducing the transport
of ions. From the mechanical perspective of a bowed path of ions during charge transport
[37], we interpret these results based on the fact that during the jump between two locally
stable sites, the iodine ions are subjected to higher repulsion/attraction electrostatic
interactions with the EA™ and AC" cations of higher dipole moments compared to the
non-polar GA* cations, hindering their transport and diminishing the materials’
conductivity. This corroborates the findings that the activation energy for ion movement
increases with the magnitude of the A-cation dipole [47]. Noteworthy, mitigating the ion
transport in the solid solutions may explain the slower microstructural development
earlier observed. Since ionic conductivity (o) and diffusitivity (D) are connected by the
Nernst-Einstein equation, given by ¢ = Nq?D/kgT, where N is the density of mobile
ions, g the elementary charge, kg the Boltzmann constant and T the temperature [84], one
can anticipate that a system with lower ionic conductivity will show slower diffusion-
related processes, such as the formation and growth of grains during heat treatment.

In halide perovskites materials and devices, the transport of mobile ions is also
related to the well-known phenomenon of I-V hysteresis [85,86,87], which may lead to
detrimental effects on reliability, reproducibility, and operational stability in perovskite
solar cells [88]. To evaluate the I-V hysteresis in the studied materials, we estimated the
power losses that occur in current-voltage cycles measured in up and down regimes, using
a slow scan rate (0.1 V s?) to enhance the effects of slow ionic currents, as employed
elsewhere [51,89,90]. Regarding our samples, four measurements were done using
different electrodes to get representative results. The cycles are given in Supplementary
Note 5. The results are shown in Figure 4c. It is important to mention that factors such as
the scan rates, sample thicknesses, and electrode materials and configurations are
important for quantitative considerations. More on how the scan rates affect the -V
hysteresis in halide perovskites can be found in the literature [91,92] and in
Supplementary Note 6. However, as the same operating conditions were employed in
samples of same thicknesses and electrodes, the comparison between the results in the
studied samples is assumed to be consistent. That said, there is a clear tendency of the
composition-dependent I-V hysteresis to follow a trend similar to the observed for g,

as expected. Despite the minor differences in the relative order of EA0.1 and ACO0.1 in
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o4c and I-V hysteresis, which may be due to the different experimental configurations,
there seems to be a direct correlation between the dipoles of the substituent cation and the
hindering of ion transport that can be useful in future developments.

We also employed forward steady-state current-voltage measurements to study
electronic charge carriers' transport characteristics. To reduce the effects of ion transport
in the measurements, we used a faster scan rate of 0.5 V s™*. Additional details on how
the scan rate affects the obtained data are given in Supplementary Note 7. In Figure 4d
we show experimental current density (/] = I/A) versus electric field (E = V /L) curves
converted from the measured /-V data, from which we note a remarkable reduction in the
current density values in the order MAPbI; > GAO0.1 > EA0.1 > ACO0.1. Also, we note
that the profile of the J-E curves appears to be very sensitive to what are the substituting
cations. Both observations were pointed out in earlier results in the GAXFAYMA1xyPbl3
system [40,90], attributed to the sizes of the cations and the substitution degree. Hence, it
is interesting that other factors may play a relevant role in the characteristics of electronic
carrier transport. To explore a little further, we note that at low electric fields, the slopes
of log J vslog E curves are close to 1, indicating the expected ohmic conduction regimes
at which J = g,pmicE, Where a,nmic 1S the ohmic conductivity. Using the J-E curves of
four measurements in different electrodes, we obtained o, values for the studied
samples, given in Supplementary Note 8. The results are shown in Figure 4e, from which
we clearly see that the ohmic conductivity follows the same trend as the current density.
Now, to delve into possible electronic characteristics responsible for such, the J-E data
had to be modelel with other proper physical models. Similar data in halide perovskites
are often modeled using the well-known space charge-limited current (SCLC) approach.
However, the expected common features of Mott-Gurney (J « E?) and trap-filling (J o
E™ n > 2) regimes were only identified in the AC0.1 composition. For MAPI and EAO0.1,
there seems to be a direct change from the ohmic at low E to the Mott-Gurney regime at
high E, without an intermediate trap-filling regime typical of the SCLC behavior. To
extract the desired electronic carrier parameter, namely, the charge carrier mobility (u,),
in AC0.1, MAPI, EAO0.1, we employed the well-known Mott-Gurney law, given by J =
9¢0e’ 1 E? /8L, Where g, is the permittivity of free space, ¢’ the relative dielectric
permittivity of the material (Supplementary Note 9), at the high E region where the slope
in the log J vs log E curves are close to 2. As for For GAO.1, the slope in the log J vs

log E curves at the high E region are close to 1.5, meaning a J o E3/2 behavior, typical
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of ballistic conduction regimes [93,94]. This type of conduction regime was observed in
thick halide perovskite samples [95], including the GAxFAyMA1.x.yPbls system [40,90].
Herein, we fitted full J-E curves using a ballistic-like model derived from formal
treatments of [95] and [96], given by J = oe’u, (4n2kzTE /qL? + /2E,E3/?), where E,
is the electric field in the transition from the ohmic to the ballistic-like transport. This
equation, but in terms of the applied voltage, was recently employed to fit full -V curves
and directly extract p, estimations in some GAxFAyMA1.xPblz compositions [90]. The
extracted p, values for all present compositions are given in the Supplementary Note 10.
The summary of these results are presented in Figure 4f.

It must be stressed that, despite the considerably different J-E profiles that were
treated with different models, the changes in behavior between measurements can be
related to subtle changes between the relative densities of electronic carriers, mobile ions
and traps, sample thicknesses, etc. [97,98,99,100,101]. In this sense, these changes in
profile and, consequently, in the physical models used are assumed to be of lesser impact
for comparative purposes between the parameters extracted for the studied compositions.
For better quantitative assessments, models based on drift-diffusion equations should be
used [102], whose complexity level is beyond the present work's purpose. That said, there
is a remarkable variation between the estimated u, values between the compositions, all
within the wide range of values reported in the literature using many techniques [103].
Considering that the same earlier trends hold for u,, we conclude that it is the main
responsible for the changes in the current-density features. This is somewhat expected
given that other important parameters, namely, the density of charge carriers, are in the
same order for all compositions (from ~ 2 to 8.10%° cm™, also given in Supplementary
Note 10). In an intrinsic semiconductor, the density of electronic carriers in thermal
equilibrium with the lattice at the dark depends mostly on the band gap energy, which
should be very similar in all studied compositions. Even though we did not determine
these values, it is known that the A-site cations have only indirect effects on the band gap
energy of halide perovskites [104], which are in the range from 1.47 to 1.53 eV in the
parent GAXFAYMA1x.yPbls system, leading to comparable electronic carrier densities of
about 3 to 7.10%° cm™ [90]. To explain the p, trend, we first point that substitutionals
promote the scattering of charge carriers through lattice distortion and heterogeneity in
the mixed-cation compositions, leading to the mobility decrease in the solid solutions
compared to MAPbIs. The possibility of GA™ being less effective than EA* and AC™ in
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diminishing mobility might be related to the fact that the former is non-polar, while the
latter are polar cations. In principle, the cations may enhance the carrier interaction
directly through their intrinsic dielectric moment or the polarization of the lattice,
reducing their mobility similarly to the dielectric drag effect proposed for halide
perovskites [105]. Even though EA™ is more polar than AC*, we hypothesize that the
intensified effect of AC* may be due to its r electrons, leading to electrostatic interactions
with charge carriers and potentially promoting drift velocity reduction. Additional
theoretical and experimental studies to elucidate the role of these scattering sources would
be welcome.

The last characteristic to consider is the stability of the studied materials. It is
known that halide perovskites are subject to degradation caused by a series of factors,
including humidity, light, oxygen, heat, and applied voltages [106]. To evaluate the
relative stability of the materials, we submitted the samples to constant illumination for
up to 120 h. The results are shown in Figure 5. In Figure 5a we show the effect of constant
illumination from different perspectives. For MAPDIs, the time-dependent XRD results
show that the perovskite peaks, denoted as “pkv”, in the initially phase-pure material
progressively become less intense with time under illumination. Meanwhile, the Pbl;
peak increases with time and becomes the main phase after the end of the experiment.
Indeed, when the visual aspects of the sample are compared, we observe the clear change
from the initial black to the final yellow color, characteristic of the extensive formation
of Pbl>. From the chemical reaction perspective, in an oxygen-containing atmosphere, the
light-accelerated degradation in MAPDbIs-based perovskites may proceed initially by the

process given by 2CH3NH3Pbls + yO, i 2CH3NH2 + Pblz + 212 + PbO(2y.1) + H20, where
CH3NHs" is the MA™ cation [107]. Due to the formation of chemical species in the
gas/vapor phase (CH3NHz, I2, and H20), an appreciable mass loss occurs, leading to the
formation of voids, pores, and an ultimately deteriorated microstructure, as can be seen
from the comparison between the initial and final microstructure of MAPbIz. These
aspects, i.e., the time-progressive formation of Pbl,, sample yellowing, and
microstructural deterioration, are also observed in the other compositions. In EAO0.1 and
ACO0.1, the phase evolution seems qualitatively similar to MAPDbI3z, with the quick
disappearance of the perovskite phase and continuous formation of Pbl,, remaining the
main final phase. However, for GAOQ.1, the XRD perovskite peaks remain almost

unchanged, indicating little light-accelerated reaction as the formation of Pbl is strongly
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mitigated. As a consequence, the final aspect of the sample is shown to be much less
yellow, and the microstructure remains well-preserved. This result indicates that GA0.1

Is much more stable than the other tested compositions.
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Figure 5 - (a) XRD data of samples submitted to different light-accelerated test times. The “pvk”
peaks are of the perovskite phase. Photographs show the samples’ pristine (left) and final (right)
visual aspects. Down SEM images are of pristine samples (the same as shown in Figure 1,
repeated for clarity), and top images are after the illumination test. Scale bars are 1 um. (b)
Degradation extent as a function of illumination time. Symbols are the experimental data and
lines fit the first-order kinetic law equation. (c) Extracted kinetic constant values from the fitted
data. Error bars are the fit residuals.

For a quantitative comparison, we modeled the light-accelerated degradation
kinetics of the materials using the time-dependent XRD data. To do so, we considered the
sum of areas (integrated intensities) of the perovskite peaks proportional to the amount of
perovskite phase in a given composition-time condition. Then, we defined the time-
dependent degradation extent a(t) of the perovskite phase by a(t) =1 — A(t)/A,,
where A, and A(t) is the sum of perovskite peaks at the initial and given time of the light
degradation test, respectively. This same procedure was recently applied for temperature-
induced degradation experiments [40,41], with the limitations of using the areas well
addressed elsewhere [108,109]. The data obtained for each composition are shown in
Figure 5b, from which we note the evolution of the degradation extent is essentially equal
for MAPDI3, EAO.1, and ACO0.1, and much less intense for GAO.1. Now, to estimate a
kinetic constant (k) for the light-accelerated degradation of the materials, the a(t) data
were fitted using a first-order kinetic law of the type a(t) = 1 — exp(—kt), as derived
elsewhere [40,41], which is equal to the JIMAK equation for an Avrami exponent of 1.

The results for the extracted k values are given in Figure 5c, confirming that MAPDI3,
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EAO0.1, and ACO0.1 presented essentially the same stability against the environmental
conditions used in this test, while GAQ.1 appear to be less prone to degradation, with a k
value more than five times lower than the other compositions. This striking result
contrasts with the one found recently, showing that GA-containing compositions may
have higher degradation Kinetic constants than the MAPDbIz under high-temperature
conditions [40,41]. However, it has to be pointed out that under such conditions, the GA*-
containing compositions showed a perovskite phase degradation following a second-
order kinetic law, with extensive parallel formation of both Pbl> and GAPDIs. In the
present case, minor GAPbIz formation could be identified at ~11.2°, but apparently not
extensively enough to modify the kinetic law, here assumed to be of first-order.
Noteworthy, the AC0.1 composition does show an appreciable formation of another
phase, also identified at ~11.2°, possibly due to the segregation of ACPbls, but maybe
still not extensively enough to change the kinetic law. Either way, this observation
corroborates that secondary non-perovskite APbls phases have been formed in mixed
systems where the substituting A-cation has a low solubility limit. Indeed, the ACYMA1-
«Pbls system is expected to possess a solubility limit at around x = 0.2. This phenomenon
seems to be triggered by the elimination of the volatiles in MAPbIz-based halide
perovskites, which in the GAxFAJMA1.x,Pbls system, are essentially related only to the
MA*-derived compounds [41]. Hence, by analogy, we infer that in the studied
compositions, the cations EA*, GA™, and AC" are not volatilized from the materials, and
the only eliminations are of MA™-related compounds. Due to configurational entropy
stabilizations, solid solutions are expected to have lower free energies than pure systems.
However, as clearly shown, the entropy of mixing cannot be the only factor since the
effects of the cations are severely different. Evidence in current literature regarding hybrid
halide perovskites suggests that light-accelerated degradation in the oxygen-containing
atmosphere starts through a deprotonation reaction [107]. Since GA' cations have
delocalized electron densities, they might be less prone to deprotonation, as expected
from the pKa values of the cations (GA*: 13.7, AC™: 12.52 [110], EA*: 10.87 [111], and
MA™: 10.66 [112]), there should be fewer protons available to proceed with the reaction.
On the other hand, it does not explain why EA* and AC" cations provoke almost no
change in the stability of the perovskite. It is an experimental fact that we could not
completely dry the atmosphere. Indeed, the relative humidity throughout the experiment
was about 50 %, which is quite high when dealing with halide perovskites. Hence, despite

the efforts to make an illumination-controlled degradation test, we cannot rule out the
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potential role of local water in the degradation of our samples. An irreversible water-

induced degradation pathway of MAPDIz-based perovskites can be represented by the

global equation given by CHsNH3Pbls }E), CHsNH: + HI + Pblz [113], which also leaves
solid Pblz by eliminating volatiles, leading to similar XRD, SEM, and visual aspect
changes. Hence, with the existing results, we cannot conclude what the dominant
reactions are taking place in the degradation of the tested samples. However, in the case
of water-induced processes, one explanation for why EA* and AC* perovskites do not
appreciably enhance the stability of the perovskite lies in these cations, possibly
conferring a higher hygroscopicity to the samples. As is shown in Supplementary Note
11, the precursor salts ACI and EAI are much more hygroscopic than MAI and GAI. The
ACI precursor shows strong deliquescence, becoming a homogeneous aqueous solution
in less than one hour, a period on which the EAI precursor was extensively dissoluted,
while MAI and GAI showed no signs of change. With that in mind, likely, any entropy
and acidity-reduction effects that would take place to stabilize the perovskite with EA*
and AC* are counterbalanced by the increased hygroscopicity. On the other hand, the
incorporation of GA™ cations may have all these factors in its favor. Regardless of the
reasons, it is clear that GA™ cations are more effective than EA* and AC™ in increasing

the stability against light/humidity-induced degradation.

4. CONCLUSIONS

Using a combination of experimental techniques, we characterized the
(micro)structure, electrical behavior, and stability of MAPDbI3z-based solid solutions with
the same substitution degree of large GA", EA", and AC" cations. Despite having nearly
equal sizes, these cations provoke remarkably different changes in the resulting
perovskite owing to their combination of other characteristics, e.g., number of N-H bonds,
intrinsic dipole moments, acidity, and order of the C-N bonds. The main studied
properties, i.e., orthorhombic-to-tetragonal and tetragonal-to-cubic phase transition
temperatures, ionic transport, I-V hysteresis, /-E dependence, electronic conductivity and
mobility, and stability against light-accelerated degradation, were evaluated and the
differences between the studied compositions interpreted in terms of the characteristics

of large cations. The main findings are summarized in Table 3.
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Table 3 - Summary of main composition-property relations proposed in this work in GA*, AC*
or EA*-substituted solid solutions compared to the composition with MA™ cations only.

Property Order Characteristics of large cations due to

Lowers with reduced rotational entropy
and higher distortion for higher nyy

0 — T temperature GA*<AC*'<EA*<MA* Reasons still unclear, as in [42]

T — C temperature EA"<AC'<GA'<MA*

Lowers with the intrinsic dipole moment
due to higher electrostatic repulsion

I-V hysteresis AC*~EA*<GA"<MA"* Same as the ionic conductivity

lonic conductivity AC*=EA*<GA*<MA?*

Lowers with the intrinsic dipole moment,
intensified by double bonds

Increases the less acidic and hygroscopic
is the cation

Electronic mobility AC*<EA*<GA"<MA"

Stability GA*> AC*=EA*=MA"

Despite the advances, direct correlations with the characteristics of the organic
cations were difficult to access in some cases, indicating that the properties of perovskites
are a combination of these and other characteristics that were not considered. In any case,
our systematization of results, in combination with information from the literature, should
be a good starting point for advancing the fundamental understanding of composition-
structure-properties relationships in halide perovskites and will enable better rational

design in these important materials for optoelectronic and electrochemical applications.

5. SUPPORTING INFORMATION

The Supporting Information file contains precursor and perovskite masses, photo
of the setup used for the light-accelerated degradation test, Le Bail fits of XRD data,
cross-section SEM images of samples, I-V data obtained with different measurement
conditions, frequency-dependent dielectric permittivity, estimated electronic charge
carrier parameters, and time-dependent aspect of precursor organic salt powders exposed

to ambient air.
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Supplementary Note 1: Precursor and perovskite masses

Table S1 - Weighted reaction precursors and resulting perovskite (HP) masses. Yield is the ratio
between the HP obtained and expected (sum of precursors) masses.

Composition Pbl; (g) MAI(g) GAIl(g) EAI(g) ACI(@ HP(g) VYield (%)

MAPI 0.901,  0.3106 0 0 0 1.085¢ 89.5

GAO0.1 0.897:  0.278s  0.0360 0 0 1.118; 92.3

EA0.1 0.899;  0.279, 0 0.034; 0 1.109s 915

ACO0.1 0.898s  0.278; 0 0 0.0360  1.0880 89.7
1
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Supplementary Note 2: Setup for the light-accelerated degradation test
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Figure S1 - Home-made setup used for the light-accelerated degradation test. The samples were
distributed uniformly in the Petri dish, which was positioned in the center of the rotating (6 Hz
clockwise) platform and submitted to direct and mirror-reflected illumination from the LED lamp.
The lamp specifications are a power of 6 W, luminous flux of 560 Im, and color cold white (6500
K). The box (30 x 20 x 15 cm) remained closed and sealed with masking tape during the test.
Inside humidity was kept as low as possible by drying silica beads. Temperature and relative

humidity were constantly monitored.
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Supplementary Note 3: Le Bail fits of XRD data
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Figure S2 - Experimental data (black dots) and Le Bail fits (red lines) of studied compositions.
Fits were calculated using the WinPLOTR package as implemented in the Fullprof software

(version of April 2024) considering the I4cm (tetragonal) space groups.

Table S2 - Original lattice parameters obtained through the Le Bail fit.

Composition a(A) c(A) x?
MAPDI; 8.8599 + 0.0005 12.6600 = 0.0007 1.75
GAu1MAysPbl3 8.8879 + 0.0005 12.6603 + 0.0011 1.47
ACyo1MA(gPDbI; 8.8905 + 0.0005 12.6594 + 0.0014 1.35
EA01MAPbI; 8.9067 + 0.0006 12.6184 + 0.0011 1.63
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Supplementary Note 4: Thickness of samples

GAy1MA, oPbl,

EAy 1MA, oPbl; AC, ;MA, oPbl;

Figure S3 - Cross-section SEM images of the samples used in the electrical characterizations.
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Supplementary Note 5: Measurements for I-V hysteresis
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Figure S4 - Four measurements of up and down cycles with a scan rate of 0.1 V st used to evaluate
the I-V hysteresis.
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Supplementary Note 6: Dependence of the I-V hysteresis on scan rate
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Figure S5 - (a) XRD of another MAPDI; sample synthesized to evaluate the effect of the scan rate
on the I-V hysteresis. (b) Photograph of the sample with deposited gold electrodes and SEM
images of its surface and cross-section. (c) Up and down cycles were measured at different scan
rates from 0.01 to 1.00 V s? and the I-V hysteresis values as a function of the scan rates. The
measurements were performed at the same electrode with intervals of more 40 minutes between
cycles, starting from higher to lower scan rates.
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Supplementary Note 7: Dependence of the I-V forward curves on scan rate
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Figure S6 - (a) I-V curves measured with different scan rates. (b) Detail of the low voltage region
where the conduction follows an chmic behavior. The ohmic conductivity is proportional to the
slope of lines, i.e., the apparent conductivity increases the lower the scan rate. On the other hand,
the deviation from the ohmic regime occurs at lower voltages. All measurements were performed
at the sample shown previously and at the same electrode (but different from the one used to
collect the data of -V cycles), with intervals of more than 40 minutes between cycles, starting
from higher to lower scan rates.
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Supplementary Note 8: Forward I-V measurements
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Figure S7 - Four forward measurements with a scan rate of 0.5 V s used to evaluate the electronic
carrier in samples of each composition.
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Supplementary Note 9: Frequency-dependent dielectric permittivity

200 T LR | LR | o
% O MAPbI,
1 Do O GAy;MA,Pbl,
150 .
- 1
100 -
50 .

1(|)3 1(|)4 165 1(|)6
f(Hz)
Figure S8 - Real part of the dielectric permittivity as a function of frequency measured from 5.102
to 10 Hz at room temperature.
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Supplementary Note 10: Electronic carrier parameters

Table S3 - Summary of experimental data, models used, and evaluated electronic charge carrier
parameters of samples. The n, values were calculated using the relation o,pmic = qlene.

!

iti & O ohmi He ne
Composition . "\iz) (1058 m) e (10°m2V1isl) (10 m?)
784 Ballistic 60 8.1
294 Mott-Gurney 17 11
MAPDI; 51
243 Mott-Gurney 19 8.0
251 Mott-Gurney 30 5.2
183 Ballistic 24 4.8
101 Ballistic 19 3.3
GAO0.1 42 -
120 Ballistic 21 3.5
102 Ballistic 18 3.5
22.4 Mott-Gurney 3.0 4.6
27.0 Mott-Gurney 3.4 5.0
EAO0.1 44
29.8 Mott-Gurney 3.5 5.3
28.0 Mott-Gurney 3.1 5.7
5.89 SCLC 1.8 2.0
5.65 SCLC 2.7 1.3
ACO0.1 37
4.57 SCLC 1.9 15
3.90 SCLC 1.7 1.4
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Supplementary Note 11: Changes in precursor organic salts exposed to ambient air

~. ——— — = ———— |
Figure S9 - Changes to visual aspect of portions of precursor MAI, EAI, GAI, and ACI powders
with time when exposed to ambient air. MA, EA, GA, and AC are the positions of respective
iodine salts. Tapes with the designation of organic cation salts are under the Petri dish.
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