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Lead halide perovskites are mixed electronic-ionic conductors. lonic mobility is related to device stability;
the more favourable ion migration is, the sooner material degradation occurs. The highest efficiency
perovskite materials, such as Csg os5(FAg.83MAg17)0.95Pb(lg 83Bro17)3.include multiple substitutions into the
parent FAPbls structure. Despite the high efficiencies that multi cation and anion cells can achieve, there
is still a poor understanding of the effect of mutiple substitutions on ion mobility within the perovskite
itself. In this report we use electrochemical impedance spectroscopy to evaluate the effect of ion
substitution at multiple sites on the activation energy for iodide diffusion. The results demonstrate that
crystal lattice subsitutions have a significant effect on the activation energy. The addition of smaller

Received 1st June 2022, cations into the FAPI lattice greatly reduces the barrier to iodide diffusion. When substitutions at multiple

Accepted 19th August 2022 lattice sites are made, as in the triple cation perovskite, Csgos(FAgs3MAg17)0.05Pb(l083Bro7)s the
activation energy of iodide diffusion is 0.81 eV. This is considerably higher than the experimental values
obtained for methylammonium lead iodide and furthers understanding of the effect of multiple

substitutions on perovskite stability.
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Introduction

Since their introduction perovskite solar cells have risen rapidly
to commercially competitive efficiencies."”” Wide-ranging
research into this technology has been enabled by abundant
source materials and simple fabrication methods.® Recently,
research has focussed on improving the long term stability of
Perovskite Solar Cells (PSCs),*” and developing manufacturing
processes that can be used in upscaled production.®” The
stability of lead halide perovskites has long been a thorn in
the side of their development, as the most widely studied
perovskite, methylammonium lead iodide (MAPI), is unstable with
regards to heat, light and water.* " Solar cell stability is linked to
the diffusion of ions within the perovskite lattice, which cause the
hysteresis phenomenon in the short term, and in the long term
can lead to degradation of the cell.">™* One way of observing this
ion movement in perovskites is by Electrochemical Impedance
Spectroscopy (EIS). An example spectrum for a methylammonium
lead iodide based cell is given in Fig. 1. The plot highlights the
high (HF), mid (MF) and low (LF) frequency responses that we
typically see for MAPI cells in our lab, the origin of these three
different responses will be discussed in the next section. The low
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frequency impedance response of PSC is strongly affected by ion
migration. In this paper impedance is measured around open
circuit under illumination. At low modulation frequencies the ions
are able to move in response to the applied voltage and this field
dependent ionic distribution modifies the measured current. If the
time constant for the low frequency response is plotted as a
function of temperature, activation energies of 0.4-0.6 eV are
obtained. These values are similar to computational and experi-
mental values of iodide diffusion.’>™” Cation migration has also
been observed in perovskite solar cells, usually with higher activa-
tion energies to iodide migration.'® In our previous work we have
looked at cells made from MAPI, or MAPI that includes of low
amounts of A-ite substitution."®?* Although the most well
explored by EIS, MAPI does not make the most efficient, or the
most stable PSC. High efficiency PSC use Csy os5(FA.83MAg 17)o.95
Pb(Iy.83Br.15)3, which produces cells with >23% efficiency.” The
parent structure in this case is FAPI, which is cubic in its black
phase. MAPI is usually tetragonal as formed.>**® Formamidinium
lead iodide, (FAPI) has a smaller band gap than MAPI, closer to the
ideal for solar cells."”*”*® The cubic structure of FAPI is however
very unstable, and degrades readily to a non-perovskite &-phase.*
Adding MA, Cs or Rb have been shown to prevent this
degradation.****

One possible contribution to the greater long term stability
of mixed cation perovskites comes from the suppression of
iodide diffusion.>**”*° This has been observed as an increase in
activation energy for anion motion upon cation-mixing at the
A-site of methylammonium lead iodide.'”*®

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Idealised MAPI impedance spectrum (Nyquist plot), showing high
(HF), mid (MF) and low (LF) frequency regions, and areas on spectrum
related to different processes (orange and blue).

An increase in activation energy for ion motion has also
been observed when mixing occurs at either the B or X-site.*”*°
Previous EIS studies on FAPI have shown that, as in MAPI, the
high frequency response does not change greatly with the
addition of more components; it is the lower frequency
responses that are altered.*"**> Few temperature dependent
measurements have been performed on FAPI based perovskites
to attempt to extract activation energies. In this report the
effects of substitution at both the A and X site of FAPI are
investigated, to determine if there are any beneficial synergistic
effects of the triple-cation Csg o5(FA.g3MAg 17Pb(Io83Bro.17)3)
perovskite with regards to suppression of ion migration.

Results and discussion

PSC made with MAPI have been extensively measured by EIS,
and the high frequency (HF) electronic response is reasonably
well understood. The HF response is typically dominated by the
geometric capacitance and the recombination resistance.'*%*3
There is less consensus on the origin of the low frequency
impedance.'®*"*>*"*1 In impedance measurements we mea-
sure a current that is created by applying a sinusoidally
modulated voltage to the system. We measure at open circuit
(Voc) under illumination and apply + 10 mV modulation
around the cell’s open circuit value. By applying a voltage
slightly less than or more than the Vo, we measure a current
that is strongly dependent on the rate of electron-hole recom-
bination within the device. At high frequencies, typically above
10" Hz, the field is varying too quicky for ions to respond and
we measure the electronic response from our system which, as
already mentioned, is dominated by the geometric capacitance
(the capacitance when the perovskite is depleted) and the
recombination resistance. This characteristic frequency of
the HF response does not vary greatly with temperature.'®"”
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The two lower frequency responses (labelled MF and LF in
Fig. 1) occur when the applied voltage is varying on a timescale
in which the ions can move to redistribute themselves with the
field. We have previously argued that ion motion can act to
modify the recombination resistance (and hence the current),
and that the low frequency impedance response is due to a
frequency dependent recombination resistance.'® Jacobs et al.
also tie the low frequency impedance response to ion modu-
lated recombination currents.’® Ebadi et al. take a related
approach where it is injection, rather than recombination,
which is assumed to be modified by the ionic distribution.*”
Similarly, in the model created by Moia et al. it is shown that the
accumulation or depletion of ionic charge at the interfaces of
the device modulates barriers to injection and recombination,
allowing the authors to account for the impedance response of
perovskite devices.>® Finally modelling by Riquelme et al. attri-
butes the low frequency response to a ‘recombination resistance
modulated by ion transport from the bulk to/from the Debye
layers’.* It is possible to explain all the exotic features observed
in the impedance spectrum, including negative capacitances,
induction loops and giant capacitance by understanding how
slow moving ions act to modify the (photo)current. What is
clear, is that the time constants for the low frequency features,
MF and LF, are linked to the ion diffusion coefficient,*® and that
information about ion motion can be extracted from tempera-
ture dependent impedance measurements. In MAPI both the LF
and MF responses have been linked to iodide motion, with an
activation energy for bothprocesses of 0.35 eV to 0.5 eV. The
main difference between the MF and LF processes is the
‘attempt frequency’. The MF process has a measured attempt
frequency that is usually 1-2 orders of magnitude higher than
that of the low frequency process (typically MF is 10'°-10"" s7*
and the LF is ~ 10°-10"% s7"). In the case of the LF signal, the
measured activation energy is highly dependent on the compo-
sition of the perovskite.,’®'”%373% and both cation and anion
substitution strongly modify E, by introducing local
distortions."” This could suggest that the LF semi-circle is due
to the modulation of ions (most likely iodide) inside the
perovskite grains. Although cation migration possesses a simi-
lar activation energy, the timescale of this process is outside the
experimental window, therefore iodide migration is the most
likely measured process.>® The MF process is similarly tempera-
ture dependent, but the only experimental way we have found to
modify the MF activation energy is through Rb* or Cs" substitu-
tion into MAPL' The same trend is seen in the results pre-
sented in Table 1. When Cs is added to FAPI, the E, of the MF

Table 1 Values calculated by impedance for FAPI based perovskites — graphs in Fig. S5-S9 (ESI). MF and LF denote mid-frequency and low-frequency

respectively

R (Q) Cgeo (NF) TMF (ms) 7LF (ms)
Cation (at 25 °C) (at 25 °C) (at 25 °C) (at 25 °C) E, (eV) (MF) E, (eV) (LF)
FAPDI; 18.75 22.7 0.32 Not visible 0.37 + 0.02 Not visible
FAg ssMA, 1,Pbl, 38 9.4 0.83 43 0.37 + 0.03 0.53 + 0.01
C5S0.05(FAg.53MAg 17)0.05PbI; 17.7 18.0 0.22 25 0.53 & 0.01 0.21 £ 0.02
FAp.83MAy 17Pb(I6.83Br0.17)3 241 10.5 Not visible 23 Not visible 0.38 £+ 0.03
C5S0.05(FAo.83MAg 17)0.05PD(T.63Br0.17)3 282 14.0 0.57 43 0.45 + 0.02 0.81 + 0.07

© 2022 The Author(s). Published by the Royal Society of Chemistry
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process increases from 0.37 eV to 0.53 eV. There is some
evidence that small A site cations can preferentially sit on the
surface of the perovskite crystallites, passivating defects and
making it harder for ions to migrate along the grain
boundaries.>>> We therefore suspect that the MF response is
due to ion (again most likely iodide) diffusion along grain
boundaries and interfaces with the contact layers. At very low
frequencies, the impedance spectrum extends beyond the initial
quadrant,®® and care has to be taken when interpreting these
results as the low frequency data often fail a Kramers-Kronig
transformation test; this checks the relationship between the
real and imaginary impedance, suggesting whether or not a
valid impedance response is being measured.””

In this study we look at the effect of cation and anion mixing
on the impedance response of FAPI based perovskite solar cells.
We started by measuring FAPI cells, taking great care to make
and measure the cells rapidly to ensure that they remained
predominately in the cubic perovskite phase. The components
of Csg.05(FAo.83MA¢.17)0.05Pb(Io.83Br0 17)3) were then added indi-
vidually to form 4 different combinations, to probe the effect
each additive has on ion diffusion within the cell. We prepared
and measured inverted NiOx/FAPI/PCBM cells as they show
enhanced stability during impedance measurements.
FAPD(I, ¢3Bro.17); was not included for comparison, as the band
gap is shifted significantly and resulting solar cells have lower
efficiencies compared to the other samples.

Like MAPI, FAPI is a 3D perovskite, however in this case it is
almost cubic at room temperature.”® X-Ray diffractograms are
shown in Fig. 2. Upon substitution at the A or X-site the
structure is distorted. The distortion effect occurs to a much
greater extent with Br~ substitution, as shown in Fig. 2(a),
where the 002 peak is shifted significantly to higher 26 values in
the two bromide containing materials; closer to the values
shown by the 220 peak in MAPI (~29.5° 20)."”

The UV/Vis spectroscopy showed a slight blue shift caused
by X-site substitution (Fig. S1, ESIt). The performance of cells
containing varying amounts of A and X-site substitution
up to the ratio for the triple-cation perovskite is shown in
Table S1 and Fig. S2 (ESIf). A representative JV curve for
C50.05(FAo.83MAo.17)0.95Pb(10.83Br0.17)3 is shown in Fig. S2e (ESIT)
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Fig. 3 The Impedance response of FAPbI3 with temperature, Cole plots
with activation energy overlayed, and inset Nyquist plots.

and shows low hysteresis. In this study we analysed cells of
similar efficiency and particularly open-circuit voltage, to avoid
differences that occur with a change in performance. This
means that we have not selected the most efficient cells, rather
those that are most similar in terms of V¢ and Jg, allowing for
a more reliable analysis of the AC response. EIS was measured
at 7 temperatures between 45 °C and 15 °C, the range in which
the low frequency responses attributed to the effects of iodide
diffusion were most visible in previous studies."®'”

The impedance spectra for FAPI, used as a baseline in this
study, are shown in Fig. 3. All cells were measured within 1 day
of initial fabrication, as the stability of FAPI cells goes below
80% original efficiency after 3 days (Fig. S3, ESIt). There are 5
components to the most efficient perovskite, and cations and
anions were added to FAPI individually to build a picture of the
changes when forming Csg.o5(FAo.8sMAg.17)0.05Pb(Io.83Bro.17)3-
Cell characterisation data are shown in Table 1 and Fig. S5-
S9 (ESIY).
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Fig. 2 XRD analysis of perovskites (a) zoomed in image showing peaks in relation to MAPI 220 peak, and (b) full PXRD spectrum with zoomed in region

highlighted.
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For FAPI, two semi-circles were observed in the Nyquist plots
between 1 MHz and 10 Hz. The high frequency semicircle,
between 1 MHz and 10 kHz, is consistent with the recombina-
tion resistance and geometric capacitance, and does not vary
with temperature.”>'® Comparison with our previous impe-
dance studies suggests that the second semi-circle, between
10 kHz and 10 Hz, is the MF response.">""**

Effect of cation and anion substitution on the mid-frequency
response of PSC

The mid-frequency feature for FAPI cells is temperature depen-
dent and has an activation energy of 0.37 eV. This activation
barrier is very similar to those previously extracted for the mid-
frequency response of MAPL'®"*® Surface analysis of FAPI
(Fig. S4, ESIt) undertaken by AFM reveal a surface with small,
densely packed crystallites of similar morphology to our MAPI
films. If the MF response is due to ion motion at grain
boundaries, then the similar morphology of both systems
would corroborate this theory.

In the mid-frequency portion of the spectrum, the addition
of 17 mol% MA" does not change the activation energy. In
contrast, addition of 5 mol% Cs" causes the activation energy to
increase to 0.53 e€V. As mentioned above, this is consistent with
our previous results for MAPI where adding 5% Cs* or 5% Rb"
increased the activation energy of the MF process. Again this
suggests that at MF we could be measuring the effects of ions
migrating at grain boundaries and that Cs" is acting to passi-
vate the crystallite surfaces.’®>® The effect of bromide substitu-
tion on the mid-frequency process, measured for cells
containing FA, gzMA, 17Pb(I g3Bro 17)3, is unclear as in this case
it is only observed as a shoulder to the HF semicircle, and
provides insufficient data to create an Arrhenius plot.

Effect of cation and anion substitution on the low frequency
response of PSC

It is interesting that the low frequency response observed below
1 Hz in MAPI cells, is absent in FAPI Cells. As mentioned above,
the LF response in MAPI cells is strongly dependent on the
composition of the perovskite. Substituting in ions that vary in
size with respect to those in the parent material causes local
distortions to the lattice that can influence the activation
energy for ion migration. One major difference between MAPI
and FAPI is the octahedral-corrected Goldschmidt tolerance
factor, which is 0.95 for MAPI and 1.03 for FAPL®° The FAPI
perovskite lattice is therefore more strained, which can modify
the activation energy for iodide motion.®” Computational stu-
dies of FAPI suggest activation energies of 0.45 eV to 0.50e V for
iodide vacancies,>*®* similar to the values in MAPIL The high
lattice strain can also reduce the energy of defect formation.®®
Riquelme et al. used drift diffusion modelling to investigate the
influence of iodide diffusion coefficient and iodide vacancy
density on the impedance response of perovskite solar cells.
They show that increasing the diffusion coefficient (which
would relate to a lower activation energy) moves the LF
response to higher frequencies. Reducing the number of iodide
vacancies caused the LF response to first decrease in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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magnitude, before moving below the axis to show a response
in the fourth quadrant. The absence of the LF response in FAPI
is most likely explained by a decrease in activation energy for
ion migration inside the FAPI crystallites caused by high lattice
strain. This would cause the LF response to move to higher
frequencies and to be hidden by the high frequency and MF
responses. A change in the defect density could also change the
magnitude of the LF impedance making it harder to detect. In a
previous study we found that the LF response is also absent in
cells containing MAPbBr3;, which has a tolerance factor of 0.99.
It is likely a similar explanation can be used for both MAPbBr;
and FAPI cells.

In the bromide-free perovskites, the addition of the cations
(both of which are smaller than FA) results in the re-appearance of
the low-frequency semi-circle. The LF activation energy for
FAq.53MAg 17Pbl; is 0.53 eV. Adding 5 mol% Cs* to FAg gsMA, ;,Pbl;
reduces the activation energy from 0.53 eV (Fig. S6, ESI{) to 0.21 eV
(Fig. S7, ESIf). These results contrast those observed in the
tetragonal structure of MAPI where distortion of the lattice caused
by cation substitution increased the activation energy. In FAPI it
has been shown that adding MA" and Cs' can reduce the strain in
the material,®* it is not currently clear why Cs* addition should
increase the activation energy for ion motion in MAPI but reduce it
in FAPL

Mixing the halide composition to give FAq gsMAg 17Pb(Io.g3Br0.17)3
completely changes the impedance spectrum. There is a tenfold
increase in the recombination resistance, R after bromide addi-
tion. This increase in Ry, with no change in Cg., means that the
time constant for the HF process is significantly shifted with respect
to the iodide perovskites. Previous studies have shown that bromide
diffusion is not visible on the timescale of the impedance experi-
ment, so the low-frequency element is due to iodide ion diffusion.>®
The low frequency feature is visible (Fig. S8, ESIT), and from the
Arrhenius plot an activation energy of 0.38 eV is calculated.

Impedance spectra of triple-cation PSC

For the state-of-the-art triple-cation perovskite, a Nyquist plot
for Csg o5(FA¢.83MA.17)0.05Pb(o.83Br0.17)3 is shown in Fig. 4.
Substitution at both the A and X-sites has resulted in a
spectrum that takes features from both, i.e. the recombination
resistance is still ten-fold larger than for FAPI (caused by Br—
substitution), but there are once again three semi-circles visible
in the Nyquist plot.

The interesting combination of substitution at two sites
extends into the trends shown when the impedance is mea-
sured over a range of temperatures (Fig. 4). The activation
energy for the low frequency process is 0.81 eV - even within
the increased margin of error of £ 0.07 compared to the other
samples, this is a dramatic increase on the 0.21 eV shown by
Cso.05(FAo.83MAg 17)0.0sPbI; and the largest value we have ever
measured for either a MAPI or FAPI based perovskite solar cell,
with similar photovoltaic parameters. The mid-frequency pro-
cess has an E, of 0.45 eV. From the data available in Table 1 it is
clear that once again Cs" is having an effect on the process
occurring in the mid-frequency range.

Mater. Adv,, 2022, 3, 7918-7924 | 7921
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Impedance of Csg o5(FA0.83MA0.17)0.95Pb(lo 83Bro 17)3: (@) Nyquist plot at 25 °C, (b) Cole plots with temperature including activation energy for mid-

and low-frequency process, and (c) Arrhenius plot for the Low Frequency feature.

Fig. 5 shows both the LF activation energy, and the Gold-
schmidt tolerance factor plotted against the shift in 26 of the
002 peak with respect to FAPI in the substituted perovskites.
The tolerance factor for the mixed perovskites was estimated by
simply taking ratios of the ionic radii for the different ions in
the mixed phase. Interestingly both E, and ¢ show a similar
dependence on 20, there is also a clear separation between the
iodide and the mixed halide perovskites with respect to 20.
There is no clear trend in E, with tolerance factor. It is likely
that ion migration is controlled by complex local interactions in
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Fig. 5 Graph of activation energy and Goldschmidt Tolerance factor

against shift in 20 from the FAPI 002 peak.
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the lattice and that the calculated tolerance factors are a gross
oversimplification of the picture.

Conclusions

In this report we have measured iodide diffusion by electro-
chemical impedance spectroscopy in substituted perovskite
solar cellsbased on the parent structure of formamidinium
lead iodide. FAPI cells show a different impedance response
to MAPI ones, with only two semi-circles visible in the Nyquist
plot. Despite this the mid-frequency response of cells contain-
ing MAPI or FAPI display similar time constants and activation
energies, suggesting a common, cation-independent process is
happening on this timescale.

Structural substitutions into FAPI significantly alter the
measured LF activation energies for iodide diffusion in the
materials. Increasing substitution of smaller cations, cesium
and methylammonium, reduces the activation energy. Substi-
tuting both the A-site cation and the X-site halide anion leads to
a tenfold increase in the R, value. The triple-cation perovskite,
CS0.05(FAo.83MAg 17)0.05Pb(Io.83Bro.17)3, €xhibits a higher barrier
to ion diffusion (0.81 eV) than previously measured for MAPI or
FAPI, this result provides additional understanding of to the
high performance of triple cation perovskite solar cells.
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