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Influence of bromide content on iodide migration
in inverted MAPb(l,_,Br,); perovskite solar cells}
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The effect of a systematic increase in the bromide content on mixed anion methyl ammonium lead halide,
MAPD(l;_,Br,)s, perovskite solar cells is investigated. We show that at a critical bromide concentration (7.5%)
we supress the slow impedance response from the cells. We link the changing impedance spectrum to
a large increase in the activation energy for iodide motion. These results are corroborated by muon spin
relaxation measurements, where we show that at the concentration of bromide typically used in high
performance perovskite solar cells (17%) there is no sign of iodide motion in powders. Finally, we show
JV curve hysteresis as a function of bromide content. The scan rate at which the maximum hysteresis
index is observed does not change as the % Br is increased, leading us to conclude that the low
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Introduction

Research into perovskite solar cells (PSC) has been a focus of the
photovoltaic community over the last 10 years, mainly as no
other photovoltaic technology has observed a more pronounced
rise in the efficiency of devices. PSC have increased from an
efficiency of 3.8% in 2009 (ref. 1) to a certified efficiency of
20.9% for a 1 cm? cell*® and recently to 24.2% for an aperture
area of 0.096 cm>*' The steep rise in efficiency is partly
a consequence of lessons learned during the development of
other emerging photovoltaics technologies such as thin film
solar cells,>® organic solar cells” and dye-sensitized solar cells.®®
Due to the ionic nature of the components, perovskite materials
are fairly easy to synthesize via solution-based methods*** and
at the same time, the performance of PSC has proven to be very
resilient to defects.'*** It is also possible to change the chemical
composition of the lead halide perovskites to effectively and
systematically tune their bandgap,'**® making them particu-
larly attractive for a wide variety of applications including light
emitting diodes'***** and tandem solar cells.*** However, in
spite of these promising features, the development of perovskite
solar cells still presents important challenges: low stability,
particularly under high humidity conditions,*?* and a hyster-
etic behavior that appears to be intrinsic to lead halide perov-
skite devices."™"*?%?® Stability and hysteresis have been closely
linked to the ionic nature of the perovskites. Several studies
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frequency impedance response and the JV curve hysteresis are not caused by the same mobile ions.

have shown that a very small activation energy has to be over-
come for the iodide anion (0.2-0.7 eV) and methyl ammonium
cation (MA") (0.5-0.8 €V) to move through the perovskite
structure." 2% The consensus is that the activation barrier to
iodide and methyl ammonium motion is low enough to
contribute to the low stability of the perovskite
devices. 128293132 Hysteretic behavior has been related to ion
migration and the redistribution of charge inside the perovskite
film following the application of an electrical potential.*"**
Experimental evidence of ion migration has been found by
employing photo-thermal induced resonance microscopy,* by
polarizing the perovskite structure (also known as poling) and
then employing complementary techniques such as X-ray
diffraction (XRD) to analyze the chemical composition of the
perovskite after poling,”**** and via temperature-dependent
impedance spectroscopy*"** and current-potential
curves.'**** The activation energies obtained from these char-
acterization techniques are in the range of the values predicted
theoretically.

It has been proposed that ion motion can be altered by
changing the chemical composition of the perovskite. In
a theoretical study, Lin et al®*® found that the presence of
bromide in methylammonium lead iodide increased ion diffu-
sion barriers and hindered the movement of ions in the
perovskite due to a more compact crystal structure. By
substituting iodide ions with the smaller bromide ions, Noh
et al.’” and Ruess et al.*® managed to increase the stability of the
perovskite under high humidity conditions. The increase in
stability was also attributed to a more compact structure. High
bromide concentrations (>20%) are difficult to study as phase
separation into iodide and bromide rich regions occurs under
illumination.*®*! Yoon et al.** proposed that anion segregation

This journal is © The Royal Society of Chemistry 2019
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is highly influenced by the concentration of defect sites, and
found that a stoichiometric excess of the halides in the perov-
skite composition may help to reduce phase separation.
Hysteresis can also be modified by changing the configuration
of the devices.”®*™** Although changes to the perovskite struc-
ture have been shown to strongly influence material stability
and I-V curve hysteresis, a systematic experimental study on the
influence of anion mixing on iodide migration in perovskite
cells has not been reported.

Here we study the influence of anion ratios on methyl
ammonium lead halide devices by gradually increasing the
bromide concentration in inverted MAPbI; perovskite solar
cells. We use impedance spectroscopy measurements at
different temperatures to relate the bromide concentration to
the activation energy for iodide migration within the material.
We show that iodide motion is strongly suppressed at low
concentrations of bromide. Our impedance results are corrob-
orated by muon spin relaxation measurements which show that
for the mixed halide perovskite MAPb(I, g3Br¢17)3, No iodide
diffusion is observed. By measuring current-voltage curves at
different scan rates, we analyze the influence of bromide
content on the hysteretic behavior and determine the scan rate
at which the hysteresis is highest. We then compare the infor-
mation on ion motion obtained from hysteresis and impedance
measurements, highlighting fundamental differences between
both characterization techniques.

Experimental

All chemicals were purchased from Sigma-Aldrich unless
otherwise noted. [6,6]-Phenyl-C61-butyric acid methyl ester
(PCBM) purchased from Ossila (Sheffield, United
Kingdom).

was

Perovskite solar cells with inverted configuration

Substrate preparation. TEC-15 fluorine doped tin oxide
(FTO) glass (Sigma Aldrich) was used as substrate. A strip of the
FTO glass where the metallic contact of the anode will be
located was chemically etched and removed with a 2 M solution
of hydrochloric acid (HCI) and zinc powder. The FTO was rinsed
with deionized water and sequentially sonicated for 15 minutes
at 50 °C with 2% Hellmanex detergent, water, acetone, ethanol
and isopropanol. The FTO was dried with air and prior to the
deposition of the nickel oxide layer it was placed under ozone
lamp irradiation for 30 min (UV/Ozone ProCleaner, Bioforce
Nanosciences).

Hole-selective contact. A 0.2 M solution of nickel acetate
tetrahydrate in 2-methoxy ethanol was prepared. Once the
nickel acetate was completely dissolved, a small amount of
ethanolamine was dropped into the solution (12 pL of etha-
nolamine per mL of the nickel acetate solution). When the
solution was completely homogeneous, it was filtered through
a PTFE syringe filter (45 pm). 100 pL of the solution was spread
over an FTO substrate and spin coated at 3000 rpm for 30
seconds. A strip of the NiO layer was removed with 2-methoxy
ethanol, where the metallic contact of the cathode will be
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deposited. The FTO was then placed on a hot plate at 500 °C for
30 minutes.

Perovskite layer. A 1.25 M solution of lead iodide (Pbl,) and
methyl ammonium iodide (MAI) in a 4:1 v/v mixture of
dimethyl formamide (DMF)/dimethyl sulfoxide (DMSO) was
prepared. The solution was stirred until the chemicals were
completely dissolved. For the cells with different bromide
content, a 1.25 M solution of lead bromide (PbBr,) and methyl
ammonium bromide (MABr) in a 4:1 v/v mixture of DMF/
DMSO was prepared. Depending on the bromide concentra-
tion required, the corresponding ratios of MAPbI; and the
MAPDBr; were mixed. The solution was stirred for 30 minutes to
homogenize and was filtered through a PTFE syringe filter (45
pum).

Electron-selective contact. A 22 mM solution of PCBM in
chlorobenzene was prepared. The solution was heated at 60 °C
and stirred for 30 minutes to ensure proper dissolution. The
solution was then filtered through a PTFE syringe filter (45 pm).
A 1.4 mM solution of bathocuproine (BCP) in ethanol was also
prepared.

Solar cells assembly. Perovskite deposition was done inside
a glove box with nitrogen atmosphere. The perovskite solution
was spread over the NiO layer and spin coated at 4000 rpm for
30 seconds. 200 pL of ethyl acetate was dropped over the
perovskite film 7 seconds after the beginning of the spin
coating. The perovskite film was then placed on a hot plate at
100 °C for 10 minutes. After the perovskite had cooled down, the
PCBM solution was spread over the surface of the perovskite
and spin coated at 3000 rpm for 30 seconds and left to dry.
Finally, the BCP solution is spread and spin coated over the
PCBM layer at 6000 rpm for 30 seconds and let to dry. One strip
of the perovskite cell was removed with a metallic blade where
the metallic contact for the cathode will be deposited. The
metallic contacts were deposited via silver evaporation in
a high-vacuum physical vapour deposition chamber (Nano PVD,
Moorfield nanotechnology, Cheshire, United Kingdom) with
pressure below 1.5 x 10~> mbar.

Optical characterization

UV-Vis transmittance and reflectance measurements were
measured in a PerkinElmer Lambda 750 S UV/Vis Spectrometer,
from 350 nm to 900 nm and with a step size of 1 nm. To account
for internal reflections, the absorption of the material was
calculated from the reflectance and transmission measure-
ments according with A = T/(1 — R)>.** To calculate the bandgap
of the material we employed Tauc plots for direct allowed
transitions. To determine the chemical structure of the perov-
skite material, X-ray diffraction measurements were made with
a STOE Transmission Diffractometer System STADI P, employ-
ing Cu-Ko radiation, scanning from 10° to 70° (26), with a 0.01
step size and an integration time of 20 seconds per point.

Current-voltage measurements

Current voltage curves of the solar cells were measured with
a Keithley 2601A potentiostat under 1 sun illumination inten-
sity provided by a single source, Class AAA solar simulator (T S
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Space Systems LTS, Bucks, United Kingdom). The illumination
intensity was calibrated with a certified WPVS monocrystalline
silicon reference cell with a KG3 filter (Fraunhofer, ISE). 1.2 V
was applied to each cell prior each measurement under illu-
mination. A linear potential scan was applied from 1.2 Vto 0 V
and immediately from 0 V to 1.2 V at a scan rate of 100 mV s "
with a step size of 10 mV. A mask of (0.25 x 0.25) cm” was
employed to avoid additional contributions of scattered light in
the glass. Each substrate accommodated 6 small solar cells.

Impedance spectroscopy measurements

Impedance spectroscopy and hysteresis measurements were
performed with a ModuLab XM PhotoEchem system (Solartron
Analytical). Before each measurement, the cell was under
a 470 nm LED (Thorlabs M470L3) illumination (42.5 cm™?) for
15 minutes to obtain a stable open circuit potential. The
impedance measurements were made at open circuit potential
under LED illumination and employing a small amplitude
perturbation of 10 mV in the 100 kHz to 100 mHz frequency
range. The electrochemical impedance spectrum was analyzed
using Z-View software. The samples were mounted in a desic-
cator filled cell holder to prevent degradation. The temperature
was controlled with a Peltier element and a Precision Peltier
Temperature Controller TEC-1091 (Meerstetter Engineering,
Rubigen, Switzerland).

Hysteresis measurements

A black mask with an aperture of (2.5 x 2.5) mm? was used to
avoid additional contributions of scattered light to the sample.
The cell was illuminated with a blue LED (Thorlabs 470 nm) at
open circuit for 15 minutes or until the open circuit potential
did not change over time. The illumination intensity employed
was 4.4 mW cm 2. 1.2 V was applied for 5 seconds prior to each
scan. The cell was measured from open circuit conditions (V)
to short circuit conditions (/) and immediately after from Jg. to
Voe. After each scan the cell was illuminated at open circuit
potential for 2 minutes. The scan rates employed are presented
in Table 1. The cell was measured from fast to slow scan rates.

Muon spectroscopy

Perovskite powders were prepared by a hot-casting method. To
make a MAPDbBr3, a 1.9 M solution of MA and PbBr, in anhy-
drous DMF was prepared by stirring the precursors at 60 °C for

Table 1 Scan rate and order of measurement for hysteresis analysis

Scan rate Scan rate Scan rate
# (mvs™) # (mvs™) # (mvs™)
1 7000 8 300 15 10
2 5000 9 200 16 7
3 3000 10 100 17 5
4 2000 11 70 18 3
5 1000 12 50 19 2
6 700 13 30 20 1
7 500 14 20 21 0.5
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one hour. The solution was subsequently cast onto a clean glass
Petri dish at 110 °C and left for an hour to form a thick orange
film. The film was scratched from the Petri dish to produce
orange MAPBr; powder. The structure of the MAPBr; powder
was confirmed by pXRD analysis. The synthesis procedure for
the mixed halide perovskites was the same with the ratio of Pbl,
and PbBr, adjusted to give the desired stoichiometry.

Muon spin relaxation experiments were performed at the
ISIS pulsed muon facility using the HIFI instrument. Approxi-
mately 1 g of sample was pressed into a metal sample holder
forming a disc of approximately 1 mm thickness. The temper-
ature was controlled between 40 and 410 K using a closed cycle
refrigerator and hot stage. Measurements were taken at 4
different longitudinal fields at each temperature. Initial cali-
bration of the instrument was performed by applying a 100 G
transverse field. X-Ray diffraction patterns were obtained using
a Bruker axs D8 advance powder X-ray diffractometer with Cu-
Ka source and Ge monochromator.

Results and discussion

MAPDb(I, ,Br,); films were prepared, where x = 0, 2.5%, 5%,
7.5%, 25% and 100%. The X-ray diffractograms for the films
(Fig. 1) show the expected peaks associated with the (110) and
(220) planes of a 3D perovskite structure.*® As the amount of
bromide increases, the peaks are displaced towards larger
values of 26 (the peak positions have been normalized to the
peak of the underlying FTO substrate, see Fig. S1f). This
displacement has been attributed to changes in the crystal
structure due to the smaller size of the bromide ion compared
to the iodine ion, and the fact that there is a gradual shift from
the tetragonal phase of pure MAPDI; to the cubic phase of pure
MAPDBr;."**¢ Previous reports have shown a reduction in the
lattice parameters of 2-3 pm when changing between pure
MAPbDI; and 10% Br perovskites.'”***” The tetragonal to cubic
phase transition has been reported to occur between 13-20%
bromide,"” or at even higher bromide concentrations (>30%).*
It has also been reported that as the amount of bromide is
increased, phase segregation can occur, particularly when the
film is under illumination.'**>** Phase separation causes the
28.8° peak to split into two peaks, associated with iodide and
bromide rich regions.**** No phase separation was observed in
these samples, although these films were not exposed to light
before the XRD spectrum was measured. Peak splitting was
observed in pure MAPDbI;, which is attributed to the (004)
(28.11°) and (220) (28.36°) reflections of the tetragonal phase of
the perovskite;'” the peak splitting disappears with bromide
addition. In order to avoid the complication of large scale phase
segregation in our measurements, only bromide substitution
ratios =<7.5% were investigated.

In the next step, inverted perovskite solar cells containing
different amounts of bromide were prepared and characterised.
The highest reported efficiency for an inverted perovskite cell
with NiO and PCBM contacts is 20.5%.*® This efficiency was
achieved with a doped hole transport layer, a modified
aluminium cathode and a perovskite with a chemical compo-
sition of MAPbI;_,Cl,. In our lab we prepare simple inverted

This journal is © The Royal Society of Chemistry 2019
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Fig.1 XRD measurements for perovskite films with different bromide content, (a) 26 from 10° to 65° and (b) from 25° to 35°. In (b) the main peaks
for the tetragonal (004) (28.11°) (purple dot), (220) (28.36°) (green dot) and cubic phases (200) (red dot) are highlighted.

NiO cells with top efficiencies close to 15% (Fig. S2t), using
a combination of anti-solvent treatments and solvent anneal-
ing. In order to make a direct comparison between cells with
different bromide ratios, the cells used in this study have
slightly lower efficiencies. It was much more important that
direct comparisons could be made between devices with
different compositions. We did not use solvent annealing, as we
were concerned that it would lead to differences in crystal size
between films with different bromide content. In this study cells
were also prepared with an emphasis on stability and repro-
ducibility. The cells were able to maintain a stable open circuit
voltage over several hours to allow us to carry out reliable
temperature dependent impedance measurements.

The influence of bromide content on perovskite solar cell
performance is summarized in Fig. S3.f In Fig. S3af the
increase in V. as a function of bromide content is related with
the change in the bandgap,'*"**** as shown in Fig. S4 and
Table S1.1 The change in current density (Fig. S3b?) is related to
the absorption of the perovskite material."” There is a slight
decrease in fill factor with increasing bromide content. All the
cells showed very low hysteresis under illumination at 1 sun
(Fig. S57).

It should be noted that the performance of the devices was
higher when measured from J,. to V,. (Fig. S5,T so called
‘inverted hysteresis’). Inverted hysteresis has previously been
reported for cells measured using negative preconditioning
potentials.’>** Existing literature on inverted hysteresis refers to
n-i-p perovskite cells and underlines the importance of pre-
conditioning on the IV curve measured.”>** Almora et al. also
proposed that inverted hysteresis is more likely to be observed
in mixed-perovskite structures.*® In our p-i-n cells, the pre-
conditioning potential was always above the V,. of the perov-
skite cell and inverted hysteresis appeared not only in mixed-
halide perovskites, but also for pure MAPbI; cells (Fig. S57).
Inverted hysteresis disappears for pure MAPbBr; devices,
although a direct comparison is difficult due to the lower effi-
ciency of MAPbBr; solar cells (Fig. S31). Our results show that
inverted hysteresis is not only dependent on the

This journal is © The Royal Society of Chemistry 2019

preconditioning potential and the composition of the perov-
skite, as reported previously.>>>*

Impedance spectroscopy (IS) was used to evaluate the influ-
ence of bromide content on ion movement. All IS was carried
out at open circuit under illumination. IS is widely used to
characterize PSC and the spectra vary a little depending on cell
configuration and the measuring conditions used.*****" The
Nyquist plots for PSC typically show 2-3 clear semi-circles, with
a fourth feature that extends below the real axis at very low
frequencies. In our results on both standard®' and inverted®
MAPDI; cells, the Nyquist plots show three semicircles when
cells are measured at 25 °C under illumination (Fig. 2).We will
refer to the three features as the high frequency (hf), mid-
frequency (mf) and low frequency (If) response of the device.
There is still considerable debate about the interpretation of
impedance spectra for PSC in the literature. There is consensus
that the hf response is due to the geometric capacitance, Cge,,
coupled to a resistance, Rye.*"**"° Ry is related to the recom-
bination resistance, although as Ebadi et al. recently pointed
out it could also contain a contribution from charge injection.*
It is sometimes suggested that a transport resistance, caused by
percolation of charges through the perovskite or the meso-
porous oxide contact, also needs to be included.** However, as
transfer of charge through the perovskite film is very rapid,® the
transport resistance should be negligible in efficient cells.

In the paper by Pockett et al. we suggested that the mf and If
response from the cell were due to a coupled ionic-electronic
response.’* The ionic distribution inside the device is modu-
lated by the applied voltage, this in turn modifies electron
injection and recombination currents and hence causes the mf
and If impedance response. The, mf, semicircle has been
associated with charge recombination,®*** although the
nature of the ions causing the response in this frequency region
it is still a matter of debate. The If semicircle is associated with
iodide ion modulated recombination/injection
processes.'®*%%¢* Moia et al. have developed a promising
equivalent circuit which uses transistors to model the effect of
ion modulation on electronic recombination across the

J. Mater. Chem. A, 2019, 7, 22604-22614 | 22607


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ta08848b

Open Access Article. Published on 20 September 2019. Downloaded on 12/5/2025 3:20:14 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

v T Y hlf ¥ T v T v T v T

1004 | - , m MAPbI3 J

% = u = N u ™1 r nrf 1 1

~ 5. ] If J
-'\.' 50 .I " . . '5 :
0 v T v T v T v T '4 T T

0 50 100 150 200 25 300
Z' (ZI2)

40- L Br 5.0% |
g | ]
N
£ 20 -

- 3 .
5
0 T T T T T T T T T
0 20 40 60 80 100 120
Z' (ZI)

View Article Online

Paper
T T T T T T r T r
0
40 - e Br25% |
& o ® o &
N ] y ‘
A 20 .\ s8%0 T
h | ..  6 |
0 1. I .0 .1 °-.r° ;‘ T l\.'
0 20 40 60 80 100 120 140 160
Z'(ZIQY)
100 T T T T y T . T +
1 " Br7.5% 1
_ 754 .
c ] |
N 50- .
K | |
' 254 3
0 T T v T v T T T v 2
0 50 100 1@0 200 250
Z'(ZIQ)

Fig. 2 Nyquist plots for perovskite solar cells as a function of the bromide content. The measurements were made at 25 °C. The high frequency
(hf), mid-frequency (mf) and low frequency (If) regions are displayed. Frequency values are highlighted in each plot: 1 =100 kHz, 2 =10 kHz,3=1

kHz, 4 =100 Hz, 5=10 Hzand 6 = 1 Hz.

interface.®® The model can reproduce both the low frequency
‘capacitive’ and ‘inductive’ behavior inside PSC. Jacobs et al. use
a drift diffusion model to simulate the impedance response for
PSC.*® They show that ‘giant photo induced capacitances’,
‘induction loops’ and apparent ‘negative capacitances’ at low
frequency can all be explained by the coupling of ion migration
and electronic current. The only downside of models based on
transistors and semi-conductor drift diffusion models is that
complex numerical solutions are required to simulate the
impedance response. In our own work we also do not use an
equivalent circuit to fit our data. We are taking an experimental
approach - linking systematic temperature dependent IS
experiments to physical processes occurring in the cell. The
temperature dependent time-constant for the low frequency
process can be used to extract an activation energy***** which
agrees with the majority of experimental and computational
activation energies for iodide migration (0.3-0.6 eV)."*"****3 We
recently reported that cation substitution into MAPbI; moves
the If process to such low frequencies that it can no longer be
seen in the impedance spectrum. This corresponds to a large
increase in the activation energy for iodide motion inside the
perovskite. Here we clearly show that the If semi-circle can also
be strongly affected by anion substitution.

The Nyquist plot for pure MAPDI; is shown in Fig. 2a. Three
clear semicircles are observed, with the third semicircle
appearing at frequencies lower than 100 Hz. As the amount of
bromide is increased, the diameter of the low frequency semi-
circle decreases. For 5.0% bromide content, the semicircle is
still visible although noticeably smaller than for pure MAPDI;.
When the bromide concentration reaches 7.5%, the low
frequency semicircle has disappeared completely. The Nyquist
plot for pure MAPDbBr; (Fig. S61), also shows only two clear

22608 | J. Mater. Chem. A, 2019, 7, 22604-22614

semicircles with no trace of a third low frequency semicircle
observed.

Computational studies have reported that the substitution of
iodide with bromide inside the perovskite structure increases
the activation energy for the migration of iodide ions.** The
substitution of the smaller bromide ions makes the perovskite
crystal more compact,®® Ruess et al suggested that this
increases the interaction between the anions and MA" cations.*
Svane et al. also looked at the cation-halide interaction energies
in MAPbI; and MAPbBr; in detail.”” They concluded that the
hydrogen bond energy is very similar in both compounds, and
that the total electrostatic energy of interaction is greater in
MAPDI; than in MAPbBr;. Other studies have found that
bromide ions form a stronger bond with Pb®*" than iodide
ions.’°®

The increase in activation energy for iodide motion in mixed
halide perovskites is likely to be due to local lattice distortions.
Substitution of iodide with the smaller bromide ion distorts the
crystal lattice, changing ion diffusion pathways and hence
increasing the activation energy for iodide motion. We recently
showed that just 5% cation substitution creates enough local
distortion to substantially increase the activation barrier for
iodide motion.*

To investigate further, impedance spectra were collected at
a range of different temperatures (10-40 °C). Fig. 3 shows Cole
(imaginary impedance as a function of frequency) and Nyquist
plots at selected temperatures for cells with 5%, 6.3% and 7.5%
Br substitution. Cole plots are shown as the hf, mf and If
processes can be observed as clear “peaks” in the impedance
and shifts in frequency with temperature can be more clearly
observed. For perovskites with 5.0% bromide content, the low
frequency peak (associated with the third If semicircle in the

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) Cole plot of perovskite solar cells as a function of temperature and bromide concentration: 5.0%, 6.3% and 7.5% bromide content. The

main peaks at different frequencies are highlighted. (b) Nyquist plots of the perovskite with 6.3% bromide concentration as a function of
temperature. Frequency values are highlighted: 1 = 100 kHz, 2 = 10 kHz, 3 =1kHz, 4 = 100 Hz, 5 =10 Hz and 6 = 1 Hz.

Nyquist plot) is observed at all the temperatures measured; the
peak of the If process is shifted towards higher frequencies as the
temperature is increased. This is expected for a temperature
activated process; the iodide motion is faster at higher tempera-
tures. However, when the bromide concentration is increased to
7.5%, the third semicircle completely disappears, even at
temperatures as high as 40 °C the If semicircle is not visible,
indicating the process that causes it has been suppressed.

An intermediate bromide concentration of 6.3% was chosen
to analyze the evolution of this low frequency process. Inter-
estingly, cells with 6.3% Br only show suppression of iodide
motion at low temperature. At 10 °C only two peaks are observed
with no trace of the low frequency peak. As the temperature is
increased to 17 °C and beyond, the low frequency process
appears. The process becomes faster as the temperature is
increased and the peak in the Cole plot is observed at higher
frequencies. This response shows that at 6.3% bromide
concentration the iodide motion is not fast enough to affect the
response at low temperatures. As the temperature is increased
the amount of iodide motion increases, bringing the low
frequency response into the measurement window. This effect
can be fully appreciated in Fig. 3b, where the evolution of the
low frequency semicircle with temperature shows the appear-
ance of the low frequency response when going from 10 °C to
25 °C. These results suggest that there is a critical concentration
of bromide over which iodide migration will be suppressed.

This journal is © The Royal Society of Chemistry 2019

We used the time constants from the temperature depen-
dent impedance measurements to obtain activation energies for
the low and mid-frequency processes.*® The results are
summarized in Fig. 4. The increase in the If activation energy
with bromide concentration (red dots in Fig. 4) support the
argument that iodide motion is suppressed as the bromide
content is increased. This trend is consistent with the results
presented in Fig. 2 and 3. Unfortunately impedance spectros-
copy gives no information on the location of the ions that are
causing the If response ie. whether we are measuring the
influence of iodide ions moving in the bulk, along grain
boundaries or at the interfaces with the hole and electron
transporting contacts.

We cannot conclusively say whether the ions are modulating
bulk recombination or interfacial recombination/injection. IS
only provides the time scale related with the process, it does not
give any information on the pathway of iodide migration/
diffusion.

It is worth noting that while the high frequency process is
largely independent of temperature, the mid-frequency peak
shifts to higher frequencies with temperature, suggesting that
this is another temperature activated process (Fig. S7t). As
outlined above, the nature of the mid-frequency process is not
completely understood. Our results show that it is a thermally
activated process that is not strongly influenced by the bromide
concentration. The mf activation energy is lowest for the pure
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a guide for the eye. The activation energy for the low frequency
process for the 6.3% bromide is highlighted as it was obtained with
only three temperatures.

MAPDI; (0.3 eV) and it increases to values between 0.4-0.6 eV for
mixed bromide devices where it fluctuates but does not increase
sharply with Br content. The mf response has previously been
shown to be particularly sensitive to illumination,** and has
been associated with charge recombination.?"**¢

The mid-frequency process has an associated time constant
between 0.1 and 10 ms, it is 2-3 orders of magnitude faster than
the If process. In contrast the activation energies for the mf and
If processes are very similar in MAPbI; cells. Here we measured
0.30 £ 0.08 eV for the If and 0.37 £ 0.10 eV for the mf process in
pure MAPDI; cells. It has been suggested that ion migration via
grain boundaries should occur on faster time scales than
migration through the bulk of the perovskite.*” This leads us to
think that the mf semicircle may be related to iodide migration
along grain boundaries or at the interfaces with the selective
contacts, whereas the If process is caused by iodide migration in
the bulk of the crystals. If this is correct, anion and cation®
substitution suppresses bulk iodide diffusion, but does not
strongly influence the motion of ions at the crystal surface.
Temperature-dependent impedance measurements controlling
the grain size of the perovskite may shed some light into this
phenomenon but is outside the scope of this work. Equally, it
would be useful to measure the temperature dependent
impedance of cells where the crystallite surfaces have been
passivated.®

It should be noted that at very low frequencies the imped-
ance response in the Nyquist plots drops below the real axis
(Fig. S8t1). This response has been associated with transient
injection currents,® however no trend in the very low frequency
response of our cells was obtained as a function of bromide
concentration.

Muon spin relaxation (uSR) was used as a complementary
technique to further investigate iodide diffusion in
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MAPbD(I, ,Br,); powders. The muons used in this study stop
inside the bulk of the crystals and can act as a direct probe for
bulk iodide motion.** pSR has become a standard technique for
analysis of ion migration in lithium and sodium battery mate-
rials.”””® Recently, we used it to study the properties of ion
migration in methyl ammonium lead iodide samples as well as
mixed cation samples.*® pSR involves implanting a 100% spin
polarized positive muon into a sample. The muons decay inside
the sample, emitting a positron which is detected. Fluctuating
electronic fields in the target material impact upon the spin of
the muon, changing the decay angle of the positron and these
changes can be used to gain information on the environment
the muon experiences prior to decay. One possible way that the
local environment of the muon can be altered is by the motion
of nearby ions that have a nuclear magnetic moment. Bromide
has a similar spin (3/2) and nuclear magnetic moment (+2.12uyx
for 7°Br and +2.27uy for 8'Br) as Li* (3/2 and +3.26uy), Na* (3/2
and +2.22uy) and I™ (5/2 and +2.81uy) making it feasible to
detect its migration using puSR. We recently showed that it is
possible to detect iodide diffusion in MAPbI; above 350 K.**

Here we carried out uSR on pure MAPbBr; and on
MAPD(I, g3Br.17)3. Powder samples of MAPDbBr; and
MAPD(I, g3Br).17)3 were prepared and characterized with pXRD
(Fig. S97). For the study of MAPBr;, measurements were taken at
regular temperature intervals between 50 and 400 K with four
different longitudinal field measurements (0, 5, 10 and 20
Gauss) taken at each temperature. The resulting data was fit
using a dynamic Gaussian Kubo Toyabe function multiplied by
an exponential relaxation (eqn (1)):

AoPrr = AxrG NN, v, 1, Hip)exp(—At) + Apg (1)

The terms Ay, Agg, Akt refer to the initial, background and
sample asymmetry, respectively. Ppr is the polarization in
a longitudinal field, G®°*" refers to a dynamic Gaussian Kubo
Toyabe (KT) distribution function, A is the local field formed by
nuclear magnetic moments at the muon implantation site, » is
the dynamic fluctuation rate of the local field, ¢ is time and H;p
is the applied longitudinal magnetic field. Finally, exp(—A?) is
used to model the depolarization of muons caused by electronic
moments, the rate of fluctuation is so rapid that it can be
modelled by a simple exponential function with A as the rate of
relaxation. A small non-zero value of A (less than 0.02 MHz) was
found to be necessary to consistently describe the data across
the full temperature range and can be attributed to a slight
difference between the field distribution in the samples and the
Gaussian approximation of the G°°*" function. An example of
raw muon data for MAPDbBr; at 100 K is shown in Fig. S10.}

The dynamic fluctuation rate, v, can be linked to ions moving
in the perovskite powders. By fitting the asymmetry data across
the full temperature range, it is possible to obtain values for v
with respect to temperature (Fig. 5). We have presented the data
for MAPDI; previously, but it is reproduced here for clarity. In
MAPDI; v first increases between about 100 K and 150 K. This
increase in fluctuation rate at low temperatures is caused by the
muons interacting with the MA cations which can change
orientation inside the lattice (they are not diffusing at these

This journal is © The Royal Society of Chemistry 2019
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temperatures).” Above 150 K, cation tumbling becomes too fast
to be measured by puSR. At temperatures greater than 250 K in
MAPDI; there is a second increase in v which is due to the
motion of iodide ions. » increases steeply after 350 K as iodide
diffusion strongly influences the measured response. By fitting
the increase in v as a function of temperature, an activation
energy for iodide motion can be obtained.

The v data for MAPbBr; shows only one increase in fluctua-
tion between 100 K and 150 K, again this is where the cations
would be expected to have enough energy to reorient inside the
lattice.

After 150 K the fluctuation rate decreases back down to 0.05
MHz where it remains flat for the rest of the temperature range.
The results of the MAPBr; study show that cation dynamics are
still prevalent at low temperature and the process has an E, of
0.026 eV (Fig. S111). This compared to an activation energy of
0.072 eV for the cations in MAPbI;.** The complete absence of
any high temperature increase in fluctuation rate shows that it
was not possible to detect bromide ions moving in the same way
that we were able to detect iodide motion in pure MAPbI;.*

The mixed halide perovskite MAPb(I, g3Br 17); was studied
between 250 and 400 K as this is the temperature range where
iodide motion is observed in pure MAPbDI; (Fig. 5).** The data
was fit using the same parameterization as the MAPbBr; study
and the resulting temperature dependence of v is shown in
Fig. 5. The fluctuation rate was not affected by the increase in
temperature. This indicates that bulk iodide diffusion was not
detectable in the mixed halide sample. This agrees with the
impedance results which show bromide inhibiting iodide
diffusion.

In the final part of this study, the effect of anion mixing on J-
V curve hysteresis is investigated. Hysteresis in perovskite cells
has been associated with ion migration and charge redistribu-
tion in the perovskite crystal, and it has also been used as an

This journal is © The Royal Society of Chemistry 2019
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indirect way to study ion migration in perovskite solar
CellS.12‘13’26

Several groups have investigated the dependence of hyster-
esis on scan rate and related the response to the timescale of the
redistribution of charge as the applied external potential
changes.'***”> By measuring hysteresis across a broad range of
scan rates the timescale at which maximum hysteresis is
observed can be reported.'>”>7°

Our impedance and uSR results suggest that bromide
content strongly influences iodide motion in the perovskite
structure. We therefore expected bromide content to influence
the scan rate at which peak hysteresis is observed. We measured
J-V curves with different scan rates (Fig. S12-S167) and obtained
the degree of hysteresis as a function of scan rate and bromide
concentration according to the procedure presented in the ESI
(eqn S17). The results are summarized in Fig. 6. The PSC
showed inverted hysteresis at the majority of scan rates inves-
tigated. It should be noted that for these measurements the
cells were measured at fixed temperature under blue LED illu-
mination. The degree of hysteresis was much higher under blue
light than under 1 sun illumination (Fig. S51). The difference in
the degree of hysteresis may be related with differences in the
penetration depth of the light, and as a consequence the
generation profile of carriers inside the perovskite, as was
proposed by Contreras-Bernal et al.>* This could be related to
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Fig. 6 Degree of hysteresis as a function of scan rate and bromide
content in perovskite solar cells. The scan rate at which the peak of
hysteresis is observed for each concentration is presented. The blue
shade represents the region where normal hysteresis is present.
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the experimental finding that hysteresis is closely related to the
nature of the selective contacts.”®**~*

Fig. 6 shows that, surprisingly, the scan rate at which the
maximum hysteresis is observed does not change noticeably
with small additions of bromide. However, there are clear
changes for pure bromide devices which show no hysteresis up
to 1000 mV s~ .

It has already been reported that “hysteresis-free” devices,
such as inverted perovskite cells are simply devices where the
timescale of the process responsible of the hysteretic behavior is
not observable under the measurement conditions presented
(e.g. hysteresis is low at 100-200 mV s, but not at other scan
rates).”®”” Although the inverted perovskite cells measured here
show very low hysteresis under 1 sun illumination and a scan
rate of 100 mV s~ * (Fig. S51), our results show that under blue
light the hysteresis increases at faster scan rates (Fig. 6).

The peak hysteresis for our inverted cell is remarkably
similar to peak hysteresis reported by Levine et al. for pure
MAPDI;."”* They found that peak hysteresis for inverted cells
appeared at higher scan rates than for traditional n-i-p cells
(between 300-1500 mV s~ ), the shift was attributed to differ-
ences between the selective contacts. Levine et al.** and Bryant
et al.”” also found that lowering the temperature, and hence
slowing ion motion, in inverted perovskite solar cells increases
the degree of hysteresis.

The results presented in Fig. 6 highlight the differences
between hysteresis and impedance measurements (Fig. 2 and
3). A direct relationship between low frequency impedance
response and hysteresis has been recently proposed by Ebadi
et al® Their results showed that devices with a negative
capacitive response at low frequencies were more likely to show
hysteretic behavior with a stronger dependence on scan rate.
However, our results show that changes in the impedance
response at low frequencies are not necessarily observed in
hysteresis measurements, and vice versa. Although both, low-
frequency impedance'®?*%% and hysteresis'***® measure-
ments, are usually related with ion migration, these measure-
ments are fundamentally different.

For the impedance measurements we apply a small potential
perturbation (10 mV) to ensure linearity on the system;*”® for
hysteresis measurements the changes in potential are larger
(from V. to Js. and vice versa) and we are no longer under steady
state conditions. Care needs to be taken when comparing steady
state and dynamic measurements. However, it is interesting to
roughly compare ‘timescales’. The impedance results for the
low frequency semicircle appear at frequencies below 100 Hz. If
the amplitude of the small perturbation is 10 mV, it means that
at 1 Hz there will be a change of 20 mV, e.g, when the
measurement frequency is 1 Hz, we have a potential change of
20 mV s~ . At 100 Hz the change in potential will be 2000 mV
s~', which means that the low frequency semicircle is related
with changes in potential of approximately 2000 mV s * and
lower, which will include most of the scan rates employed for
the hysteresis measurements in this study. However, with
impedance measurements we observe a clear change with the
inclusion of bromide, while for hysteresis measurements there
are only small differences. In some of the hysteresis
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measurements it is possible to observe two different peaks in
the degree of hysteresis, possibly related with two processes
with different time constants, as previously reported by Bryant
etal”

All our evidence supports the argument that the low
frequency process in impedance is related to ion motion, as
previously reported in the literature.'**"%%* We go a step further
and relate this process with iodide migration, a result which is
supported by muon spectroscopy. Bromide substitution
strongly affects both the impedance measurements and the
muon spectroscopy; it does not affect hysteresis. There is
considerable evidence to suggest that ion migration causes
hysteresis. However, the nature of the hysteresis process is
clearly more complicated.

There are several possible reasons for the differences
between IS and hysteresis measurements. As mentioned above,
we believe that faster ion migration at grain boundaries/
interfaces can still occur in all the devices and the easy
motion of surface ions in response to the applied voltage could
explain IV hysteresis. IV curve hysteresis has also been more
closely linked to the nature of the hole and electron selective
contacts used in the cells, and it is possible that it is the
interaction of surface ions with the contact that is causing
hysteresis.

Conclusions

Our results show that by incorporating small amounts of
bromide into the perovskite structure, the low frequency
impedance response is strongly affected. We attribute this
change to a suppression of bulk iodide motion, probably due to
local distortions/contractions in the crystal structure with the
introduction of small Br ions as increasing Br substitution
increases the activation energy for iodide motion. We show
there is a critical bromide concentration after which the iodide
migration can no longer be observed. Muon spin relaxation
measurements support the conclusion that the incorporation of
bromide in the perovskite inhibits bulk iodide motion. In
contrast, hysteresis measurements show that the scan rate at
which the hysteresis is largest is not related to the amount of
bromide inside the perovskite. Although both are influenced by
ion motion, hysteresis and impedance measurements appear to
provide different information about the perovskite device. By
increasing understanding of two of the most common tech-
niques used to measure perovskite solar cells, IV curves
measurements and impedance spectroscopy, we are moving
one step closer to understanding the fundamental processes in
perovskite devices.
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