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lon migration plays a significant role in the overall stability and power conversion efficiency of perovskite
solar cells (PSCs). This process was found to be influenced by the compositional engineering of the
A-site cation in the perovskite crystal structure. However, the effect of partial A-site cation substitution in
a methylammonium lead iodide (MAPbIs) perovskite on the ion migration process and its activation energy
is not fully understood. Here we study the effect of a guanidinium (GUA) cation on the ion transport
dynamics in the single crystalline GUAMA;_,Pbls perovskite composition using temperature-dependent
electrochemical impedance spectroscopy (EIS). We find that the small substitution of MA with GUA
decreases the activation energy for iodide ion migration in comparison to pristine MAPbls. The presence
of a large GUA cation in the 3D perovskite structure induces lattice enlargement, which perturbs the
atomic interactions within the perovskite lattice. Consequently, the GUAMA;_,Pbls crystal exhibits a
higher degree of hysteresis during current—voltage (J—V) measurements than the single-crystalline MAPbI3
counterpart. Our results provide the fundamental understanding of hysteresis, which is commonly
observed in GUA-based PSCs and a general protocol for in-depth electrical characterization of perovskite

rsc.li/pccp single crystals.

Introduction

Hybrid organic-inorganic lead halide perovskites have inspired
researchers in the field of optoelectronic devices over the last
years due to their excellent light absorption, long diffusion length,
great photovoltaic (PV) properties, and low-cost processing." These
properties extend the scope of application of perovskites in
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tandem solar cells,”> photodetectors®® and light-emitting
diodes.””® Apart from these encouraging factors, many impor-
tant challenges in the perovskite semiconductors such as low
operational stability,’® polarization at low frequencies/long
time scales,"'* and instability to humidity, light exposure
and high temperature restrict the commercialization of the
PSCs."® In addition, ion migration is regarded as the main issue
that increases the current-voltage (J-V) hysteresis'*'®> and
reduces the stability of PV devices.">™"”

The migration process of ions in perovskite films has been
intensively studied using photo-thermal induced resonance
(PTIR) microscopy,'® temperature-dependent impedance spectro-
scopy,'®?® Muon spin relaxation (uSR)," defect spectroscopy,”
current-potential curves**** and Kelvin probe force microscopy
(c-KFM).>* There are several ions that act as migrating ions in the
prototypical MAPbI; perovskite ie., (i) methylammonium (MA),
(ii) iodide and (iii) proton or hydrogen ions (H').">***® The
H' ions play a considerably minor role in comparison with other
ions due to their low concentration in PSCs.?>*” Moreover, Pb**
migration within the perovskite structure is hindered due to its
high activation energy.®*° Thus, MA and iodide ions are primarily
migrating ions that affects the stability and hysteresis of PV devices
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due to their low activation energy to move through the perovskite
structure (0.5-0.8 eV for MA and 0.2-0.7 eV for iodide
ions).2%?328:39733 Moreover, the observed hysteresis in perovskite
solar cells (PSCs) is ascribed to the iodide ion because it has a
diffusion coefficient of 10™'> cm® s™*, which is 5 times larger than
that of MA cations (10 '® cm” s~ ")."**> By controlling the chemical
composition and surface passivation of the perovskite film, the ion
motion through the perovskite lattice can be retarded, leading to
improved stability and suppressed J-V hysteresis.*’** For example,
the performance, and stability of PSCs are improved, when a
part of iodide ions is replaced by smaller bromide ions, which
show stronger hydrogen-bonding interactions with the organic
ammonium cations***® due to higher electronegativity
(Mulliken, bromide: 6.76, iodide: 4.24) or hardness (bromide:
4.24, iodide: 3.70).>>?7 On the other hand, the stability, and
efficiency of PSCs can be enhanced by substitution of MA
cations with formamidinium (FA), azetidinium (Az) or guani-
dinium (GUA) cations.'?**° As theoretically studied, GUA
cations show potential to solve the hysteresis issue in the PSCs
due to its zero dipole moment and larger size of 278 pm as
compared to the MA cation (217 pm).*"*> Surprisingly, it was
found that the incorporation of GUA in the MAPbI; perovskite
structure enhances the hysteresis effect in comparison to the
pristine MAPbI; based PSCs.*®*® Initially, Yang et al. assumed
that GUA is not confined within the perovskite lattice but rather
is weakly hydrogen-bonded to the under-coordinated ionic
species mainly at grain boundaries.®® They proposed that
mobile GUA cations can migrate to the interfaces and screen
the applied electric field leading to enhanced hysteresis in the
device. However, more recent studies revealed that GUA is able to
replace MA cations forming a pure phase of the GUA,MA, _,Pbl;-
type perovskite.’** Under these circumstances, the determination
of the precise effect of GUA incorporation into the MAPbI;
perovskite lattice on the ionic migration needs further investi-
gations. Notably, the mentioned studies concerned the investi-
gation of completed devices, where the ion motions can be
influenced by the grain boundaries in the perovskite active
layer, interfaces of the absorber layer with the electron and hole
transporting layers and aging of the solar cells. The presence of
grain boundaries provides fast paths for the migration of ions
leading to a higher hysteresis and lower stability. Thus, the
elucidation of the exact role of the cations and halides on the
ion migration process by investigating the polycrystalline per-
ovskite films has not been achieved.

In this work, we study the effect of GUA on ion transport in
mixed-cation GUAMA,; _,Pbl; perovskite single crystals using
temperature-dependent electrochemical impedance spectro-
scopy (EIS). The investigation of single crystals allows elimina-
tion of the effect of grain boundaries and interfaces on the
kinetics of ion migration, and it is crucial to study the intrinsic
behavior of perovskite semiconductors for a better under-
standing of the charge transport and recombination phenomena.
We show that the GUA,MA, ,Pbl; perovskite single crystals exhibit
lower activation energy for the iodide ion migration than MAPbI;,
single crystals. The GUA,MA, _,Pbl; single crystals also exhibit
a higher degree of hysteresis during current-voltage (J-V)
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measurements than the single-crystalline MAPDbI; counterparts,
demonstrating higher ionic motion in the GUAMA,_,Pbl;
perovskite system. These results provide a basic insight into the
precise effect of the GUA incorporation into the MAPbI; perovskite
lattice on the ion migration process.

Results and discussion

MAPbI; and GUA,MA,_,Pbl; perovskite single crystals were
synthesized using the inverse temperature crystallization
method in y-butyrolactone.*> In the case of GUA,MA,_,Pbl,
single crystals, a 1 M precursor solution containing Pbl,, MAI
and GUAI with the molar ratio of 1:0.8:0.2 were employed (for
details see the Experimental section). The ratio of the organic
cations incorporated into the perovskite structure was esti-
mated using liquid-state "H NMR analysis by dissolving one
separate crystal in 500 pL of DMSO-ds. By comparing the
integrals of the MA and GUA peaks, we find that the actual
MA/GUA ratio is 0.985:0.015, which remarkably differs from
the nominal ratio in the solution (Fig. S1, ESIt). Three crystals
from the same batch were measured and the results show the
same ratio with a low concentration of GUA in the perovskite
crystals. The high discrepancy in the GUA content between the
actual and nominal GUA/MA ratio in crystal and solution is
likely due to the very low yield of the crystallization process
(~10%), which can be attributed to the high solubility of the
perovskite precursors. We also attempted the synthesis of
GUA,MA; _,Pbl; single crystals containing a higher GUA con-
tent by mixing Pbl,, MAI and GUAI with the molar ratios
of 1:0.7:0.3 and 1:0.6:0.4, but using the above-mentioned
procedure, we failed to crystallize the materials as single
crystals. Thus, the crystals with the formula GUA g15MAy 0g5Pbl;
(GUAMA) were used to further study the properties of GUA-based
perovskite crystals. Powder X-ray diffraction (pXRD) measure-
ments were performed on the resulting MAPbI; and GUAMA
crystals to check the structure and phase purity. As shown in
Fig. S2 (ESIYT), both samples display a similar perovskite crystal
structure with diffraction peaks centered at 14.07°, 28.1°, and
31.8°.% We observed a small shift of the diffraction peaks to lower
angles upon introduction of GUA cations, which is in accordance
with the literature.”®** Next, thin layers of silver (Ag) were
deposited on both sides of MAPbI; and GUAMA crystals with
dimensions of 4 x 4 x 1.92 mm and 1.7 x 1.7 X 1.2 mm
(Fig. S3, ESIt), respectively.

In order to calculate the activation energy of ions, we
performed electrochemical impedance spectroscopy (EIS) mea-
surements as a function of temperature in the frequency range
from 1 MHz to 1 Hz at an AC perturbation voltage of 20 mV
under dark conditions. Fig. 1a and b show the EIS Nyquist
spectra of both MAPbI; and GUAMA single crystals at different
temperatures. To check the thermal stability of the investigated
crystals, the EIS measurements as a function of decreasing
temperature were also measured (Fig. S4, ESIt). We found that
the EIS spectra recorded during both measurement cycles
exhibit a similar behavior, which signifies that the perovskite

This journal is © the Owner Societies 2020
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Fig. 1 Nyquist plots of the (a) MAPbls and (b) GUAg 015sMAg.9g5Pbls single crystals at O V DC bias in the frequencies ranging from 1 MHz to 1 Hz as a
function of temperature (313-363 K). Arrhenius plots of the inflection frequencies vs. 1000/T (In(fp) vs. 1000/T) during increasing and decreasing
temperature of (c) MAPDbIz and (d) GUAg 01sMAg 0gsPbls crystals. £, is the activation energy for the traps.

crystals are thermally stable in the temperature range of
303-363 K. Notably, the obtained Nyquist spectra of both
crystals show a single semicircle, which is consistent with our
recent report.”” However, two or three semicircles corres-
ponding to the high, mid and low-frequency regions are
observed for PSCs. The interpretation of these semicircles is
usually explained with the help of an electrical equivalent
circuit, which is still controversial in the literature. Never-
theless, it is generally acceptable to ascribe the mid or low
frequency (from 1 to 10° Hz) response to ion motion. In the
present work, Nyquist spectra of both crystals decrease with
increasing temperature due to the increase in the conductivity.
The rate of change in the real part of Nyquist spectra is found to
be higher for MAPDI; than that of GUA,MA, ,PbI; crystals
(Fig. S5, ESIt). The higher rate of change in real part of Nyquist
spectra for MAPDI; crystal signifies its lower temperature
stability.

Fig. S6 (ESIY) shows the plots of the complex part of
impedance as functions of frequency and temperature. The
peaks in the complex impedance spectra at frequencies ranging
from 10" to 10° Hz and 10" to 10® Hz are clearly visible for
MAPbI; and GUA,MA, _,Pbl; crystals, respectively. The observed
frequency ranges and corresponding time constant is on the same
order as the low frequency response in PSCs, which suggests that
the net response of perovskite crystals is due to the ion migration.
In our previous reports on GUA,MA, ,Pbl; PSCs, we observed
a complex impedance peak between 10° and 10° Hz and the

This journal is © the Owner Societies 2020

corresponding time constant depicts the recombination kinetics
in the cell, which is significantly suppressed upon GUA
incorporation.*>*® However, such high-frequency response is
not observed in the present study. In turn, we observed that
with incorporation of a small amount of the GUA cation in the
MAPDI; crystal structure, the rate of change in the apparent
time constant is significantly suppressed with a change in
temperature. The higher apparent time constant is found to
be associated with the hysteresis phenomenon in PSCs.*® The
activation energies were extracted from the apparent time
constant for both crystals as a function of increasing and
decreasing temperature and plotted in Fig. 1c and d. The
activation energy of 0.53 and 0.36 eV is found for MAPbI; and
GUAMA, respectively, which is consistent with our*” and other
group’s results.®® The lower activation energy of the GUAMA
crystal signifies that ion migration occurred more easily in this
crystal in comparison with the pristine MAPbI;. The activation
energy of ions calculated for both MAPbI; and GUA,MA, _,Pbl;
thin films using EIS and temperature-dependent ion conduc-
tivity are summarized in Table 1.

Most of the values for MAPbI; and GUA,MA,_,Pbl; thin
films are found in the range of 0.3-0.6 eV and 0.1 to 0.7 €V,
respectively. For example, Yang et al., have calculated an
activation energy of 21.11 meV for MAPbI; PSC and a signifi-
cantly lower activation energy of 14.86 meV for GUA,MA, _,Pbl;
devices.”® This indicates that the recombination within the
bulk of the perovskite film has been successfully suppressed.

Phys. Chem. Chem. Phys., 2020, 22, 1467-11473 | 11469
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Table 1 Calculated values of activation energy of ions for MAPbls and GUAMA; ,Pbls by EIS and temperature-dependent ion conductivity

measurements

Activation energy of ions for MAPbI; and GUA,MA, _,Pbl;

Activation Energy Measurements Ref.
MAPDI; 0.624 eV (I7) (single crystal) Temperature-dependent ion conductivity 50
0.82 eV (thin film) Temperature-dependent ion conductivity 51
0.53 eV (I7) Temperature-dependent electrochemical impedance spectroscopy (EIS) 30
0.51eV (1) Temperature-dependent ion conductivity from Warburg impedance 30
1.05 eV (single crystal) Temperature-dependent ion conductivity 31
0.5 eV (thin film)
0.43 eV (I7) (pellets) Temperature-dependent ion conductivity 52
MAPbDI; 0.0211 eV (thin film) AdmittanceSpectroscopy 38
MAg.05GAg.0sPbI; 0.0148 eV
MAPbDI; 0.29 eV (thin film) Temperature-dependent electrochemical impedance spectroscopy (EIS) 19
MA, 05GA, 0sPbls 0.38 eV
Mid frequency (1 Hz-10° Hz)
MAPbI, 0.4 eV
MA.95GA.05PbI3 N/A

Low frequency (>1 Hz)

In turn, Ferdani et al., calculated an activation energy of 0.44 eV
for the MAPbI; PSC by plotting the EIS low-frequency time
constant as a function of temperature.’® The obtained activa-
tion energy is close to our calculation and is mainly found to be
associated with the diffusion of iodide ions. The activation
energy for the GUA, ¢sMAj osPbI; PSC has not been derived
from EIS, however, the value of 0.78 eV was obtained from
Ab initio simulation, which is comparatively higher with respect
to our values and the reported values by Yang et al.*®

To further confirm the values of activation energies derived
from EIS measurements, the conductivity of perovskite crystals
was measured under dark conditions (Fig. S7, ESIt) and plotted
in the Nerst-Einstien formalism (Fig. 2). It is well-established
for mixed conductors that ionic conduction is dominant in the
high-temperature region, while electronic conduction is domi-
nant in the low-temperature region.>® From the obtained plot,
the activation energy is derived using the expression of

o-T=oay exp(—,{%), where kg is the Boltzman constant, T is
the absolute temperature and g, is a constant.>® By using the
Arrhenius plot, the activation energies of 0.52 and 0.36 eV are

obtained for MAPbI; and GUAMA crystals, respectively. The
obtained activation energies are in good agreement with our
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EIS findings. For metal halide perovskites, iodide vacancies
have been found to have a more detrimental influence on the
charge trapping and non-radiative recombination because of
their deep energy levels.

The ion activation energy is also defined as a result of the
interaction between the ion and the perovskite lattice. This
interaction can be easily tuned by the substitution of the halide
or A-site cations in the perovskite structure. In our previous
works, using solid-state NMR, we showed that when MA with a
radius of 2.17 A is substituted by a cation with larger ionic
radius, i.e., FA (2.53 A)*® or GUA (2.78 A),*® these organic groups
exhibit a higher degree of rotation. This behavior can cause an
additional strain and weaken the atomic interaction inside the
lattice and consequently decrease the ion activation energy
(see Fig. 3).>® However, the substitution of the A-site cation
with a lower radius cation, e.g. Rb (1.52 A) or Cs (1.67 A),
compresses the perovskite lattice and suppresses the ion motion.>”
For instance, Zhou et al, have shown that Cs-based perovskites
possess higher ion activation energy as compared to MA-based
ones, which led to better light stability.>®

The suppression of ion migration with increasing ion activa-
tion energy can be easily observed during current-voltage (I-V)
measurement at different scan rates. Fig. S8 (ESIf) shows the

-9
(b)Eact=0-37 1 0.005eV (increasing T)
. Eact=0.35 £ 0.004eV (decreasing T),
2101 o
- S
£ .,
a1} A S
2% S
= 3N
o) 9\\\
£-12¢ @ Increasing O
@ Decreasing e 3
13 L 1 1
2.70 2.88 3.06 1 3.24 3.42
1000/T (K™")

Fig. 2 Temperature-dependent conductivity of (a) MAPblz and (b) GUAg 015MAg 9g5Pbls single crystals (Arrhenius plot).
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MAPbI; GUA,MA,,Pbl,

Fig. 3 Schematic representation of the introduction of the GUA cation
into the MAPbI5 crystal lattice.

hysteresis behavior of both crystals at different scan rates.
A higher hysteresis effect is observed for the GUAMA crystal,
which confirms the higher ionic motion in the GUA,MA,_,Pbl;
perovskite systems,®*>4*

Conclusions

The effect of GUA incorporation into the MAPbI; perovskite
lattice on the ion transport properties has been investigated
using a combination of electrochemical impedance spectro-
scopy (EIS) and temperature-dependent ion conductivity tech-
niques. This study provides the first insights into the effect on
iodide ion transport in the GUA,MA, _,Pbl; single crystal. The
calculated average activation energy corresponding to the ion
migration for MAPbI; and GUA,MA, _,PbI; crystals are 0.52 and
0.36 eV, respectively. The substitution of MA with GUA cations
in the MAPDI; crystal lattice is found to cause an additional
strain and weaken the atomic interaction inside the lattice.
This consequently decreases the ion activation energy of
MAPDI; crystals. The present study enhances our fundamental
understanding of ion migration and provides a basic insight
into the mixed-cation perovskite single crystals.

Experimental section
Synthesis of MAPbI; and GUA,MA, ,Pbl; single crystals

1.0 M MAPDbI; solution was prepared by dissolving equimolar
amounts of PbI, and MAI in y-butyrolactone at 60 °C overnight.
Similarly, perovskite solution containing Pbl,, MAI and GUAI in
a molar ratio of 1:0.8:0.2 was prepared in y-butyrolactone and
kept at 60 °C overnight. Before crystallization, the solution was
filtered using 0.2 um pore size PTFE filter. Next, 2 mL filtered
precursor solution was kept at 160 °C for 30 min in an oil bath,
which resulted in the growth of very small seed crystals. The
seed crystal solution was further heated at 120 °C for 3 h.
Finally, the remaining solution was discarded, and crystals
were washed with acetone 2-3 times and then dried.

Characterization of perovskite single crystals

The "H NMR spectra were recorded at 298 K on a Bruker 600
AVANAC III spectrometer and the spectra were analyzed using
Nova software. Powder X-ray diffraction patterns were recorded

This journal is © the Owner Societies 2020
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with a Empyrean diffractometer (PANalytical) equipped with a
copper lamp (40 kV, 40 mA). The pXRD patterns were recorded
for finely ground crystals over a 20 range of 10° to 40° without
rotating the sample using a low background Si sample holder.
EIS and temperature-dependent ion conductivity measure-
ments were performed using a potentiostat (Autolab) equipped
with a frequency response analyzer. EIS measurements were
performed as a function of temperature.
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