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1. Introduction

An intrinsic electrical conductivity study of
perovskite powders MAPbX; (X = I, Br, Cl) to
investigate its effect on their photovoltaic
performancet

Shafi Ullah, ©*® Andreu Andrio,” Julia Mari-Guaita,® Hanif Ullah,®
Antonio Méndez-Blas,” Roxana M. del Castillo Vazquez, (2 ¢ Bernabé Mari® and
Vicente Compafi () *'

An investigation into the intrinsic electrical conductivity of perovskite powders MAPbXs, where X represents
iodine (I), bromine (Br), or chlorine (Cl, was conducted to explore its impact on their photovoltaic
performance. Results revealed that MAPbClz; demonstrated light absorption ability in the ultraviolet and
visible regions, while MAPbBr3z showed capacity for light absorption at longer wavelengths in the visible
spectrum. On the other hand, MAPblz exhibited good absorption at longer wavelengths, indicating its ability
to absorb light in the near-infrared region. The optical bandgap of each perovskite was determined to be
2.90 eV for MAPbCls, 2.20 eV for MAPbBr3;, and 1.47 eV for MAPbIs. The electrical conductivities of these
powders were measured in-plane using the four-probe method and through-plane by electrochemical
impedance spectroscopy (EIS). Electrochemical impedance spectroscopy (EIS) studies revealed a significant
change in the conductivity of the MAPbIs perovskite at temperatures between 80 °C and 100 °C. This
change could be attributed to structural modifications induced when the temperature exceeds these values.
The through-plane conductivity changed from 3 x 1078 S cm™ at 60 °C to approximately 6 x 107> S cm™
at 120 °C and around 2 x 107* S cm™t at 200 °C. Meanwhile, the sheet conductivity (in-plane conductivity)
measurements performed at ambient temperature reveal that sheet conductivities are 489 x 10° S m™%,
486 x 10° S m~tand 510 x 10° S m™* for MAPbBrs, MAPbClz and MAPbIs, respectively. This study provides
valuable insights for optimizing the performance of perovskite solar cells. Understanding how dopants influence
the electrical conductivity and photovoltaic properties of the perovskite material, this work will enable
researchers to design and engineer more efficient and stable solar cell devices based on MAPbX3 perovskites.

perovskite-based solar cells (PSCs) have achieved impressive effi-
ciencies, reaching 25.2%, comparable to traditional silicon-based

Over the past few years, there has been a remarkable advancement
in optoelectronic devices utilizing hybrid organic/inorganic halide
perovskites as active semiconductor materials.' Specifically,
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solar cells. Additionally, there have been continuous improve-
ments in the stability of these devices, indicating their potential for
commercialization.>® Despite the enthusiasm surrounding halide
perovskites, their versatile processing methods, such as solution-
based or evaporation techniques, are more complex compared to
those used for organic semiconductors. The reason for this com-
plexity lies in the close coupling between the actual crystallization
of the perovskite material and its film formation. These two
processes occur simultaneously and need to be optimized in
parallel. This coupling contributes to the challenge of achieving
consistent film formation and results in significant variations in
device performance, even within the same laboratory. Such incon-
sistencies hinder the industrial adoption of perovskite-based
devices.”

Addressing these challenges and improving the reprodu-
cibility of film formation are essential steps towards the
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widespread adoption of perovskite-based optoelectronic devices in
commercial applications. By better understanding and controlling
the crystallization and film formation processes, researchers can
enhance the performance and reliability of perovskite-based
devices, ultimately paving the way for their successful integration
into the market. Furthermore, the versatility of organic-inorganic
hybrid perovskites extends beyond their impressive efficiencies, as
their structural and optoelectronic characteristics can be readily
adjusted through compositional engineering involving diverse
organic ligands, metals, or halogens. This compositional variabil-
ity has allowed researchers to utilize perovskites with different
bandgap energies (E) in various applications, including wave-
tunable lasing and light-emitting diodes.*® Moreover, these tun-
able compositions have proven to be highly efficient in solar cell
technology. Nevertheless, it is crucial to consider that the lattice of
perovskites is highly sensitive to the size of coordinating organic
cations. In cases where the cations are excessively large, two-
dimensional (2D) layered perovskites with distinct semiconducting
properties are formed.***

An alternative method for synthesizing halide perovskite
powders, which does not involve the formation of layers, is
the mechanochemical synthesis. Researchers have successfully
demonstrated this procedure for various lead-containing
and lead-free halide perovskite compositions.**** The use of
perovskite powders offers several advantages, such as superior
storage stability, when compared to stock solution counter-
parts.’® Additionally, dry synthesis approaches for perovskite
powders expand the range of available reactants, as there are no
solubility limitations."” The precise control of precursor stoi-
chiometry in this method translates to better overall synthesis
control, leading to improved device properties when converting
the prepared perovskite powders into solution-based thin-
films."®>° Moreover, the potential of halide perovskite powders
is showcased in the demonstration of efficient X-ray detectors.
These detectors were achieved by directly processing solution-
based perovskite powders into a thick layer without the use of
solvents, highlighting the versatility of these materials.**

The mechanochemical synthesis of perovskite powders
shows promise, but there is still a lack of detailed understand-
ing regarding the relationship between the properties of reac-
tants, synthesis parameters, and the resulting structural and
optoelectronic properties of the final perovskite powders.
To address this gap, our study focuses on investigating two
crucial aspects: the intrinsic conductivity of the mechano-
chemically synthesized perovskite powders and their ability to
withstand external stress factors, such as temperature variations
and frequency changes. These characteristics are significant when
considering the potential commercial deployment of this syn-
thesis method. By gaining insights into the conductivity and
resilience of perovskite powders, we aim to shed light on their
suitability and reliability for various practical applications.

In this regard, our research will primarily focus on studying
the conductivity of perovskite powders of MAPbXj;, where X =1,
Br and Cl, to understand how it affects the photovoltaic
performance of these materials. To achieve this goal, we con-
ducted in-plane conductivity measurements to determine the
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sheet resistivity of the perovskites and through-plane conductivity
measurements by EIS to quantify the transversal conductivity.

In previous studies of our group, broadband dielectric
spectroscopy has been employed to investigate the relationship
between diffusivity, charge carrier density, and Debye length in
relation to the structural dynamics of SILLPs.>*>* Following a
similar procedure, in this investigation, the influence of elec-
trode polarization (EP) has been taken into account using a
single Debye relaxation model, as demonstrated in the analysis
conducted by Trukhan,* Sorensen et al.,”® and MacDonald.>”>°
Following the same line of research as other researchers,’*>* in
this work, by incorporating the EP approach and fitting the peaks
corresponding to the maximum of tand, we were able to deter-
mine the diffusivity, the mobility and charge carrier density of the
various doping agents within the perovskite structure. These
parameters provided insights into the cumulative process occur-
ring in the system, resulting from interactions between charge
carriers and mobile ions in the perovskites. From conductivity
measurements, we will provide valuable insights into the behavior
of the perovskite materials and its potential impact on enhancing
their photovoltaic performance.

2. Experimental section

2.1. Synthesis of MAPbX; (X = I, Br, Cl) powders

All the starting materials were purchased from Sigma Aldrich
and used as received without further purification. Perovskite
crystal powders were synthesized by mixing an equimolar ratio
of 0.30 mol CH3;NH, (33% in methanol) and the corresponding
hydro halide acid HX (X = I, Br, Cl). The mixture was stirred for
2 hours in a 250 mL round-bottom flask, and the flask was kept
in an ice bath at 0 °C. Subsequently, the mixture was heated to
100 °C for 30 minutes. A solution of 0.03 mol of Pb(NOj3),,
previously dissolved in 50 mL of distilled water, was added
dropwise to the hot MAX; (X = I, Br, Cl) solution under vigorous
stirring.

Following this process, a precipitate of crystalline powders
formed, exhibiting different colors: black for iodide, orange for
bromide, and white for chloride. The remaining solution was
allowed to cool to 50 °C and then filtered. The resulting
crystalline powders were washed multiple times with absolute
ethanol and diethyl ether. Finally, the powders were dried in an
electric oven at 100 °C for 24 hours and then stored in a vacuum
for further characterization.

The crystallographic properties of the synthesized samples
were analyzed using X-ray diffraction (XRD) with a Rigaku
Ultima IV diffractometer. Cu-Ko radiation with a wavelength
(/) of 1.5406 A was used, and the measurements were
conducted in the 20 range from 10° to 60°, with a step size of
0.02°. For the examination of the sample’s microstructure,
transmission electron microscopy (TEM) measurements were
carried out using a JEO-JEM-1010 instrument at 2.5 kV.
To investigate the optical properties of the samples, absorp-
tion measurements were performed using an Ocean Optics
HR4000 spectrophotometer equipped with a Si-CCD detector.
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The measurements were taken within the wavelength range of
400 nm to 1000 nm.

2.2. Conductivity measurements

2.2.1. In-plane conductivity measurements. The four-probe
method is commonly used to measure the sheet resistance of
the material. In this method we calculate the apparent surface
electrical resistance of the materials, named sheet resistance
(Rs), by measuring the potential difference between the electro-
des, as a consequence of the superficially circulating electric
current (DC), applying Ohm’s law.**” According to the kit
used to measure the resistance of the film by means of the four-
point method, the value of R; is given by.

14
Ry =4.532x — (1)

The constant 4.532 is introduced because of the geometry used
in the measurement by the kit. Therefore, plotting the values of
voltage and electric current we can easily calculate the sheet
resistance from the slope. Then, knowing the sheet sample
thickness, ¢, the in-plane resistivity ps; can be estimated from
the sheet resistance Ry calculated using eqn (1) as

Ps = Ryt (2)

Finally, the sheet conductivity (i.e., in-plane conductivity) of
perovskites can be obtained from the inverse of the sheet
resistivity as

1
A ©)
where p; is the sheet resistivity, which is usually expressed in
terms of the International Annealed Copper Standard (%IACS).
The value of 100% IACS is defined as the electrical conductivity
corresponding to a volume resistivity of 17.241 nQ m =
58 MS m™ ! at 20 °C.

2.2.2. Through plane conductivity measurements. Electro-
chemical impedance spectroscopy (EIS) measurements were
carried out to measure the transversal conductivity of the
perovskite powders in a vacuum cell. For this, the powders
were compressed into pellets and the average thickness was
determined by taking the average of various measurements in
different surface planes using a micrometer. Besides, the
samples were inserted between two gold electrodes attached
to the impedance spectrometer working as blocking electrodes.
The conductivity of the powders in the cross path was assessed
using a Novocontrol broadband dielectric spectrometer (BDS)
(Hundsangen, Germany) combined with an SR 830 lock-in
amplifier with an Alpha dielectric interface by following the
same procedure described earlier,>®**° in the frequency range
of 107" < f < 107 Hz utilizing a 0.1 V signal amplitude in a
range of temperature between 20 and 200 °C in steps of 20 °C.
The temperature was kept constant with a stepwise range of
20 °C from 20 to 200 °C controlled by a nitrogen jet (QUATRO
from Novocontrol) with a temperature inaccuracy of 0.1 K
during every single stretch in frequency. For this, we have
followed the same procedure previously used by our research
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group. Initially, a temperature sequence from 20 °C to 200 °C
and then from 200 °C to 20 °C, in steps of 20 °C, was used.
Later, in a new cycle of temperature scan, the dielectric spectra
were accumulated in each stage from 20 to 200 °C, and
this cycle is called the drying cycle. This was achieved with
the intention to exclude possible molecules of water in the
perovskites.

3. Results and discussion
3.1 XRD analysis

The preparation of perovskite powders of MAPbX;, (X =1, Br, or
Cl) was carried out as described above in the experimental
section. These perovskite powders exhibit good solubility in polar
organic solvents, including N-methyl-2-pyrrolidinone (NMP),
N,N-dimethylacetamide = (DMAC), N,N-dimethylformamide
(DMF), and dimethyl sulfoxide (DMSO). In Fig. 1, optical
images of the synthesized MAPbX; perovskite powders are
presented, along with their corresponding X-ray diffraction
(XRD) spectra. The colors of the synthesized powders are
observed as follows: black for MAPbI;, bright orange for
MAPDBr3;, and almost colorless and transparent for MAPbCl;.
The XRD spectra exhibit characteristic peaks that align well
with those reported in the literature.****

The XRD analysis highlights that the three halides MAPbX;
share a consistent phase, free from secondary contributions
like MAX or PbX,. Notably, MAPDbI; adopts a tetragonal crystal
structure, while the remaining films conform to a cubic per-
ovskite structure. The lattice parameters follow a decreasing
sequence of I, Br, and Cl. This results in a distinct shift of the
(200) peak towards higher diffraction angles (MAPbI;: 28.70°,
MAPDBr;: 30.36°, and MAPbCl;: 31.69°), aligning with both
anticipated outcomes and the existing literature. Fig. 1 visually
compares the final XRD measurements for the three deposited
samples.

Additionally, the powder X-ray diffraction patterns of all three
synthesized compounds confirm the presence of phase-pure

—— MAPbl,
—— MAPbBr,

(110)
210)
211)

(210) (200)

(200)

Intensity (a.u.)

10 15 20 25 30
20(degree)

Fig.1 X-ray diffractograms of MAPbXs (X = |, Br, Cl) along with optical
images of perovskite powders.
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Table 1 Lattice parameters, crystal systems, and space groups of MPX3
samples*&4”

System  Space group Crystal system a, A b, A ¢, A

MAPbI,
MAPbBr;
MAPbCl,

8.819(2) 12.634(5)
5.875(8)
5.675(4)

I4cm
Pm3m
Pm3m

Tetragonal
Cubic
Cubic

8.819(2)
5.875(8) 5.875(8)
5.675(4) 5.675(4)

products. Specifically, MAPbI; exhibits a tetragonal structure,
while both MAPbBr; and MAPDCI; crystallize in a cubic structure,
as detailed in Table 1. These structures correspond to the room-
temperature configurations previously reported for these
materials.*® Besides, the quantitative XRD results are sup-
ported by TEM and HRTEM characterization.

3.2 TEM study

Fig. 2 presents the results of High-Resolution Transmission
Electron Microscopy (HRTEM) used to closely examine the
nanostructures of MAPbX; (X = I, Br, and Cl) perovskite
powders. To conduct the analysis, the powders were dispersed
and deposited onto a lacey carbon copper grid. HRTEM images
were collected from various areas of the samples, and the
findings revealed high crystalline quality, indicating the
absence of planar or extended defects in all the studied samples
(Fig. 2a-c). In Fig. 2a, an HRTEM image provides an overview of
the nanostructure of MAPDI; perovskite powder. The presence
of crystallites with different orientations is clearly visible.
In higher electron-transparent regions, well-defined atomic
columns are observed. Furthermore, the HRTEM images in
Fig. 2a display lattice fringes with a spacing of 0.55 nm,
corresponding to the d-spacing (114, 222) planes of the
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tetragonal MAPDI; structure. These observations align with
previous findings reported in the existing literature.*®*°

Similarly, Fig. 2b depicts the HRTEM image of the MAPbBr;
perovskite powder, exhibiting a lattice spacing of 0.40 nm,
which uniquely matches the interplanar distance of the (200)
plane in the cubic MAPDbBr; structure. This finding is consis-
tent with data obtained from XRD experiments.”® Moreover, the
HRTEM image of the MAPDbCI; sample in Fig. 2c reveals a
separation of 0.90 nm. These results indicate the interplanar
distance of the (110) plane in the cubic phase of the MAPbCl;
structure and the (211) plane of the orthorhombic secondary
phase of PbCl,.

Overall, the HRTEM analysis of the MAPbX; perovskite powder
samples has provided valuable insights into their nanostructure,
crystal quality, and crystallographic information. These findings
are essential for a comprehensive understanding of the properties
and potential applications of these perovskite materials.

3.3 Optical results

In Fig. 3 the UV-visible spectra of the perovskite powders are
displayed to investigate the optoelectronic properties of these
materials, revealing distinct absorption onsets for each composi-
tion. Specifically, MAPDbCI; exhibits a sharp absorption onset at
427 nm, indicating its ability to absorb light in the ultraviolet and
visible regions, while MAPbBr; shows an absorption onset at
563 nm, showing its capacity to absorb light at longer wavelengths
in the visible spectrum. Lastly, for MAPbI;, the absorption onset
occurs at a longer wavelength of 843 nm, indicating its ability to
absorb light in the near-infrared region. These absorption onset
values correspond to the optical bandgap (E,) of each perovskite
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(a)—(c) HR-TEM images of MAPbXs (X = |, Br and Cl) perovskites along with the corresponding shell layer distance images.
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Fig. 3 (a) The UV-visible absorption spectra of the three perovskite powders and (b) their corresponding optical bandgap values.
composition. The calculated optical bandgap values are as follows: 200
2.90 eV for MAPbCL, 2.20 eV for MAPbBr, and 1.47 eV for MAPbL,, ® MAPDI;
. . . 475] A MAPbBr,
These optical bandgap values are crucial for understanding B MAPLCI
the energy levels and electronic properties of perovskite materials, 150 4 Lincar F?t of Sheet! B"V(mV)"
with significant implications for their potential applications in
optoelectronic devices, such as solar cells and light-emitting 125 +
devices. In our study, we observed that MAPbI; with the optical g e
band gap value of 1.47 eV represents the optimal perovskite =
material for solar photoelectric energy conversion devices, 75 -
compared to the other materials analyzed, which had band
gaps of 2.20 eV and 2.90 eV, respectively, calculated from their 504
absorption spectra. These values are higher than the band gaps 25 ]
observed in the case of Cr-doped CIGS, which had values of
around 1.15-1.20 eV.”" Conversely, our obtained values pre- 0 T T T T T
0 20 40 60 80 100

cisely adhere to the patterns established in the existing litera-
ture, confirming that our determined energy band gap falls
within the perovskite range.?’”

3.4. Analysis of the conductivity

3.4.1. In-plane conductivity measurements. The electrical
properties of perovskites were studied using the four-probe
method. According to this method in which four probes are
arranged equidistantly in a straight line and pushed against the
film, the sheet resistivity may be calculated through determin-
ing the potential difference between the voltage-electrodes, due
to current passing via an easily identifiable connection between
the two current-electrodes, as reported in other studies.**™”
According to the kit used to measure the resistance of the film
by means of the four-point method, the value of pg is deter-
mined from the sheet resistance Ry calculated using eqn (1).
The results obtained for the three samples, measured at
ambient temperature, are given in Fig. 4, where the fluctuation
of the potential between the electrodes in response to a given
current intensity applied has been plotted. A close inspection of
these figures allows us to observe that the sample resistance
(Rs) of the films remains constant, and its values can be
obtained from the slope of the experimental fit determined from

6740 | Phys. Chem. Chem. Phys., 2024, 26, 6736-6751

1 (mA)

Fig. 4 The fluctuation of the potential between the electrodes in
response to a given current intensity for thin film samples of MAPbBrs,
MAPbCls, and MAPbI3, at ambient temperature. The lines within the graph
depict the fitting of the experimentally obtained values.

the plot of voltage versus intensity. A clear linearity is observed for
all the samples, and the slope is approximately 1.8 Q.

Knowing the sheet sample thickness (¢), the in-plane apparent
resistivity (ps) of the perovskites, commonly named the sheet
resistivity, was obtained from eqn (2), and the sheet conductivity
was calculated from the inverse of the sheet resistivity, as indi-
cated in eqn (3). The results obtained are given in Table 1.

On the other hand, from both Fig. 4 and Table 2, we can
observe that the perovskites exhibit quite similar sheet resis-
tance as the slopes of the straight lines for the three samples
are practically the same. The values of the sheet resistivity
obtained for the perovskites expressed in terms of the Interna-
tional Annealed Copper Standard (%IACS) are about 0.1% IACS.
The values of in-plane conductivity (o) of all perovskites are
489 x 10° Sm™%, 486 x 10° S m~* and 510 x 10° S m™* for
MAPbBr3;, MAPbCl; and MAPDI;, respectively. Considering that
100% IACS is defined as the conductivity corresponding to a

This journal is © the Owner Societies 2024
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Table 2 The electrical properties of the perovskites determined at ambient temperature using the four-probe method

Samples Thickness (nm) Sheet resistivity (ps) (nQ m) Sheet resistance (Rs) (Q2) Sheet conductivity (c5) x 10° (Sm™)
MAPDBTr; 251 + 12 2046 + 18 8.15 £+ 0.02 489 + 4
MAPDCl; 255 + 14 2058 *+ 16 8.07 + 0.02 486 £ 4
MAPbDI; 240 £+ 10 1961 + 15 8.17 £ 0.02 510 £ 3

volume resistivity of 17.241 nQ m at 20 °C, these values are
around 86 times lower than that obtained for the TiB,,/Cu
composite powder prepared by the in situ reaction in combi-
nation with rolling, which were measured using a Sigma 2008B
eddy current conductivity instrument.’?

Focused Ion Beam (FIB) was employed to ascertain the cross-
sectional profile of the thin films, which is consistent with the
literature, measuring approximately 250 nm. All three samples
have almost the same thickness because we are using the same
parameters for deposition through the spin coating technique.
Furthermore, our results match the existing literature.”?

3.4.2. Electrochemical impedance spectroscopy (EIS) ana-
lysis. The through plane ionic conductivity (i.e., the transversal
conductivity) of the perovskites sample powders, MAPbBr3,
MAPDCI; and MAPDI;, (04.), was determined following two differ-
ent methods: (1) from the Nyquist plot obtained using a Novocon-
trol broadband dielectric spectrometer, where a blocking
electrode configuration was maintained in the cell where the
sample was sandwiched between two electrodes in the entire

temperature range studied. The results obtained are plotted in
Fig. 5, where the plot of the real and imaginary parts of the
complex impedance, Z" (Q) vs. Z' (Q), displays typical semicircles
where two well defined regions are detected. On the one hand, a
high frequency depressed semicircle is followed by an accumula-
tion of points when the imaginary part of the impedance tends
to zero, which is the case of the sample MAPbI; at low and
moderate temperatures. At high temperatures, we can observe
that in the region of high frequencies the semicircle does not
end at the origin of coordinates since the value of the complex
impedance is still high and practically of the same order of
magnitude as the real part of the impedance. However, this
does not happen in the case of the other two samples, where
complete semicircles are observed in the entire range of tem-
peratures studied, although in the case of the sample with
Cl; the possible existence of a second semicircle in the low
frequency region seems to be observed.

The modelling of experimental data represented in the Nyquist
plot shown in Fig. 5 was obtained from the equivalent circuit
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Fig. 5 Nyquist plots representing the complex impedance vs. real part of the impedance, at various temperatures (40 °C, 60 °C and 80 °C) for the
MAPbI3 sample (a), MAPbBr3 sample (b) and MAPbClz sample (c), respectively. The solid lines represent the fits of egn (5) to the experimental data. Nyquist

plots for the other temperatures are given in Fig. SI2, SI3 and SI4 of ESI.{
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shown in ESIt (Fig. SI1). This equivalent circuit is formed by a
parallel combination of a resistance R1 and a constant phase
element (CPE1), the sub-circuit (R1-CPE1), in series with a parallel
resistance (R2) with a constant phase element (CPE2), the sub-
circuit (R2-CPE2), where the impedance of the CPE is identified
from the expression.

_
0i(jw)™

where o is the frequency, Q; denotes the proportional factor, and
o; indicates the capacitive nature of the perovskites and lies
between 0 and 1, and j is the imaginary unity (j = (—1)1/2). Then,
in this model the complex impedances will be given by eqn (5),
which fits very well with our experimental data, as we can see
in Fig. 5.

(4)

ZcpE; =

* Ri
Zi©) =R+ D TRy R

In Table 3 we can see the parameters R, Ry, Ry, Q1, Qy, 21, and
o, determined using the equivalent circuit fitted following
expression (5). Considering that the relation between complex
impedance and complex conductivity is given by,

L
* T - =
7O T) = g ©)
the real part of the conductivity (¢’), named direct current
conductivity (o4c), can be obtained from eqn (6) when the
imaginary part of the complex impedance Z’(w,T) is zero, then,

, L
d(w,T)= T(CUT) ?)

In our study, the powder sample thickness was measured
using a micrometer, with values being 561 + 17 um, 672 +
20 pm, and 291 + 10 pm for MAPbBr;, MAPbCl; and MAPDI;,
respectively, and the area of the sample sandwiched between
the two electrodes is A = 0.785 cm?, and we can determine the
values of the conductivity at each temperature by the determi-
nation of the real part of the impedance, Z'(w,T).

Conductivity values obtained for the powders MAPbI;,
MAPDBr; and MAPbCI; following the Cole-Cole plots shown
in Fig. 5 are given in the last column in Table 1. For this, we
have considered the equivalent circuit displayed in Fig. SI1
(ESIT) and eqn (5) to simulate the experimental results and
obtain the parameters R, R, and R,, given in Table 3. Notice that
the value of R determined in all the fits was zero (R = 0). From
the values obtained for the resistances, the values of conduc-
tivity were calculated using eqn (7), where Z'(w,T) is equal to
(R + Ry). In the last column of Table 3 we have gathered the
values of the conductivities obtained for the samples MAPbI;,
MAPbBr; and MAPbCIl;, respectively.

A close inspection of Fig. 5 shows the existence of a different
behavior of the sample MAPbI; than MAPbBr; and MAPDCl;,
respectively. This can be due to the grain boundary polarization
as a highly capacitive phenomenon, which is characterized by
larger relaxation times than the polarization mechanism in the
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bulk where the behavior of the grains is similar to that of a
semiconductive material, and such a phenomenon is more
apparent in the sample MAPbI; than in MAPbBr; and MAPbCl;,
respectively. This fact usually results in the appearance of two
separate arcs in the Z” versus Z' plots, one representing the bulk
effect at high frequencies, while the other representing the
surface effect in the lower frequency range. The complex
impedance spectrum was interpreted for all the samples by
means of the equivalent circuit shown in Fig. SI1 (ESI}). There
are cases where the experimental data exhibit a spike at low
frequencies, typically occurring at lower temperatures of
around 20 and 40 °C. As observed, all the spectra demonstrate
a prominent arc wherein a segment of the semicircle intercepts
at the origin of coordinates at higher frequencies (R = 0), while
the other segment either intercepts or tends to approach
intercepting as Z” approaches zero, giving R; and R, at each
temperature. Utilizing these values, we have calculated the
perovskite conductivity. This is achieved by considering the
effective area of the sample, which is equivalent to the area of
the sample situated between the two electrodes (S = 0.785 cm?),
along with its thickness (L). In our study, the powder sample
thicknesses measured using a micrometer were 561 + 17 um,
672 + 20 um, and 291 + 10 um for MAPbCIl;, MAPbBr;, and
MAPbI;, respectively.

The outcomes derived from the Nyquist plot, which were
employed to ascertain the sample’s resistance, were further
subjected to eqn (7) to determine the direct current conductiv-
ity (oqc) at specific temperatures. These calculated values are
listed in the column specified by ¢ (S cm™") in Table 3. It is
crucial to note that this approach is considered an indirect
method because the determined resistance is contingent on the
criteria of the chosen equivalent circuit.

From Table 3 we can see that in the entire range of
temperatures studied, the conductivity values follow the trend
Omapbcl, < Omapber, < Omapbr, These values vary between 107°
and 107% S cm ™! for MAPbI;, between 10 *° and 107° S cm™*
for MAPbCl;, and between 10~° and 10> S cm ™! in the case of
MAPDbBr;. These values were determined between 20 and
200 °C, respectively. All these values were similar to or even
higher than the values reported by Leupold et al.>” in the study
carried out on the electrical conductivity as a function of the
iodine partial pressure of powder aerosol deposited MAPBI;
calculated from impedance spectra, as is done in this study.

The differences observed in conductivity, based on the type
of dopant, can be attributed to variations in the concentration
of mobile charges. Furthermore, their mobility is influenced by
the strength of interactions with different stages of perovskites
at various temperatures. A thorough investigation of this aspect
will be conducted beforehand.

In Fig. 6 are plotted the conductivity values tabulated in
Table 3 obtained for the different perovskites in the entire
range of temperatures studied.

Fig. 6 distinctly illustrates the relationship between conduc-
tivity and temperature. A close inspection of Fig. 6 shows that
the temperature dependence of the conductivity of perovskites
exhibits an Arrhenius behavior in the entire range of

This journal is © the Owner Societies 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cp05686d

Open Access Article. Published on 07 February 2024. Downloaded on 10/31/2025 4:16:27 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

View Article Online

PCCP

Table 3 Parameters Ry, Ro, Q1, Qa, 1 and o, extracted by fitting experimental results using the equivalent circuit described in egn (5) to the Nyquist
diagrams obtained for the samples MAPbls, MAPbBrz and MAPbCls, respectively. r? represents the coefficient of determination of the fittings and ¢ the

N

> =)
electrical conductivity. The expression for r?is 2 = 1 — ’:\;7 =1-%7 where y;is the measured data set, ¥; is the modelled data set, ¥ is the mean
/! _ o
3O -7’
z
of the measured data, o, is the residual variance and g, is the variance®
Samples T (°C) R, (Q) Q4 0y R, (Q) Q2 0y r* o (Sem™)
MAPbI, 20 6.0 x 107 9.5 x 107 ° 0.77 4.1 x 107 7.5 x 107° 0.35 0.900 3.7 x 107°
40 5.9 x 10° 43 x 1071 0.81 2.6 x 10° 17 x 1078 0.45 0.996 4.4 %1078
60 2.4 x 10° 1.6 x 107 0.85 2.5 x 10° 13 x 1078 0.70 0.983 1.4 x 1077
80 3.0 x 10° 7.7 x 1071 0.92 3.0 x 10° 8 x10°° 0.80 0.993 1.2 x 10°°
100 1.9 x 10* 5.0 x 10~ 0.98 3.0 x 10% 1.8 x 1072 0.01 0.997 1.9 x 107°
120 2.1 x 10° 7.2 x 1071 0.96 2.0 x 10% 1.0 x 1072 0.10 0.998 1.6 x 107*
140 4.5 x 10* 1.1 x 107° 0.83 2.0 x 10% 1.5 x 1072 0.18 0.990 5.7 x 10°*
160 1.7 x 10? 2.0 x 107° 0.80 1.2 x 10> 4.0 x 1072 0.20 0.550 1.3 x 1073
180 8.7 x 10" 3.0 x 107° 0.80 2.5 x 10" 9.0 x 1072 0.24 0.507 3.3 x 1073
200 4.3 x 10 5.0 x 10~° 0.80 2.0 x 10° 2.0 x 10°* 0.30 0.862 8.2 x 103
MAPbBr; 20 4.0 x 107 1.8 x 107 ° 0.78 5.3 x 10° 8.8 x 10°° 0.71 1.000 1.7 x 10°°
40 2.0 x 10° 1.7 x 107*° 0.78 3.5 x 108 33 x10°° 0.41 0.994 1.7 x 107°
60 1.2 x 107 1.5 x 10°° 0.77 1.0 x 10° 1.2 x 1077 0.42 0.986 8.2 x 107°
80 6.1 x 10° 1.3 x 107 0.80 2.1 x 107 43 x 1077 0.45 0.989 45 % 1078
100 2.9 x 10° 1.1 x 107 *° 0.83 1.0 x 10’ 4.0 x 10°° 0.35 0.990 4.7 x 1077
120 1.4 x 10° 1.0 x 1071 0.88 1.0 x 10° 2.0 x 107° 0.30 0.999 1.3 x 10°°
140 6.5 x 10° 7.0 x 1071 0.91 2.1 x 10° 6.0 x 10°° 0.27 1.000 3.1 x10°°
160 3.1 x 10° 4.8 x 101 0.95 6.0 x 10* 3.0 x 10°* 0.25 1.000 5.5 x 10°°
180 1.4 x 10° 2.3 x 107 0.95 1.0 x 10* 2.0 x 1073 0.20 0.899 1.4 x 107°
200 3.6 x 10* 1.2 x 107 0.91 1.0 x 10° 1.0 x 1072 0.22 0.993 3.8 x107°
MAPbCI, 20 8.7 x 10° 3.1 x 1071 0.81 5.1 x 10° 1.1 x 1078 0.80 0.999 1.4 x 107 *°
40 6.8 x 10° 3.7 x 1071 0.79 5.1 x 10° 1.2 x 1078 0.85 1.000 1.4 x 1071
60 3.9 x 10° 5.0 x 107 ° 0.78 1.0 x 10° 2.6 x 107° 0.79 0.989 6.9 x 107°
80 2.0 x 10° 5.0 x 107 ° 0.81 1.7 x 107 15 x 1078 0.56 0.908 3.8 x107°
100 1.0 x 10° 6.0 x 107 ° 0.76 8.0 x 10° 23 x 1077 0.52 0.999 3.9 x 1078
120 4.4 x 10° 3.1 x 107° 0.83 2.0 x 10° 15 x 10°° 0.49 0.999 1.1 x 1077
140 2.0 x 10° 2.0 x 1071 0.87 8.0 x 10* 33 x 10°° 0.51 1.000 2.6 x 1077
160 7.6 x 10* 2.0 x 107 0.91 8.0 x 10* 15 x 107° 0.46 0.982 4.6 x 1077
180 3.2 x 10* 2.1 x 1071 0.91 2.8 x 10* 16 x 107° 0.58 0.979 1.2 x 10°°
200 1.2 x 10* 1.1 x 107 0.94 1.0 x 10* 27 x 107° 0.67 0.998 3.2 x10°°
-4 perovskites. However, a little change can be observed around
A MAPbBr, o .. e L.
%4 ® MAPLCI 100 °C in the conductivity patterns of all samples indicating
g = MAPbI : that the perovskites exhibit significant similarities, being more
8- : i
prominent for MAPbBr; and MAPbLCIl;. In both cases an
E'"" increase in conductivity as temperature rises is evident.
S 12 - From Fig. 6 we have calculated the activation energy asso-
‘.g il ciated with the conductivity. For this we have fitted the experi-
o mental results of the conductivities obtained from the Nyquist
-16 4 . . .
18 plot shown in Fig. 5 for all perovskites. The values of
-18 + the activation energy follow the trend E,. (MAPbBr;) =
204 (70.7 4+ 4.0) k] mol ™" (i.e., 0.73 & 0.04 eV) < E,c (MAPBCI;) =
i (71.5 & 4.0) k] mol ™ * (i.e., 0.74 + 0.04 €V) < E,. (MAPDI;) =
(98.1 + 3.6) kJ mol ™! (i,e., 1.02 £ 0.04 eV).
-24 T T T T T

2.0 2.2 24 2:6 2:8 3.0 3.2 3.4
1000/T (K")

Fig. 6 Temperature dependence of the conductivity of perovskites.
MAPDI (H), MAPbBrs (A) and MAPbCl; (@), respectively. Symbols mean
experimental results obtained from the Nyquist plot and the lines mean the
Arrhenius fit.

temperatures studied. Such behavior has been necessary to
understand the dynamics process of the different agents of

This journal is © the Owner Societies 2024

It is noteworthy that the conductivity of the MAPbBr; sample
is slightly higher than that of the MAPbCI; sample. However,
upon analyzing the MAPbI; sample a remarkably mild alteration
in conductivity becomes evident at temperatures between 80 °C
and 100 °C. This sudden change might be attributed to the
structural modifications that occur as the temperature surpasses
these values, which might be due to a change in wettability and a
change in the crystallinity and size of crystal grains. It is likely that
the properties of the material undergo significant shifts due to
these temperature thresholds. Notice that these sudden changes
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in behavior have also been observed at temperatures higher than
100 °C from XRD for MAPbI;, indicating that Pbl, is not fully
converted to perovskite and an increase in the temperature results
in the degradation of the MAPbI; phase.>®

Considering the nature of these materials, it is noteworthy
that at temperatures exceeding 80-100 °C, distinct relaxation or
orientation processes can be induced in both the inorganic and
organic ions present within the samples. It is intriguing to
observe that these processes tend to manifest more gradually in
the case of MAPbI;, as opposed to perovskites with Cl or Br.
This phenomenon aligns with findings described by various
researchers,””™° who suggest a connection between these
behaviors and the reorientation angle of MA" ions. These
observations could be attributed to the constraints imposed
by the stacking of the PbI64 octahedral framework in a TP
(tetrahedral) arrangement. This arrangement might impact the
intramolecular or axial rotation of organic cations along with
intricate hydrogen bonding interactions with inorganic cages.
These factors could collectively contribute to the observed
variations in relaxation and orientation processes within the
distinct types of perovskite materials.>” "

In MAPbDI;, the presence of iodide vacancies allows for the
migration of iodide, and thus iodide vacancies also migrate.""'>
The latter are formed, for example, when an iodide ion at a regu-
lar lattice site moves to an interstitial site, leaving an iodide
vacancy at the original iodide lattice site (referred to as the (anion)
Frenkel defect).”® Alternatively. the formation of Schottky defects,
which results in the formation of MA vacancies and iodide
vacancies, is well possible in MAPbI; and results in the formation
of iodide vacancies,'>'* Todide interstitials, iodide or MA vacan-
cies, all represent classical point defects that can widely determine
the electrical transport behavior of halide perovskites.> Accord-
ingly, defect chemical modeling combined with appropriate char-
acterization methods offers a powerful way to gain in-depth
understanding of the electrical conductivity in halide
perovskites,>*>16

From Fig. 6 we have calculated the activation energy associated
with the conductivity. For this we have fitted the experimental
results of the conductivities obtained from the Nyquist plot

View Article Online
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shown in Fig. 5 for all perovskites. The values of the activation
energy follow the trend E,.; (MAPbBr;) = (70.7 + 4.0) k] mol ™"
(ie., 0.73 + 0.04 eV) < E, (MAPbCI;) = (71.5 + 4.0) kJ mol *
(i.e., 0.74 + 0.04 eV) < E,, (MAPDI;) = (98.1 & 3.6) k] mol*
(i.e., 1.02 + 0.04 eV).

Fig. 7 presents the frequency dependencies of the real and
imaginary parts of the complex modulus for the sample
MAPDCI;. The corresponding behaviors for the other perovs-
kites, MAPbI; and MAPbBr3, can be found in the ESIT (Fig. SI5
and SI6). Examining Fig. 7, we can observe that the variations of
the real part of the complex modulus (M’) tend to converge
towards zero at lower frequencies, while at higher frequencies,
they tend towards 1/e ., where &, ., denotes the electrical
permittivity of the perovskite. The values determined in our
study were 30 £ 2, 29 £+ 2 and 31 + 1 for MAPbCl;, MAPbBr;
and MAPDI;, respectively. These values are quite similar to the
value 30, considered by Prochowicz et al®® to calculate the
defect density in the perovskite MAPDI;.

In contrast, the complex modulus M” displays frequency-
dependent changes, characterized by a symmetrical peak with
varying width that decreases with rising temperature in the case
of the MAPDCI; sample. This symmetry is also present for the
MAPDBr; sample. However, for the MAPbI; sample, the beha-
vior is notably asymmetric, with two peaks observed at lower
temperatures. This asymmetry might be attributed to the
sample’s tendency to retain moisture, influencing the mobility
of two distinct ions, I~ and H'. The frequency at the point of
maximum is intricately connected to the relaxation time (ty).
This reciprocal relationship can be elucidated by considering
the values derived for wy = 2nfy; from the peaks identified for
M. Notably, these values correspond to the relaxation time
and, by extension, will be contingent on the prevailing tem-
perature conditions.

As depicted in Fig. 8, the relationship between relaxation
time and temperature is non-linear. On one hand, both
MAPDCI; and MAPDbBr; samples demonstrate a similar trend
across the entire temperature range, featuring two distinct
thermally activated processes. On the other hand, the MAPbI;
sample exhibits two distinct behaviors: one below 120 °C

0.04
—a—20°C |
—o—40°C
4A—60°C
—v—280°C 1
+-100°C|
0.03 4% 150¢
> 140’C‘
—0—160°C;
—k=—180°C|

—e—200°C|

MAPbCI,

= 0.02-

0.01 +

(a) E,":Q‘g: :’: * »
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10" 10° 10" 102 10° 10* 10°
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10 107
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—o— 40°C
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—v—80°C
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Fig. 7 The frequency-dependent behaviors of the (a) real part and (b) imaginary part of the dielectric complex modulus for the perovskite MAPbCls over
a temperature range spanning from 20 °C to 200 °C, with intervals of 20 °C.
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Fig. 8 Arrhenius plot of the relaxation time obtained from the peaks of

the complex modulus, M”, for the perovskites, observed over the tem-
perature range from 20 °C to 200 °C.

and another above this temperature. This behavior presents
variations that could potentially be linked to the effects of
degradation leading to abrupt structural changes or could be
related to changes in iodine vacancies and holes between low
and high temperatures, as observed for the total conductivity of
the MAPbI; perovskite as a function of the iodine partial
pressure.” These structural changes are likely to involve intra-
molecular or axial rotations of organic cations, coupled with
subtle hydrogen bond interactions with inorganic cages. Such
changes are particularly relevant in the context of our perovs-
kites containing I, Cl~, and Br~ ions.’®®> Remarkably, these
behaviors stand in contrast to the alterations observed in
conductivity. This can be attributed to the consistent value of
the real part of permittivity at frequencies approaching infinity,
as demonstrated in Fig. 7. It is important to consider that t =
&r.o./0, reinforcing the reciprocal relationship between relaxa-
tion time and conductivity alterations.

3.4.3. Mobility, diffusivity, Debye length and charge carrier
density. Mobility and diffusion coefficient are vital parameters
for characterizing a material when subjected to an electric
field.>** In cases where a simple Debye relaxation effectively
describes the dielectric behavior of the loss tangent (tan J) of a
sample, a distinct peak is observed. This is notably evident in
the Nyquist plot, where a semicircle emerges, and the point of
intersection between the real and imaginary parts of impe-
dance, where the imaginary part is zero, determines the sam-
ple’s resistance. This behavior can be attributed to the fact that
the impedance spectrum of perovskites is essentially dictated
by the movement of a single type of ion, resulting in the
observation of a sole relaxation time. By identifying the maxima
in tand values, it is possible to estimate the diffusion coeffi-
cient of the charges in the perovskites®*>*%

tano | L2
— wma;{ (8)
32(tan’ 9)

max,m
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and from the values obtained for the diffusion coefficient D, the
mobility (1) can be obtained from the Einstein relation as

_ 4D

H=1T 9)

where kg is the Boltzmann constant, T stands for the tempera-
ture, and g is the charge of a monovalent cation.

Fig. 9 presents the experimental tan ¢ values for the perovs-
kites across all temperatures. Moreover, a noteworthy observa-
tion can be rationalized: the displacement of the loss tangent
peaks towards the higher frequency side is closely linked to the
activation of anions I, CI™, and Br . On the other hand, the
value of the loss tangent of the peak is higher in the case of
MAPDBr; and MAPDCI; than that in the case of MAPbI;, and a
change in this intensity is clearly observed between low and
high temperatures for all the perovskites. This behavior mirrors
the findings observed for electrolytes incorporating ionic
liquids.®*™®” Based on the peaks observed in these figures, we
have extracted the values of 20 and (tan®0)max.«. With knowl-
edge of the samples’ thickness, we calculated the diffusion
coefficients of the perovskites, and utilizing eqn (8), we then
computed the corresponding mobilities. This series of calcula-
tions provides valuable insights into the mobility of charged
particles within these materials under specific conditions.

Fig. 10 illustrates the temperature-dependent diffusion and
mobility coefficients of the perovskites. From Fig. 104, it
becomes apparent that the diffusion coefficient values decline
as the temperature rises. This behavior stands in stark contrast
to what is typically observed in ionic diffusion through polymer
electrolytes.***>*® Upon a thorough examination of this figure,
a remarkable trend emerges: the diffusion coefficients exhibit
impressive performance at lower temperatures, subsequently
declining by approximately three orders of magnitude when
comparing the diffusivity at 40 °C to that at 120 °C. On a
contrasting note, across the entire temperature range, two
distinct variations become evident, similar to the variations
observed in the temperature-dependent behavior of conductiv-
ity. This behavior is expected and can be attributed to the
similar patterns exhibited by the mobilities of perovskites.

On the other hand, a close inspection of Fig. 10b shows that
the mobilities of perovskites follow the trend u(MAPDbI;) >
U(MAPDCl;) > p(MAPDBr;). In the case of the MAPbI; pero-
vskite we have found that mobility varies between 6 x
107 m*> v ' st and 4 x 107°® m*> V' s7', depending on
temperature. These values for MAPbBr; and MAPDCI; are
slightly lower than the corresponding electronic mobilities
found in the literature (4 x 10°-35 x 10 * m> v ' s 1).%7
However, in the case of MAPDI; they are quite similar. For example,
at 80 °C the value found in this work was 7 x 107" m*> Vv ' s~*
(ie,7 x 107> em® vV ' s found by Stranks et al.®®). On the other
hand, our values for all perovskites are higher than the values given
by ref. 55 and 68, where the values found at 70 °C for MAPbI; were
significantly lower (iyi- = 5 x 10°% em®> V' s
8 x 107" em® V' 571, respectively.

In general, in polyelectrolytes and semiconductors consid-
ered as binary systems, the total electrical conductivity is the

and s =

Phys. Chem. Chem. Phys., 2024, 26, 6736-6751 | 6745


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cp05686d

Open Access Article. Published on 07 February 2024. Downloaded on 10/31/2025 4:16:27 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

View Article Online

Paper

175

—a—20°C
—e—40°C
~—a—60°C
|=—v—80°C
+-100°C
—<4—120°C
> 140°C
—e—160°C
—4—180°C
|—e—200°C

(a) MAPbI,

150 4

125 4

10" 10° 10' 102 10° 10¢ 10° 10° 107
Frequency (Hz)

(b) MAPbBTr, —a—20°C
—e—40°C
—A—60°C
—v—80°C

+-100°C
—<—120°C

> 140°C
—e—160°C
—*—180°C
—e—200°C

Tan

10" 10° 10’ 102 10° 104 10 10° 10
Frequency (Hz)

200

(c) MAPbCI,
175 4

150 4
125 4

100 4

Tan §

754

50 4

254

10" 10° 10' 102

Frequency (Hz)

|=—u—20°C
|—e—40°C
|—a—60°C
—v—80°C
|~—®-100°C
|—e—120°C
| » 140°C
|—e—160°C
‘—l—180°c
|—e—200°C

10° 104 10° 10° 107

Fig. 9 The variation of loss tan é with frequency for perovskites: (a) MApbls, (b) MAPbBr3, and (c) MAPbCls, in the entire range of temperatures studied.
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Fig. 10 The temperature-dependent behaviors of (a) diffusivity and (b) mobility of the perovskites.

sum of the contributions of all the constituent charge carriers,
~. In the case of perovskites MAPbX; (X = Cl, Br, I)
the highest possible contribution to the ionic conductivity is
from the anions. Therefore, the anion conductivity can be
estimated supposing that the anion transference number is
practically equal to one. In this approximation, the cations are
practically immobile due to the reduced mobility because their
size in comparison with the other counterpart is higher. There-
fore, the cation mobility is negligible and thus the dominated
mobility will be mainly restricted to the anion contribution (i.e.,

ie,0=0c +0

6746 | Phys. Chem. Chem. Phys., 2024, 26, 6736-6751

X~ = Cl7, Br and I, respectively). In these cases, the ionic
conductivity can be described as ¢~ = ¢. If charge carriers do
not interact with each other, we can estimate the charge carrier
density, (n), from the Nernst-Einstein relationship and
eqn (9) as

_ O'kBT
= q2D

(10)

The charge carrier density of the perovskites in the entire range
of temperatures studied is given in Fig. 11.
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Fig. 11 The variation of the charge carrier density (n) with the tempera-
ture for the perovskites.

From Fig. 11 we can see that in the perovskites the charge
carrier's density, n (m~>), increases with the temperature
increase, with its value being around 10" m™> at 20 °C and
10*” m? at 180 °C for the perovskites MAPbCl; and MAPbBr.
For both perovskites, in the entire range of temperatures
studied the charge carrier’s density is the highest compared
to that of MAPBI;. This is due to the fact that the relation /D is
lower for MAPDI; than that for the others. On the other hand, a
change of behavior at 100 °C seems to be observed. Finally,
these values agree with the range of literature-based values
calculated, as observed for MAPbI,.*°

Lastly, to understand the interface effects between MAPbI;
and reference MAPbCIl;, we have calculated the Debye length
based on the peaks of loss tangent (tan ¢) following ref. 23, 25,
34 and 63. It is important to note that there is an error in
eqn (23) of ref. 63. The accurate expression should be:

2
Lo = 8(tan£3max) (11)

A rigorous deduction of eqn (11) is given in ref. 24 and 70. This
has been described recently in the ESI{ of ref. 24. Notice that
the Debye length can be determined using eqn (11) because in
our perovskites the relaxation time for redistribution of ions is

large satisfying the condition that I > 1. It is interesting to
D

note that the determination of the Debye length, defined as

ex & kg T .
Lp = %, where kg is the Boltzmann constant, T
\ n-q

the temperature, ¢, the vacuum permittivity, ¢, the static
permittivity, g the charge quantity of the ion and n the ionic
charge density imbibed into the perovskites, has been carried
out without the need to know the values of ¢, and the density
of the charge carriers (n), which must be determined by means
of knowledge of mobility (1) or diffusivity (D). This avoids the
possible errors that the models provide in the determination of
these parameters. In our case, we have opted for its determina-
tion based on the experimental results of the loss tangent for
each of the perovskites where the curves of loss tangent display
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Fig. 12 The values of the Debye length that were computed using
egn (11) for the perovskites examined across the entire range of tempera-
tures studied.

peaks corresponding to the maxima in tand, which are asso-
ciated with the conductivity. In this way, the value of Ly is
calculated from the experimental results obtained for tand
from EIS and therefore we think that it will have less error
than if it had been determined from the values of the para-
meters such as n, D, 1, or 4, where models are necessary for its
determination.

By utilizing eqn (11) and leveraging the experimental values
acquired for tan d,ax for the various perovskites, we derived the
Debye length values. These results have been graphed in
Fig. 12, providing a visual representation of the Debye lengths
corresponding to the different perovskites.

As shown in Fig. 12, the calculated results for the Debye
length, obtained from the peaks of the loss tangent using
eqn (11), exhibit a similar behavior for the perovskites MAPbCl;
and MAPDbBr; throughout the entire range of temperatures
studied. In contrast, the perovskite MAPbI; displays an abnor-
mal behavior, with a drastic decrease in the thickness of the
Debye layer observed from 50 °C onwards. These distinct
behaviors may be related to the long or short-range hopping
distances that the anions have to overcome to move and
transfer electrons to the conduction band. The difference in
the behavior of MAPbI; could indicate the unique charge
transport characteristics of this particular perovskite, which
may be influenced by the type of anions and their mobility at
different temperatures. Our results for MAPbI; were Ly &~ 2 X
10~® m, at 20 °C, agreeing with the values observed by Samuel
D. Stranks et al.”* where Debye lengths of 120 nm and 105 nm
for electron and holes were obtained in the case of MAPDI;.
Further investigation is needed to fully understand the under-
lying mechanisms behind these observed trends.

4. Conclusions

Various perovskite powders of MAPbX; were synthesized, where
X represents iodine (I), bromine (Br), or chlorine (Cl). The main
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objective of this research was to investigate the influence of
different halides on the photovoltaic performance of perovskites.
To achieve this, several characterization methods were conducted
to understand the properties of the perovskite powders MAPbX;
(X =1, Br, Cl) with a specific focus on determining their optical
and conductivity properties. The corresponding X-ray diffraction
(XRD) spectrum of each perovskite powder sample is also shown
in Fig. 1. The XRD spectra displayed characteristic peaks that
aligned well with those reported in the literature. This indicates
that the prepared perovskite powders have a well-defined crystal-
line structure consistent with the known properties of MAPbX;
compounds. Overall, the HRTEM analysis provided valuable
insights into the nanostructure, crystal quality, and crystallo-
graphic information of the MAPbX; perovskite powders. These
findings are essential for a comprehensive understanding of the
properties and potential applications of these perovskite materials.
This study contributes to the advancement of knowledge in the
field of perovskite materials and their use in various applications.

The UV-visible spectra of perovskite powders (MAPbCI;,
MAPDbBr;, and MAPDbI;) were analyzed, revealing distinct
absorption onsets for each composition, with MAPbCl; absorb-
ing light in the ultraviolet and visible regions at 427 nm,
MAPDBr; absorbing at 563 nm in the visible spectrum, and
MAPDI; absorbing at 843 nm in the near-infrared region. The
corresponding optical bandgap values are 2.90 eV, 2.20 eV, and
1.47 €V, respectively.

The analysis of electrochemical impedance spectroscopy
reveals that perovskite materials with iodine (I), chlorine (Cl),
and bromine (Br) exhibit optimal conductivities, making them
suitable semiconductor materials. As the temperature increases,
their conductivities also increase, following the trend ¢4, (MAPDI;)
< g4e (MAPDCl;) < 4. (MAPbBTr3). Furthermore, the conductivity
activation energies of these materials vary with temperature. The
values of the activation energy follow the trend E,.. (MAPbBr3) =
(70.7 + 4.0) kJ mol " (e, 0.73 + 0.04 €V) < E,o (MAPbCl,) =
(71.5 + 4.0) k] mol * (i.e., 0.74 4 0.04 €V) < E, (MAPbI;) = (98.1 +
3.6) k] mol ! (ie., 1.02 & 0.04 €V).

Electrochemical impedance spectroscopy (EIS)
revealed a significant change in the conductivity of the MAPbI;
perovskite at temperatures between 80 °C and 120 °C. This
change could be attributed to structural modifications induced
when the temperature exceeds these values. The through-plane
conductivity increases around 10° times when the temperature
increases from 60 °C to 120 °C and around 100 times from
120 °C to 200 °C. Meanwhile, the sheet conductivity (in-plane
conductivity) measured at ambient temperature reveals that
sheet resistivity obtained for the perovskites expressed in terms
of the International Annealed Copper Standard (% IACS)
is about 0.1% IACS, a value equivalent to 1000 times lower
than annealed copper. The sheet conductivities were 489 x
10°Sm %, 486 x 10°Sm ' and 510 x 10° S m~ ' for MAPbBr;,
MAPDCI; and MAPDI;, respectively.

At low temperatures, the diffusivities of the perovskite
materials exhibit a significant decrease of approximately three
orders of magnitude when comparing the diffusivity values at
40 °C to those at 120 °C. Moreover, throughout the entire range

studies
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of temperatures studied, two distinct variations in diffusivity
are observed, which resemble the behavior observed in the
variation of conductivity with temperature. Similarly, perovs-
kite mobility also displays a similar behavior. In the case of the
MAPbDI; perovskite we have found that mobility varies between
6x107""m?>V s and 4 x 10°°*m®> V' s, depending on
temperature. These values for MAPbBr; and MAPDbCI; are
slightly lower than the corresponding electronic mobility found
in the literature (4 x 10 °-35 x 10~ * m* V' s7"). The variation
of relaxation time with temperature is not linear. The samples
MAPbDCI; and MAPDbBr; show a similar tendency over the entire
temperature range studied, with two different thermally acti-
vated processes. However, the sample MAPbI; exhibits two
distinct behaviors, one below 120 °C and the other above this
temperature, with a variation that could potentially be asso-
ciated with possible degradation effects leading to sudden
structural changes.

This study provides valuable insights for optimizing the
performance of perovskite solar cells. Understanding how
dopants influence the electrical conductivity and photovoltaic
properties of the perovskite materials, this work will enable
researchers to design and engineer more efficient and stable
solar cell devices based on MAPbX; perovskites. These findings
indicate that the conductivity of the perovskite materials is
temperature-dependent, and the variations can significantly
impact their performance as semiconductor materials at dif-
ferent temperatures.
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