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The effect of introducing monoethanolammonium cation
into hybrid halide perovskite films on the nature
of their low-temperature conductivity
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Hybrid organo-inorganic halide perovskites are promising materials for optoelectronic devices. In this work,
it was shown that the introduction of the monoethanolammonium cation MEA into the hybrid perovskite
MAPDI; leads to a change in the characteristic absorption peaks of FTIR spectroscopy, indicating chemical
interaction of the monoethanolammonium cation with the hybrid perovskite. An increase in the proportion of
the monoethanolammonium cation in the hybrid perovskite leads to an increase in the absorption edge energy of
the perovskite and a significant change in the shape of the spectra, as well as to a change in the band diagram.
Low-temperature conductivity (in the range of 100—200K) is characterized by suppression of the ionic component,
which is also accompanied by a significant decrease in the hysteresis of the current-voltage characteristics of the
films. The results of measuring the temperature dependence of the current-voltage characteristics showed that the
use of the monoethanolammonium cation in the hybrid perovskite leads to an increase in the activation energy of
ionic conductivity and a decrease in hysteresis, which helps to reduce the degradation of devices based on hybrid
perovskites.
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1. Introduction

Hybrid halide perovskites are regarded today as the most
promising materials for use in new-generation solar cells [1—-
3]. Tt is due to a high light absorption coefficient, a large free
path length of charge carriers and an adjustable band gap [4].
These materials are also interesting for use in photodetectors
and X-ray detectors as well as in memristor structures [5-7].

As of today, the hybrid halide perovskites APbX3 to be ap-
plied in the solar cells usually include organic cations (A) of
methylammonium (MA™) and formamidinium (FA*1) with
addition of a small portion of inorganic cations Cs*, Rb*,
and I~ ions with addition of Br~ or Cl~ ions as anions (X).
Perovskites with replacement of atoms of the metal Sb
with Sn are widely studied [8]. The different cations and
anions are used simultaneously due to adjustment of the
band gap and a position of the energy levels, but also due
to increase of chemical stability, increase of ion migration
activation energy for reducing degradation of devices in
an operating mode [8-11]. Ion migration is also reduced
by using molecular passivation on grain boundaries and,
additionally, 2D-layer hybrid perovskites [12,13], which are

characterized by reduced ion migration, and higher chemical
stability, higher resistivity and the larger band gap [14].
Thus, using a wide class of amines for molecular passivation
of the grain boundaries of the polycrystalline layers or for
formation of the 2D-layer perovskites for their inclusion in
a photovoltaic structure is one of the main trends in the
field of investigation of the hybrid perovskites for improving
stability of their parameters and preserving high efficiency
of perovskite solar cells.

The present study has investigated hybrid halide per-
ovskites with addition of a monoethanolammonium cation
(HOCH,CH,NH;, MEA"), namely, perovskites using the
cation of methylammonium and monoethanolammonium
MA,MEA,_,Pbl;. The MEA™ cation is characterized by
presence of OH groups. It was noted in the study [13],
in which the 2D perovskite HO(CH,),NHj3),PbXy was
synthesized using the monoethanolammonium cation, that
presence of the OH groups resulted in formation of
intermolecular hydrogen bonds with NHJ - -- OH. Dipoles
induced by the hydroxyl group result in increase of relative
permittivity, thereby decreasing the exciton’s bond energy
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and increasing charge separation efficiency [16]. It is as-
sumed that using the MEA * cation included in a bulk (3D)
perovskite results in formation of channels in the crystalline
structure [17,18]. As a whole, data of X-ray diffraction
analysis indicate that interplanar spacings of the crystal
lattice of the tetragonal phase of the perovskite increase
with increase of the MEA™ portion, which also correlates
with increase of the band gap [17,19]. The increase of
the MEA™ portion and the band gap of MA,MEA,_,Pbl;
makes it a promising material for application in tandem solar
cells with silicon structures [19,20]. A small MEA™ portion
included in the hybrid perovskite can increase stability of
its parameters. Thus, in the study [21] the solar cell
based on the hybrid perovskite MAPbI; with addition of
MEAT demonstrated increased stability in the operating
mode. Thus, the hybrid perovskites MA,MEA,_,Pbl; are
of considerable interest, but still understudied.

The present study was aimed at investigating the
influence of the MEA portion in the hybrid perov-
skite MA,MEA;_,Pbls on temperature dependences of
I-V characteristics and resistivity within the temperature
range 300—100 K. The dependence of the I-V characteristics
on the temperature makes it possible to record a decrease
of hysteresis due to an ion component of conductivity and
to determine an energy of activation of ion conductivity in
the polycrystalline layer of the hybrid perovskite. Due to
correlation of the ion component of conductivity (mobile
defects) in the hybrid perovskites with performance of
devices (the solar cells of the photoresistors), namely, with
degradation of their characteristics in the operating mode,
determination of the energy of activation of ion conductivity
is one of the most important characteristics of a material
based on the hybrid perovskite [22].

2. Materials and methods

The monoethanolammonium iodide (MEAL,
HOCH,CH,;NH3I)  was  produced by neutralizing
monoethanolamine (HOCH,CH,;NH,, JSC ,LenReaktiv,
Saint-Petersburg, Russia) with hydrogen iodide acid (HI,
JSC ,LenReaktiv, Saint-Petersburg, Russia) until obtaining
pH=06.5. After that, the solution was vaporized at 90°C
in a water bath and a produced precipitate was filtered
in vacuum. MEAI and lead iodide (Pbl,, Xi’an Yuri
Solar Co., Ltd., Xi’an, China) was separately dissolved in
dimethylformamide (DMFA, C3H;NO, JSC ,LenReaktiv,
Saint-Petersburg, Russia). The two produced solutions were
mixed in a molar ratio 1:1, with keeping the constant
temperature of 60°C during the process.  Similarly,
methylammonium iodide (MAI, CH3NH3;l, Xi’an Yuri
Solar Co., Ltd., Xi’an, China) and Pbl, that were dissolved
in DMFA were mixed in the molar ratio 1:1 at 60°C (in
order to produce MAPbI;, CH;NH;3Pbl3).

By mixing the produced solutions of MAI-Pbl, and
MEAI-Pbl, in the ratios 1:1, 3:1 and 1:3, initial
solutions were prepared in order to produced the hybrid

perovskites with the general formula MA,MEA;_,Pbl;
(MAQ,75MEA0.25PbI3, MAQ,5MEA0.5PbI3 and
MAy.2sMEA( 75Pbl3). The polycrystalline films are
produced by crystallization of the perovskite phase
when heating the solutions, which is accompanied by
evaporation of organic solvents. The polycrystalline
layers MA,MEA;_,Pbl; were produced by centrifugation
from the DMFA and dimethylsulfoxide solution (DMSO,
C,HO0S, JSC ,LenReaktiv*, Saint-Petersburg, Russia) in a
volume ratio 4:1. The concentration of MA,MEA_,Pbl;
in the DMFA and DMSO solution was 400 mg/ml. The
process included a stage of pre-centrifugation at the speed
of 1000rpm (for 10 seconds) and centrifugation at the
speed of 3000rpm (for 30 seconds) to produce a thin
film of the solution. Then the samples were placed
on a heating plate designed to control and stabilize the
temperature (WiseTherm HP-20D) with the temperature
of 110°C for a crystallization process with formation
of solid polycrystalline layers of MA,MEA;_,Pbl; for
10 minutes. In order to measure the absorption spectra
(the spectrophotometer SPEKS SSP—715, JSC ,SPEKS*,
Moscow, Russia), the polycrystalline layers were applied
to glass substrates. The perovskite films were also studied
by means of the Fourier transform infrared spectroscopy
using the spectrometer FSM 2201 (LLC ,]Infraspec”,
Saint-Petersburg, Russia). For this purpose, the layers were
applied to plates made of single crystal silicon grown by
zone melting. In order to measure the I-V characteristics
(IVC), the MA,MEA, _,Pbl; films were applied to ceramic
substrates golden interdigital electrodes (Sensor Platform,
Tesla Blatna, a.s., Blatna, Czech Republic). An Au-strip
width of the interdigital electrodes and a distance between
them were 25um, while the total electrode area was
4.2x4.2mm. The IV characteristics of the films that
were placed on a holder of the optical continuous-flow
cryostat with temperature stabilization OPTCRYO198
(JSC ,,RTI“, Moscow, Russia) were measured in a nitrogen
atmosphere in darkness at the temperature 100—300K
using an automated measurement installation based on
a pico-ammeter Keithley 6487 (Keithley Instruments,
Solon, USA).

3. Results and discussion

The results of the Fourier transform infrared spectroscopy
of transmittance of the MA,MEA;_,Pbl; films within
the range 400—4000cm~! are shown in Figure 1, where
the lines mark the most intense absorption bands of
MAPDI;. The spectrum for MAPbI; was analyzed based
on the study [23], which provides results of simulation of
vibrational modes for the hybrid perovskite MAPbI; within
the range from 0 to 3100 cm™! for the infrared and Raman-
scattering spectroscopy as well as compares theoretical
results and experimental results of the IR spectroscopy at
the temperature 295 and 10K.
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Figure 1. Fourier transform infrared spectroscopy of the hybrid perovskites MA,MEA,_,Pbls.

As can be seen in Figure 1, at the frequencies 3177
and 3132c¢cm™! the IR Fourier spectrum MAPbI; exhibits
valence (stretching) N-H oscillations (vN-H) due to NHj
groups that also determine strain (bending) oscillations at
the frequencies 1580 and 1470 cm~! (§NH;). The increase
of the portion of the monoethanolammonium cation in
MA,MEA,_,Pbl; results in a slight shift of the frequency
of the vN-H oscillations, which can be related not only
to variation of the parameters of the crystal lattice in
MA MEA,_,Pbls, but to formation of the hydrogen bonds
NH3+ ---OH. For the hybrid perovskites MAy sMEA( sPbl;
and MAsMEA, 75Pbl;, separate oscillations vN-H be-
come indistinguishable. At the same time, no noticeable
shift of the frequency for the §NHj oscillations is observed,
but one can notice a slight change of intensity of SNHj3 at the
frequency of 1470 cm™! relative to a band at the frequency
of 1580 cm™~!. The vC-N stretching is observed for MAPbI3
and MA 7sMEAj »5Pbls, but it is not recorded already for
MA0,5MEA0,5PbI3 and MA0,25MEA0,75PbI3.

Generally, the spectra of  MAPDI; and
MAy.7sMEA( 25Pbl;  differ slightly. The spectra for
MAPbI3 and MA()_ 7 5MEAO. 25P bI3 exhibit absorption

bands related to strain pendulum (rocking) oscillations of
0CH;3NHj3; as well as slight absorption bands related to 6CHj3
oscillations, which are not recorded for the compositions
MA( sMEA( sPbl; and MAgsMEA( 75Pbls  except for
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the most intensive absorption band of SCH3;NH; at the
frequency of 910cm~!. The spectra of MAg sMEAq sPbls
and MAg2sMEA 75Pbl; do not exhibit typical bands of
absorption of pure monoethanolamine, which also confirms
incorporation of the MEA™ cations into the crystal lattice
of the hybrid perovskite jcite24. With the increase of the
MEA™" portion (in the spectra of MAgsMEA( sPbl; and
MAy.2sMEA 75Pbl3), instead of the 6CHj3 absorption band
there is an absorption band at the frequency ~ 1380cm™!,
which can be related to the §CH, oscillations. Finally,
the transmittance spectra of MAysMEAg sPbl; and
MAy 2sMEA 75Pbl; exhibit an intense absorption band
at the frequency ~ 1650cm™!, which can be caused by
oscillations of the hydrogen bonds NHJ - - - OH [26].

The increase of the portion of the monoethanolammo-
nium cation in the hybrid perovskite MA,MEA;_,Pbl;
results both in the shift of an absorption edge and in a
change of the absorption spectrum shape (Figure 2). When
the MEA™ portion is 25 %, the shift of the absorption edge
and, respectively, the increase of the optical band gap is
insignificant. Besides, there are similar inflection points that
are typical for the hybrid perovskite MAPbI3;. According
to the study [27], in this energy range the absorption range
of MAPbI; is mainly determined by interband transitions
between a ceiling of the valence band (the energy-highest
valence band VBy;) and a bottom of the conduction band
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Figure 2. Spectra of absorbance of the films of the hybrid
perovskite MA,MEA,_,Pbl;, which are formed by centrifugation
on the glass substrates.
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Figure 3. I-V characteristics of the films of the hybrid perovskites

MA.MEA,_,Pbl; in darkness (a) and at irradiation (b). I —
x=0,2—x=0253—x=054—x=0.75.

(the energy-lowest conduction band CB;). With more de-
tails, starting from the energy ~ 1.6 eV, absorption is caused
by the interband transitions VB{-CB; in the symmetry
point R in the first Brillouin zone, while starting from the
energy ~ 2.5eV, it is caused by VB;-CB; in the symmetry
point M with a slight contribution by the VB;-CB; (the
energy-second conduction band) in the point R.

The preserved spectrum shape for MAj 75sMEA 25Pbls
indicates a slight change of the energy band dia-
gram. In this energy range, the absorption spectrum of
MA sMEA, sPbl; exhibits similar inflection points that are
probably related to two kinds of the interband transitions
VB;-CB; in the symmetry points R and M, as well as the

shift of the absorption edge. However, the first peak caused
by the transitions VB;-CB; in the symmetry point R is
somewhat smoothened. Finally, for MAj 2sMEA 75Pbl; the
peak due to VB{-CB; in the point R becomes insignificant,
which is untypical for the absorption spectra of the hybrid
perovskites, including wider-band ones. It can be assumed
in the model of the crystalline structure of the perovskites
with channels, where the band gap is increased due to
violation of binding of Pblg octahedrons, as described in the
study [17], that the change of the absorption spectra shape
can be related to some dispersion of the bound octahedrons,
which results in ,,smearing™ of the peak.

All the polycrystalline MA,MEA_,Pbl; films that are
applied to the ceramic substrates with the interdigital Au
electrodes, demonstrate a significant photoresponse when
being irradiated by a solar radiation simulator (Figure 3)
that provides specific radiation power of 1kW/m?.

A thickness of the films on the ceramic substrates can be
different due to different solution wettability, conditions of
solvent evaporation and the crystallization process when the
MEALI portion is changed. Nevertheless, it can be seen that
with increase of the MEA™ portion resistance of the samples
significantly increases. Irradiation of the films with the solar
radiation simulator results in an increase of photocurrent
approximately by two orders of magnitude.

The films of the hybrid perovskites are characterized
by presence of ion migration at the room temperature,
which results in degradation of the photovoltaic elements
even under conditions of an inert atmosphere and with
encapsulation of the devices. In the dark conditions,
ion conductivity prevails at the room temperature [28].
Calculations using the density functional method show that
intrinsic defects for MAPbl; (V{", MAS, Vy,, 1) have
low diffusion barriers, but V;" has a much lower energy
of formation and determines the main contribution to ion
conductivity [29]. The study [30] reports about prevalent
migration of iodine ions by means of iodine vacancies
(vacancy-related migration of iodine ions). Ion migration
and IVC hysteresis, reduced no-load voltage and reduced
lifetime of the charge carriers, which are induced thereby,
will depend on structural defects [28,31,32]. Thus, when
varying the composition of the cations in MA;_,FA,Pbls,
the energy of activation of ion conductivity and efficiency
of the devices correlated with the density and the structure
of defects inside grains [31]. It was shown for the films
of the hybrid perovskite MAPbI; that the increase of the
grain size of the polycrystalline films resulted in increase
of the energy of activation of ion conductivity, while the
highest energy of activation was achieved in case of a single
crystal [32]. Ton migration is usually reduced by using
passivating molecules of cross linkers, thereby resulting in
an increase of the energy of activation of ion conductivity,
a decrease of hysteresis and an increase of longevity of
the devices [28,33]. Probably, passivation of the grain
boundaries results not only to reduction of the concentration
of initial active defects on the grain boundary, but it also
reduced mobility of the ions.

Physics of the Solid State, 2025, Vol. 67, No. 8
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4. Temperature dependence of resistivity of the

For the MA,MEA,_,Pbl; films, ohmic portions of the
I-V characteristics measured in darkness at the various
temperatures shown in Figure 3 were taken to calculate
the temperature dependences of resistivity, po(7), which
are shown in Figure 4. As follows from Figure 4, the
dependences p(T) for the studied samples have a complex
activation nature and consist of two portions that can be
described by the following expression:

p(T) :poeXP(—”),

- (1)

where E, — the energy of activation, T — the temperature,
kg — the Boltzmann constant. The energies of activation
were calculated from the temperature dependence of resis-
tivity p(T) by the formula:

_ 200Alg(p)

Ea (meV) = —To00,7

(2)

where p — resistivity of the film; 7 — the temperature,
200 — the numerical coefficient (the value of 1/kp in meV
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Figure 5. I-V characteristics of the MA,MEA,_,Pbl; films at the temperatures 300 and 180K.a —x =0; 6 — x = 0.25; c — x = 0.5;
d—x =0.75.
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that is multiplied to a coefficient when transiting into the
respective coordinates Igp = f(1000/T)).

As can be seen in Figure 4, the energy of activation
of conductivity has two typical portions, which are related
to electron conductivity at the low temperatures and ion
conductivity at an increasing temperature. The energy of
activation of electron conductivity is ~ 10—20 meV, which
are typical values for the films of the hybrid perovskites [31].
With the increase of the MEA™ portion, the energy of
activation of ion conductivity increases (from 175meV for
MAPbI3 to 283 meV for MAO.25MEAO_75PbI3). A threshold
temperature, at which ion conductivity starts prevailing is
also shifted from 260 to 240 K. The increase of the energy
of activation of ion conductivity correlates with the decrease
of hysteresis of the I-V characteristics shown in Figure 5.

For the MAPbI; films, there is the largest IVC hysteresis
at the room temperature, which decreases as MEA™
increases, while for MAgsMEA( 75Pbls no hysteresis
induced by ion migration is observed. As can be seen
from the I-V characteristics, no hysteresis except for slight
IVC hysteresis for MAPbIsis observed at the temperature
of 180K, which is below the temperature, when ion
conductivity prevails. It is important to note that the hybrid
perovskite MAgsMEA( sPbls is attractive for use in the
tandem solar cells with ¢-Si not only due to a suitable
band gap, but because of reduced ion migration without
additional passivation of the grain boundaries, too.

As mentioned above, the energy of activation of ion
conductivity depends on the grain sizes, i.e. the defect
density at the grain boundary, which provides the increase
of ion migration. It was found in our previous studies
that in these conditions of formation of the polycrystalline
MA,MEA,_,Pbl; films the increase of the MEAI portion
in the solution results in a decrease of the grain sizes. Thus,
the hysteresis reduction and the increase of the energy of
activation of ion conductivity are related to a crystalline
structure of MA,MEA_, Pbl; rather than to morphological
specific features of the films. At the same time, disruptions
of periodicity of the Pblg octahedrons (in the models
with channels of the crystalline structure) with inclusion
of MEA™ complicate migration of the ions or increase the
energy of their formation similar to use of cross linkers.
Another mechanism of reduction of migration of the ions (in
case of incorporation of MEA™ into the crystalline structure
without formation of the channels) may be interaction of
the intrinsic defects V; and I

4. Conclusion

The study has investigated the influence of incorporation
of the monoethanolammonium cations in the composition
of the hybrid perovskite MAPDI; on the temperature
dependences of the I-V characteristics and the energies of
activation of ion conductivity. It was found that the increase
of the portion of the monoethanolammonium cation in
MA,MEA,_,Pbl; resulted in the increase of the energy

of activation, which was also accompanied by reduction
of IVC hysteresis at the room temperature. The Fourier
transform infrared spectroscopy showed appearance of the
new intense peak with the significant increase of the MEA
portion, which can be associated with OH groups and
formation of the hydrogen bonds. The increase of the
MEA portion also resulted in shifting of the band of N-H
stretching, reduction of the peaks of CH; bending and
CH;3NH3 rocking, which are typical for pure MAPbI3, as
well as to appearance of a small absorption peak associated
with CH, bending, which indicates chemical interaction of
MEA in the composition of MA,MEA_,Pbls. It is shown
than the increase of the MEA portion results in the increase
of the energy of the absorption edge of the perovskite and
the substantial change of the spectra shape as well as in
the change of the energy band diagram. All the films of
the hybrid perovskites demonstrate the photoresponse to
irradiation in the visible spectral area, which is promising for
use in the optoelectronic devices. In particular, the hybrid
perovskites with the enlarged band gap are promising for
use in the tandem solar cells. At the same time, the detected
increase of the energy of activation of ion conductivity
and reduction of IVC hysteresis at the room temperature
contributes to reduction of degradation of the perovskite
films included in the optoelectronic devices.
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