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Lattice symmetrization is a term coined for the intentional doping of methylammonium lead iodide
(MAPDI3) with larger organic cations to lower the transition temperature to the cubic phase, whose
stability is much preferred over the tetragonal one to avoid undesired lattice strain harmful for device
operation, which could appear due to the cubic-tetragonal phase transition (PT) present near 330 K in
undoped MAPDIs. The following case study of three-dimensional (3D) organic cation-alloyed perovskites
of formula MA;_,MHy,Pbls (MHy* = methylhydrazinium; x < 0.25) unveils the complex impact of MHy*
doping on the stability of crystal phases. For low doping of x < 0.115 the cubic-tetragonal PT
temperature strongly decreases on doping, as expected. The MHy*-induced lattice symmetrization
worked to the point that at room-temperature (RT) the cubic phase could be observed at a doping of
x = 0.057, the lowest among so far used organic dopants. By contrast, the temperature of the
tetragonal-orthorhombic PT increases on doping, opposite to what was observed for analogous doped
MAPbIz systems. Unexpectedly, however, beyond x > 0.2 the tendency reverses, as the temperatures of
tetragonal-to-cubic PTs shift strongly to higher values. Significant changes in PT mechanism at high
doping conditions are inferred from large thermal hystereses, Raman scattering data showing the
presence of two unique MA"' cations in the orthorhombic phase, and dielectric spectroscopy
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DOI: 10.1039/d3tc02723f demonstrating dipolar relaxation for low-doped systems, and its suppression for highly-doped ones. The
substitution of MA* with MHy* leads to a weak widening of the band gap while retaining efficient

rsc.li/materials-c emission and extended absorption, suitable for optoelectronic applications.

1. Introduction

3D lead halide perovskites with formula APbX; (A = methylam-
monium (MA"), formamidinium (FA"), aziridinium (AZR")
and MHy'; X = Cl, Br, I) have become promising materials
for various applications, including solar cells, light-emitting
diodes, photodetectors, photodynamic therapy, nonlinear
optics, and dielectric switching."™" In particular, MAPbI; is

“W. Trzebiatowski Institute of Low Temperature and Structure Research of the
Polish Academy of Sciences, Okdlna 2, 50-422 Wroclaw, Poland.
E-mail: M.Maczka@intibs.pl

b Department of Experimental Physics, Wroctaw University of Science and

Technology, Wybrzeze Wyspiariskiego 27, 50-370 Wroctaw, Poland
¢ Advanced Materials Engineering and Modeling Group, Faculty of Chemistry,
Wroctaw University of Science and Technology, Wybrzeze Wyspiariskiego 27, 50-
370, Wroctaw, Poland
+ Electronic supplementary information (ESI) available: Table S1: thermal para-
meters from the DSC measurements. Fig. S1-S19: NMR, Raman, absorption,
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dependence of PT entropies, reciprocal space reconstructions, thermal evolution
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dependence of MAPbI; band positions. See DOI: https://doi.org/10.1039/
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the most promising material for low-cost solar cell applications
with the certified power conversion efficiency reaching
25.7%."> The excellent performance of MAPbI; stems from its
high absorption coefficient, defect tolerance, small exciton
binding energy, and long-range charge transport.’"?

3D lead halide perovskite structure is composed of corner-
shared PbX, octahedra and A-site cations located in the cubo-
octahedral cavities of the inorganic framework. The formation
of 3D perovskite structure is usually rationalized using Gold-
schmidt’s tolerance factor ¢ = (r, + rX)/\/ 2(rg + rx), where ra, rx
and rg stand for the effective radii of the A*, X~ and B*' ions,

This journal is © The Royal Society of Chemistry 2024
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respectively.”>'* Literature data show that the 3D perovskite
structure is stable when 0.8 < ¢ < 1.0,'® although some excep-
tions of 3D perovskites with ¢ slightly higher than 1.0 are also
known, e.g., MHyPbBr; (¢ = 1.03) and MHyPbCl, (¢ = 1.05).>® The
tolerance factor of MAPbI; is 0.912 (rya = 217 pm,*®) and this
compound undergoes Pm3m (cubic phase I) — I4/mcm (tetragonal
phase II) - Pnma (orthorhombic phase III) PTs at 327 and 162 K,
respectively.’®'” Since the cubic to tetragonal PT may cause
undesired strain, which is harmful to photoelectric device opera-
tion, the ‘lattice symmetrization’ strategy was proposed, which
rests on extending the temperature stability range of the cubic
phase by doping the organic part of MAPbI; with large organic
cations; in this way, the Goldschmidt factor ¢ is brought closer to
1.0."%72° Indeed, effectiveness of this strategy has been explored
for a variety of cations, such as FA™ (rgs = 253 pm),>"** dimethy-
lammonium (DMA, rpyu = 272 pm),>>** ethylammonium (EA",
Tea = 274 pm),"*?>** acetamidinium (ACE', racg = 277 pm),”
guanidinium (GA", rgs = 278 pm),***” azetidinium (AZ", rx =
250 pm)'® and imidazolium (IM", ryy = 258 pm).”® In the case of
MAPDBr;, the A-site was doped with FA", DMA" and EA*.?°> The
decrease of all PT temperatures was reported for MAPbI; samples
doped with DMA", EA*, GA" and FA*."****” In the case of AZ", IM*
and ACE’, very small doping was possible (up to 5, 10 and 10%,
respectively), which did not eventually lead to the stabilization of
the cubic phase at RT.'®**?® Interestingly, it was also shown that
apart from the cubic phase stabilization, the doping with larger
cations may also affect the key factors responsible for the excellent
photovoltaic properties of MAPDbI;, such as the charge carrier
separation and lifetime, leading to the improved efficiency of
solar cells."®** This effect can be associated with the large dipole
moment of the dopant cations, local distortion and changes in the
cation dynamics of the mixed systems.'®*"**2*33 However, stu-
dies of the effect of doping with the large organic cations on the
cation dynamics and structural PTs of MAPbX; perovskites are
still scarce. In general, two different behaviors were reported.
Firstly, an investigation of MAPbBr; doped with DMA" cations
revealed complete suppression of the PTs and glass phase signa-
tures for doping larger than 10%.>' Similar suppression of the PTs
was also reported for MAPbI; doped with GA" cations.>” Secondly,
some dopant cations have led to weak suppression of the PTs up
to 20% of doping level and signatures of the dipolar glass phase
formation at doping levels higher than 30%. This behavior was
observed for MAPbBr; doped with FA', and MAPbI; doped with
EA" or FA">"***° 1t is worth adding that doping of MAPbI, with 31
and 38% of EA" led to a complete suppression of the tetragonal to
orthorhombic PT and the formation of a new tetragonal phase
with a different symmetry.>*

In this paper, we examine the effects of cation alloying of
MAPDI; with bulky MHy" cations (ryuy = 264 pm,*?), and their
consequences for the stabilization of the cubic phase. MHy" is
significantly larger than MA" and, therefore, MHy' doping
should increase ¢, leading to the stabilization of the cubic
phase. Another equally important reason for choosing MHy"
is its documented ability to facilitate the formation of non-
centrosymmetric perovskite phases.®®**” In particular, this
cation plays a very unusual role in 3D MHyPbX; (X = Cl, Br)
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perovskites, ie., it leads to the strong deformation of the
inorganic sublattice and appearance of spontaneous polariza-
tion at RT due to the formation of Pb-N coordination bonds
and the presence of static stereo-active lone-pair electrons of
the Pb>" cation.®®?® Due to this unusual ability to form Pb-N
coordination bonds, not observed for other previously used
dopants, MHy" is not just another organic cation that could fit
the perovskite cage. We expected, therefore, that doping of
MAPbI; with MHy' may lead to the significantly different
behavior than reported for other dopants, including e.g. the
emergence of polar phases. It is worth noting that the end
member MHyPbl, does not form 3D perovskite phase®® and,
therefore, solubility limit and properties of MA; ,MHy,Pbl;
system cannot be simply anticipated from properties of the end
members, especially for the samples with large MHy" content.
Quite intriguingly, we found that the stabilization of the cubic
phase is associated with the increase of the low-temperature
(LT) tetragonal-to-orthorhombic PT temperature, the effect so
far not reported for other organic dopants. Additionally, we
observed that highly doped (x > 0.2) compositions reveal a set
of unique features such as strong shifts of tetragonal-to-cubic
PTs to higher values, presence of two unique MA" cations, and
modification of cation dynamics reflected in a dipolar relaxa-
tion for low-doped systems, and its suppression for highly-
doped ones. We discuss origins of these unusual phenomena.

2. Experimental section
2.1. Synthesis

Single crystals of MA; ,MHy,Pbl; were grown in a similar way
as recently reported for the MA; ,EA,Pbl; system.>® In this
method, 4 mmol of Pbl,, and stoichiometric amounts of
methylamine (2 M solution in methanol, Sigma Aldrich) and
methylhydrazine (98%, Sigma Aldrich) were dissolved in a
mixture of propylene carbonate (PC, 99.7%, Sigma-Aldrich)
and HI (57 wt% in H,O, stabilized with H;PO,, Sigma-
Aldrich) under stirring on a hot plate (50 °C). The PC:HI volume
ratio was 2.6:1 and the total amount of methylamine and
methylhydrazine was 4 mmol. The clear solution was trans-
ferred into a glass vial, which was kept at 50 °C for 2-3 days.
The black crystals with dimensions up to 5 mm, which grew on
the bottom of the vial, were separated from the liquid and dried
at RT. The methylamine to methylhydrazine ratios in the
solutions were 1:0, 9:1, 8:2,7:3,6:4,4:6and 3:7.

2.2. NMR spectroscopy

Quantitative determination of the organic amine composition
of perovskite samples was performed with the use of "H NMR
spectroscopy. "H NMR spectra were recorded in a liquid state
on the Jeol JNM-ECZ 400S Research FT NMR spectrometer
(JEOL Ltd, Tokyo, Japan) operating at 400 MHz. Samples were
prepared by placing 3-5 mg of single crystals of a mixed-cation
perovskites in ca. 0.7 mL of DMSO-dg, followed by warming to
50 °C and thorough sonication. Next, clear solutions were
transferred to 5 mm Wilmad NMR tubes.
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2.3. Powder X-ray diffraction

Powder X-ray diffraction (PXRD) patterns of the ground crystals
were measured in the reflection modes using an X’Pert PRO X-
ray diffraction system equipped with a PIXcel ultrafast line
detector and Soller slits for CuKa, radiation (4 = 1.54056 A).

2.4. DSC measurements

Differential scanning calorimetry (DSC) was recorded on a
Mettler Toledo DSC-3 calorimeter in the nitrogen at a heat-
ing/cooling rate of 5 K min~" in the temperature range of 120-
350 K. Nitrogen was used as a purging gas and the weight of the
samples was 20-87 mg. Knowing the weight of the samples, the
heat flow was converted to the heat capacity. The heat capacity
changes associated with the PTs were calculated by subtracting
from the data the baseline representing the system variation in
the absence of the PTs. Entropy changes were estimated as the
integral of the heat capacity changes with temperature.

2.5. Single-crystal X-ray diffraction

The X-ray diffraction data from a single crystal were obtained
using an Xcalibur diffractometer equipped with Mo Ka radia-
tion source, a CCD Atlas camera, and an OxfordCryosystem
cooling device. Data processing was performed using CrysAlis-
Pro software version 1.171.38.43 (Rigaku OD, 2015).

2.6. Raman spectroscopy

RT Raman spectra were measured for powdered crystals using
a Bruker FT 100/S spectrometer with YAG:Nd laser excitation
(Aexe = 1064 nm) and 2 cm ™" spectral resolution. Temperature-
dependent Raman spectra in the 1700-150 cm ™' range were
measured using a Renishaw inVia Raman spectrometer
equipped with a confocal DM2500 Leica optical microscope, a
CCD detector, and a diode laser (Lexe = 830 nm). The second
experiment was performed in the 400-10 cm ™" range using an
Eclipse filter. The sample was placed in a THMS600 tempera-

ture control stage and the spectral resolution was 2 cm™".

2.7. Broadband dielectric spectroscopy (BDS)

Dielectric measurements of the examined samples were con-
ducted using a broadband dielectric Novocontrol Alpha analy-
zer. Measurements as a function of temperature and frequency
were carried out on single crystals. A sinusoidal voltage with an
amplitude of 1 V and frequency in the 1 Hz-1 MHz range was
applied across the samples. The measurements were performed
every 2 K in the temperature range of 130-350 K. Silver paste
was applied on both parallel surfaces of all samples to ensure
good electrical contact. The temperature was stabilized by
means of nitrogen using the Novocontrol Quattro system.

2.8. Optical absorption and photoluminescence (PL) studies

RT diffuse reflectance spectra of the powdered samples were
measured using the Varian Cary 5E UV-VIS-NIR spectrophoto-
meter. PL spectra as a function of temperature were measured
with the Hamamatsu photonic multichannel analyzer PMA-12
equipped with a BT-CCD linear image sensor. A 450 nm laser
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diode was used as the excitation source. The temperature of the
samples during emission measurements was controlled by
applying Linkam THMS 600 heating/freezing stage. PL spectra
were recorded with sample heating, except for the MA ,5:-
MHy, »40PbI; sample, for which PL was recorded in two cycles,
one with the sample heating and the other on cooling. To
record decay times, a femtosecond laser (Coherent Model
Libra) (Coherent, Pennsylvania, USA) was used as an excitation
source.

3. Results and discussion
3.1. RT NMR and Raman spectroscopy

In order to determine the true content of MHy" in the grown
crystals, "H NMR spectroscopy was employed. The spectra show
that the methyl groups of MHy" and MA" cations give rise to the
presence of a broad singlet at 2.56 ppm and a quartet at
2.33 ppm, respectively (Fig. S1, ESIT). The integration of these
peaks and calculation of their ratios showed that the fraction x
of the MHy" cations in MA;_,MHy,Pbl; crystals is 0.005, 0.021,
0.057, 0.115, 0.207 and 0.249 for the samples with the nominal
x in the solution of 0.1, 0.2, 0.3, 0.4, 0.6 and 0.7, ie., the true x
in the crystals is about three times lower than that in the
solutions (Fig. S2, ESIt), probably due to much better solubility
of MHyPbI; compared to MAPbI;. Using the concept of toler-
ance factor,">'* we calculated this factor as 0.912, 0.914, 0.917,
0.923, 0.932 and 0.936 for samples with x = 0.005, 0.021, 0.057,
0.115, 0.207 and 0.249, respectively.

To further confirm the incorporation of the MHy" cations,
we measured Raman spectra. The spectra show many weak
bands in the MA; ,MHy,Pbl; crystals, which become more
prominent with increasing x (Fig. S3, ESI{). These bands,
observed at 431, 849, 877, 1061, 1073, 1130, 1187, 1308, 1351,
1382, 1146, 1598, 2950 and 3251 cm ', are typical for MHy"
cations, as evidenced by comparison with the Raman spectra of
pure MHyPbI; and MHyPbBr; (Fig. S3, ESITt).

3.2. Powder X-ray diffraction

PXRD patterns of the studied samples are shown in Fig. S4
(ESIYT). Former studies of MAPbI; doped with various cations
showed that the disappearance of the (211) diffraction peak
near 20 23.5° and the splitting of many other peaks can be
used to differentiate the tetragonal and cubic phases.'2%2427
Fig. S4 (ESIT) shows that these features are observed for the x =
0.057 sample, indicating that less than 6% of MHy" doping
leads to the stabilization of the cubic phase I at RT. Note that
this is a record-low value, which is smaller than those reported
for the EA* (8-9%),>* DMA" (~9%),>* FA" (12.5%)*' or GA"
(more than 10%)*” dopants. The PXRD patterns showed no
reflections of the secondary phase, indicating a stable, mono-
phase 3D perovskite structure at least up to x = 0.249.

3.3. DSC

The DSC measurement of MAPbI; shows the presence of
two heat anomalies at T; = 328.5 K (330.9 K) and T, = 157.1 K

This journal is © The Royal Society of Chemistry 2024
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(163.8 K) during cooling (heating), respectively (Fig. 1 and
Fig. S5, Table S1, ESIt). These PT temperatures are in very good
agreement with previous reports.”**® Very sharp change of
entropy at T, (Fig. S6, ESIt) points to the first-order character
of the LT PT. In the case of the high-temperature (HT) PT, the
entropy shows a sudden drop at T;, followed by a further
continuous change that extends down to ~260 K (Fig. S6,
ESIt). This behavior suggests a slightly first-order character of
this PT. The associated changes in enthalpy AH and entropy AS
were estimated to be of ~0.50 kf mol™* and ~1.57 Jmol ' K!
for the PT at Ty, and ~2.43 k] mol * and ~15.31 J mol * K*
for the PT at T, (Table S1, ESIt). For an order-disorder PT, AS =
RIn(N), where R is the gas constant and N is the ratio of the
number of configurations in the disordered and ordered
phases. The estimated N is 1.21 and 6.31 for the PT at T; and
T, respectively (Table S1, ESIT). The small (large) value of N at
Ty (Ty) is consistent with a small (large) change in the disorder
of organic cations at these PTs.

Small doping of MAPbI; with MHy" leads to pronounced
shift of T; to lower values, i.e., T; shifts to 320.1 K (322.8 K),
310.9 K (313.6 K), 289.2 K (292.5 K) and 255.6 K (259.3 K)
for x = 0.005, 0.021, 0.057 and 0.115, respectively (Fig. 1 and
Fig. S5, S6, Table S1, ESIt). Thus, the desirable cubic phase I is
stabilized at RT already for x = 0.057, in agreement with the
powder X-ray diffraction, whereas for literature precedents such
as EA", DMA", FA" and GA" the minimal required content to
induce that effect is in the range of 8-12.5%.">**” Since the
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Fig.1 Excess heat capacity of MA;_,MHy,Pbls in the (a) heating and
(b) cooling run.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Journal of Materials Chemistry C

values of AH, AS and N change weakly up to x = 0.057, it is
clear that doping of MHy" to this level has a weak effect on the
Pm3m — I4/mcm PT mechanism. For x = 0.115, AH, AS and N
significantly decrease, indicating significant suppression of the
PT (Table S1, ESIt).

In contrast to Ty, small doping with MHy" leads to increase
of T, to 157.2 K (164.6 K), 158.2 K (164.8 K), 161.3 K (168.6 K)
and 172.4 K (177.6 K) for x = 0.005, 0.02, 0.057 and 0.115,
respectively (Fig. 1 and Fig. S5 and S6, Table S1, ESIt). This
behavior is opposite to that observed for MAPbI; doped with
other cations larger than MA" such as EA" and GA*.>**” For
instance, for MA; ,EA,Pbl; (MA; ,FA,Pbl;), T, decreased to
~127 K for x = 0.21,%* whereas for MA; ,GA,Pbl,, T, decreased
to 150 K and both PTs were completely suppressed for x = 0.2.%”
In a similar manner to T;, the doping of MAPbI; with MHy" up
to x = 0.057 has a weak effect on the I4/mcm — Pnma PT
mechanism but this PT is significantly suppressed for x = 0.115,
as evidenced by about 2-fold decrease of AS.

When x increases above 0.2, DSC shows fundamental
changes in thermal behavior. First of all, T; exhibits a pro-
nounced shift to higher temperatures, i.e., to 292.0 K (336.4 K)
and 292.1 K (337.6 K) for x = 0.207 and 0.249 during cooling
(heating), respectively (Fig. 1 and Table S1, ESIt). Secondly, AH,
AS and N significantly increase (Table S1, ESIt) and the DSC
peaks strongly broaden (Fig. 1). Another characteristic feature
is the appearance of a very large hysteresis, up to 46 K (Table S1,
ESIt). A strong shift to higher temperatures and very large
thermal hysteresis (up to 86 K) are also observed for the LT PT,
i.e., T, increases to 207.4 K (286.8 K) and 201.0 K (286.7 K) for
x =0.207 and 0.249, respectively (Table S1, ESIt). Furthermore,
AS increases and for x = 0.249 it becomes comparable to the
value observed for undoped MAPDI;. The observed changes in
the thermal behavior suggest that high doping of MAPbI;
with MHy" leads to significant changes in the PT mechanism.
We summarized the obtained results in the temperature-
composition phase diagram shown in Fig. 2. It is worth noting
that the MA; ,EA,Pbl; system also showed new behavior for
large doping (x = 0.31 and 0.38).>* However, in this case, the LT
PT was completely suppressed and only one heat anomaly was
observed near 215-217 K.*>* Furthermore, this anomaly became
sharper compared to the samples with x below 0.2. It is,
therefore, clear that the high doping with MHy' and EA" leads
to very different changes in the lattice dynamics and PT
mechanism of MAPDI;.

3.4. Single-crystal X-ray diffraction

In order to obtain some insight into the structural changes
occurring in the highly doped samples, we have performed a
single-crystal X-ray diffraction study for MA; ,MHy,Pbl; with
x = 0.249. At 300 K, the diffraction patterns are characteristic of
Pm3m symmetry, whereas at 235 K, additional patterns at hk0.5
layers impose enlargement of the unit cell toa + b, b — a, 2c and
pseudo-merohedral twinning associated with tetragonal distor-
tion (Fig. S7, ESI{). Finally, at 120 K, all diffraction patterns
split, indicating symmetry reduction to orthorhombic with a
primitive unit cell (Fig. S7, ESIt). The changes observed in
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Fig. 2 Temperature-composition phase diagram of MA;_,MHy,Pbls sys-
tem. Filled dots indicate average PT temperatures obtained from the DSC
data. Vertical dashed lines indicate tentative phase boundaries. C, T and O
denote cubic, tetragonal and orthorhombic phases, respectively.

diffraction patterns are consistent with symmetry breaking
from cubic to tetragonal to orthorhombic in pure MAPbI;
crystals and in MA;_,EA,Pbl; solid solution, for x < 0.31."7**
Thermal evolution of the cubic lattice parameter a. (Fig. S8,
ESIT) reflects well the anomalies observed in calorimetric
measurements at PTs, even though the changes in q. are slight
and continuous.

3.5. Temperature-dependent Raman study

Since X-ray diffraction could not provide detailed structural
information, especially on the behavior of organic cations, we
performed a temperature-dependent Raman study to obtain
further insight into lattice dynamics and mechanism of the PTs
in the x = 0.249 sample (Fig. S9 and S10, ESIf). The internal
modes of MA" and MHy' as well as the MA-cage mode are
observed above 200 cm™ " and the assighment of these modes,
based on previous reports,*’™** is shown in Fig. S9 (ESIt). The
RT modes observed at 121 and 90 cm ™" (Fig. $10, ESIT) can be
assigned to translations and librations of organic cations
coupled with the Pb-I stretching modes. The shoulder at
50 cm™ ' and the most intense Raman bands at 34 and
22 ecm™ " correspond to octahedra distortion (Pb-I bend) and
octahedra twist (Pblg libration), respectively,*!*344

When the temperature decreases, bands related to internal
vibrations of MA" cations show weak changes down to 200 K,
better visualized in plots of wavenumber, full width at half
maximum (FWHM) and integral intensity presented in Fig. 3.
Nevertheless, some bands show clear decrease in FWHM and
increase in intensity, which points to a slowing down of MA"
rotational freedom (Fig. 3b and c). In the lattice modes region,
the intensity of the 34 cm ™' mode significantly decreases and
the shoulder at 50 cm ' becomes a clearly resolved band
(Fig. S10, ESIt). Thus, the structural PT near 290 K has a
weak effect on the inorganic framework and MA' cations
exhibit pronounced disorder in phase II. A very similar behavior
was reported at the cubic-tetragonal PTs in pure MAPbI; and
MAPbBr;.*>** Thus, the Raman spectra of the MAg,s;-
MHy, ,40Pbl; sample are consistent with the X-ray diffraction
data, which revealed tetragonal distortion of phase II. Although

1400 | J Mater. Chem. C, 2024, 12,1396-1405

View Article Online

Paper

bands related to MHy" are very weak, a closer inspection of the
spectra shows that they exhibit significant narrowing already in
phase II. For instance, the §(NH,) band near 1603 cm *
becomes narrow in phase II, ie., its FWHM at 200 K is only
8.1 cm™' (Fig. 3b) and very similar value was observed for
MHyPDbBr; at 200 K, which at this temperature crystallizes in a
polar structure with ordered MHy" cations.® We argue, there-
fore, that MHy" cations are ordered in phase II

On further cooling, pronounced changes are observed when
temperature decreases from 190 K to 180 K. These changes
correspond to the PT from phase II to phase III observed at
201 K in DSC. The slightly lower PT temperature in the Raman
experiment is due to the laser heating of the sample. The PT
leads to the splitting of many MA" internal bands and changes
in their relative intensities (Fig. 3a, ¢ and Fig. S9, ESIf). The
lowest wavenumber lattice mode also splits into three compo-
nents at 44, 38 and 27 cm~ ' (values at 80 K). Furthermore,
many bands exhibit weak and sudden shifts (Fig. 3a). It is worth
adding that visual observation under the Raman microscope
revealed the appearance of some stripes in phase III, which
disappeared when the crystal was heated back to RT (Fig. S11,
ESIt). These features point to the discontinuous nature of the
PT and the significant lowering of the crystal symmetry. The
splitting and shifts are accompanied by a sudden drop of
FWHM for §,5(NH;) (by ~10 ecm™ ") and p.s(NHj3) + pas(CH3)
(by ~6 cm™') modes observed at 1583 and 913 cm™ " (Fig. 3b).
This behavior proves that the PT from phase II to phase III is
associated with the ordering of MA" cations. Thus, similarly to
the pure MAPbI;, the LT PT is triggered by ordering of MA"
cations, which results in significant distortion of the inorganic
framework. However, there are also significant differences
between the pure and the x = 0.249 sample. Firstly, the drop
of FWHM at the PT temperature is much smaller for MAg 75;-
MHyj »40Pbl; (about 30-35%) compared to pure MAPbI; (65-
75%).*> Furthermore, FWHM values of the §,(NH;) and
pas(NH3) + pas(CH3) bands at 100 K are significantly larger for
MAg 75:MHY, 240Pbl; (25.8 and 9.7 em™ ', respectively) com-
pared to MAPbI; (~8 and 5 cm™').*> This behavior can be
attributed to compositional disorder induced by presence of
both MA" and MHy' cations. Secondly, no splitting was
observed for the d,4(NH3), 05(NH;3) or pas(NH3) + p.s(CH;) bands
of pure MAPbI; whereas these modes split for MAg;5,M-
Hy,.,40Pbl; at 80 K into 1589.8 + 1584.2, 1480.3 + 1462.4 and
916.6 + 900.2 cm~ " doublets (Fig. 3a and Fig. S9, ESIT). Such a
behavior suggests that phase III comprises two distinct MA"
cations. The closer inspection of weak Raman bands related to
MHy" cations shows that they also exhibit splitting into doub-
lets. For instance, the 853.5, 1190.8 and 1603.7 cm '
bands split into 853.2 + 839.1, 1210.0 + 1184.8 and 1603.9 +
1599.6 cm™ " doublets. Thus, although the X-ray diffraction data
are consistent with cubic — tetragonal — orthorhombic sym-
metry lowering, as is the case in pure MAPbI;, the structure of
phase III seems to be more complex since for pure MAPbI; the
orthorhombic phase contains only one unique MA" cation."”
No splitting was observed also for MAPbI; with large EA"
content, indicating that doping of MAPbI; with EA" and

This journal is © The Royal Society of Chemistry 2024
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were recorded on cooling and vertical dash lines indicate PT temperatures.

MHy" has a very different effect on the LT crystal structure of
the both systems. It is worth noting that doublets due to the
presence of two unique MHy" cations were observed for polar
MHyPbBr;.%** For this compound and chloride analog, MHy"
embedded into the perovskite cavity formed Pb-N coordination
bonds, which led to the strong distortion of the corresponding
PbBrg or PbClg octahedra, the disappearance of the tetragonal
phase and shift of the orthorhombic-cubic PT to 418 K.°® It is,
therefore, likely that similar effect is also present in MAPbI;
heavily doped with MHy" and that ability of MHy" to form Pb-N
coordination bonds is responsible for the unusual behavior of
the studied perovskite like the shift of the tetragonal-
orthorhombic PT temperature to higher values on doping.

3.6. Dielectric properties

To get a more holistic view of the effect of MHy" doping on
molecular dynamics and the mechanism of PTs, the grown
crystals were investigated using BDS measurements. Fig. 4a-g
and Fig. S12 (ESIt) show the temperature dependence of the
real part of dielectric permittivity ¢’ for the MAPbI; single
crystals doped with various concentrations of the MHy" cation.
For the small mixing level (x < 0.115), a step-like increase of ¢’
up to 71 was observed at low temperatures (162-177 K range)
due to the ordering of the MA" electric dipoles (Fig. 4a-e).
Temperatures of these anomalies are in good agreement with
T, established from the DSC data, ie., the dielectric data
confirm that doping with MHy" leads to a shift of the
tetragonal-orthorhombic PT temperature to higher values.
When x increases to 0.207 and 0.249, the sharp anomaly in &’
near 160-180 K vanishes but a broad anomaly becomes visible
near 290 K (Fig. 4f-g and Fig. S12, ESIt). The temperature of
this anomaly is in good agreement with the DSC data, which

This journal is © The Royal Society of Chemistry 2024
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MA;_4MHy,Pbls single crystals measured upon heating. The representative
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1 MHz. Dashed lines correspond to the PT temperatures.

revealed the presence of the orthorhombic to tetragonal PT
near 287 K on heating. Note that although the dielectric
anomaly near 290 K is smeared, it also has a step-like character,
in which ¢’ increases by ~9-10. This behavior is consistent
with the ordering of MA" in the orthorhombic phase IIL In all
investigated samples, the HT PT is obscured by a conductivity
depicted as strong frequency dispersion, and only a trace of the
PT is visible, observed as a slight change in slope of &'(7).

A more accurate description of the structural dynamics
could be obtained from an analysis of dielectric spectra in
the frequency domain (Fig. 5). A closer inspection of the
complex dielectric permittivity as a function of frequency
reveals that even a small amount of the MHy" dopant in MAPbI,
induces a trace of a dipolar relaxation process at low
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temperatures (Fig. 5b). It is worth noting that for MAPDbI;, no
changes were observed that would indicate a relaxation process
above 200 K. In order to estimate the characteristic dipolar
relaxation time, the data were parameterized near the trace of
the observed peak using a single Cole-Cole function and a
conduction term. The analysis of the presented results shows
that the maximum of the Cole-Cole function shifts towards
higher frequencies with increasing concentration of MHy" and
disappears for x > 0.207 (Fig. 5 and Fig. S13, ESIf). This
behavior is related to the significant structural changes
described in the Raman part. In the studied temperature range,
the relaxation times (1) exhibit linear tendencies as a function
of the inverse temperature (1000/7) (Fig. S14, ESIt). Therefore,
the relaxation times can be modeled using the Arrhenius
relation:

Ea
T = 7o eXp (kB—T> (1)

where 14, kg, and E, are relaxation time at the HT limit,
Boltzmann constant, and activation energy, respectively. The
estimated activation energies of the observed dipolar relaxation
process for the measured compositions are approximately
0.3 eV (Fig. S14, ESIt). The estimated value is three times
higher than the activation energy of the relaxation process
associated with the MA" rotations reported previously in pure
as well as EA" or FA" doped MAPbI;.>****> Furthermore, the
temperature ranges and frequency of observation of these
processes are significantly different than for pure and EA" or
FA" doped MAPDI;. On the other hand, a similar E, value, ie.,
0.27 and 0.33 eV, was obtained for IMMHyPbBr, and
IMMHyPbCl, compounds, in which the relaxation was assigned
to movements of the MHy" cation.*® We suppose, therefore,
that the relaxation process seen in the MA; _,MHy,Pbl; samples
has a different origin than that reported for pure MAPDI;, i.e., it
may be related to MHy' movements. It is noteworthy that the
relaxation times of the x = 0.115 sample abruptly decreased
(Fig. S14, ESIY), probably due to an increase in the bond
strength between the cation and the lead iodide framework.
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3.7. Optical properties

Since band gap engineering is a powerful tool for tuning
optoelectronic properties of hybrid perovskites, we also studied
the effect of MHy" doping on the band gap and PL properties.
Diffuse reflectance spectra show that the absorption edge
exhibits a blue shift on MHy" doping (Fig. S15, ESI}). Using
the Kubelka-Munk relation:*”

F(R) =57 @)

where R denotes reflectance, the energy band gaps (E;) of
MA,; ,MHy,Pbl; samples are estimated (Fig. S16, ESIt). The
band gap of pure MAPDI; is about 1.531 eV, in agreement with
previous literature data reporting Ey of 1.44-1.54 eV.'®*® The
band gap shows nearly no change up to x = 0.115 (Fig. S16a-e,
ESI{) but it increases to about 1.547-1.552 eV for x > 0.207
(Fig. S16f and g, ESIt).

Fig. 6a-g and Fig. S17 (ESI{) show temperature-dependent
normalized PL spectra of MA; ,MHy,Pbl; samples measured in
the heating run and a comparison of the spectra for all samples
recorded at 80 K, respectively. The spectrum of the pure MAPbI;
sample recorded at 80 K shows a weak band at 745.5 nm
(1.663 eV), an intense band at 783.5 nm (1.582 eV) and a broad
band at 840.5 nm (1.475 eV), see Fig. 6a and Fig. S17 (ESIT). For
simplicity, we will denote these bands as HE (high energy), LE1
(low energy 1) and LE2 (low energy 2). The presence of HE and
LE1 bands well below the PT temperature was reported by many
researchers and they were often attributed to the ordered
and disordered orthorhombic domains®® or the coexistence
of the orthorhombic and tetragonal phases, respectively.’*!
Temperature-dependent PL spectra show that the HE band
disappears at 140 K (Fig. 6a and Fig. S18, ESIT), in agreement
with its assignment to the orthorhombic phase (note that the
PT is observed at ~20 K lower temperature compared to DSC
due to laser heating of the sample). The presence of a broad
LE2 band near 830-840 nm was reported previously,’®*> and
this band could be related to recombination of bound exciton
(BE).>> Our data show that this band is already quenched at
110 K. Plots of the bands’ positions as a function of tempera-
ture show that on heating to 135 K, the HE and LE1 bands
exhibit blue and red shift, respectively. Temperature depen-
dence of the LE1 band changes to a blue shift above the PT to
the tetragonal phase (above 140 K). This behavior is in agree-
ment with previous studies.*” It is worth noting that the
orthorhombic-tetragonal PT at 140 K also leads to the appear-
ance of a new weak LE3 band at 827.4 nm (1.498 eV), which
exhibits red shift on heating (Fig. 6a and Fig. S18, ESIt). Former
studies suggested that the LE1 band can be attributed to the
emission from the substructures populated over the crystal
surfaces, whereas LE3 arises from the interior crystal lattice.>

PL spectra of MAPbI; doped with MHy" measured at 80 K are
very similar to the spectra of pure MAPbI; (Fig. S17, ESIt).
The intensity and position of the HE band do not show any
clear correlation with the MHy" doping level. The most intense
LE1 band shows, however, a weak shift to higher energy with
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increasing MHy" content, i.e., it shifts from 783.5 nm (1.582 eV)
for x = 0 to 775.1 nm (1.600 eV) for x = 0.249. At 300 K, the LE1
band exhibits a shift to lower energy compared to pure MAPbI;,
i.e., for x = 0.021 and 0.057 it appears at 787.1 nm (1.575 eV)
and 784.4 nm (1.581 eV), respectively, compared to 774.2 nm
(1.601 eV) for x = 0. On higher doping, the band shifts again to
lower energy and it is observed at 774.7 nm (1.600 eV) for x =
0.249. RT temperature spectra also give information on the
behavior of the LE3 band. This band is observed at very similar
energies of 838.6-844.6 nm (1.468-1.478 eV) for x < 0.115 but it
becomes very weak and broad for the x = 0.207 and 0.249
samples, for which it appears near 830 nm (1.494 eV). In
general, PL spectra provide evidence that the substitution of
MHy" for MA" leads to weak widening of the band gap while
retaining efficient PL and extended absorption similar to pure
MAPDI,.

Temperature-dependent spectra show that doping with
MHy" affects temperature evolution of PL bands (Fig. 6a-g).
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First of all, the bulk-specific LE3 band manifests a more
pronounced red shift on heating with increasing MHy" content,
i.e., in the 140-300 K range, the red shift is 13.0, 16.7, 35.7 and
43.0 nm for the x = 0, 0.021, 0.057 and 0.115 sample, respec-
tively. In contrast to this behavior, the surface-specific LE1
band exhibits a weak blue shift on heating the x = 0.021 and
x = 0.057 samples from 140 K to 250 K followed by a weak red
shift on further heating. The corresponding LE1 bands of the
x =0.115 and x = 0.207 samples show red shift by about 13 nm
in the 140-300 K range while for the x = 0.249 sample red shift
up to 11 nm is observed up to 250 K followed by a weak blue
shift on further heating. Theoretical studies of MAPbI; revealed
that the band gap and thus free exciton (FE) PL decrease with
the decrease of the lattice constant, but they increase with a
deviation of I atoms from the cubic symmetry sites.>® The
observed changes in the temperature evolution of PL bands
for the MHy'-doped sample can be therefore attributed, among
others, to changes in the lattice expansion and distortion of the
inorganic framework induced by the substitution of small MA"
by significantly larger MHy" cations.

To further monitor if the PL response of the x = 0.249 sample
is affected by the symmetry changes associated with structural
PTs, the spectra of this sample were also recorded in the
cooling run (Fig. S19, ESIY). The RT spectrum is dominated
by the LE1 band near 775 nm but another very broad LE3 band
is also visible near 831 nm. The position of the former band
exhibits weak temperature dependence while the latter band
exhibits pronounced blue shift and narrowing on cooling.
Furthermore, the relative intensity LE1/LE3 strongly decreases
with temperature. As a result, only one relatively narrow band is
observed at 170 K near 793 nm. This change can be attributed
to the tetragonal to orthorhombic PT, observed in DSC at 201 K.
Significant narrowing of the PL is consistent with the ordering
of MA" cations, as revealed in the Raman experiment.

The activation energies of the investigated samples have
been calculated based on the temperature-dependent PL spec-
tra of the LE1 band, using the following equation:

Iy
I(T) = 1 + e*Ea/kBT

where I,, E,, and kg denote the emission intensity at low
temperature, energy activation, and Boltzmann constant,
respectively. As can be seen in Fig. S20 (ESIt), the E, of pure
MAPDI; is 84 meV. The literature shows a wide range of MAPbI;
excitonic activation energy from 7 meV up to 115 meV, which
strongly depends on the applied approach.* Our data do not
show any clear trend in the E, on MHy" content but except of x =
0.249, E, increases on MHy' doping.

We also monitored the luminescent decay profiles of the LE1
band at 80 K under the 450 nm excitation line generated by the
femtosecond laser. It can be seen that the registered curves
were non-exponential. The shortest lifetimes were determined
for the pure MAPbI; sample with the shorter component of
3.79 ns and the longer one of 28.66 ns. The latter component
was considered as the contribution from the bulk.'® These
components increase with increasing MHy' doping level,
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especially for the high doping level (Table S2 and Fig. S21,
ESIY). In particular, for x = 0.249 these components are 36 ns
and 202 ns, respectively, indicating about 7-fold increase of the
slow component compared to pure MAPbI;. Large increase in
the carrier lifetime, which can be attributed to improved carrier
dynamics due to the decreased number of defects and
increased crystal symmetry, was previously noticed also for
MAPDI; doped with EA* cations.

4. Conclusions

In this work, we have explored cation-alloyed MA;_,MHy,Pbl;
perovskite phases. We observe that the MHy -induced lattice
symmetrization of MAPbI; takes place and this effect is the
strongest among all known organic dopants. The tetragonal-
orthorhombic PT temperature increases on MHy' doping and
this behavior is unprecedented in the mixed-cation MAPDI;
phases with other organic cations. This behavior is most likely
related to the unusual property of MHy", i.e., its ability to form
Pb-N coordination bonds, which favors stronger distortion of
the octahedral units.

The doping level above x = 0.2 leads to significant changes in
the thermal behavior, which indicate change in the PT mecha-
nism. X-ray diffraction confirmed the presence of the cubic
phase at RT as well as tetragonal and orthorhombic distortions
of the inorganic lattice on cooling, similar to parent MAPDI;.
Raman spectra revealed the disorder (order) of MA" (MHy")
cations in the tetragonal phase and the ordering of MA" cations
in the orthorhombic phase. However, Raman data provided
strong evidence that the orthorhombic phase of the x = 0.249
sample has more complex organic cation substructure since it
comprises two unique MA" cations, in contrast to only one
unique MA" in the parent MAPbI;. The dielectric spectroscopy
confirmed significantly different dynamics of organic cations
for the highly doped samples. It should be noted that the
dielectric responses of all studied samples reveal rather high
dielectric permittivity, which should effectively screen the
charge carriers and defect states.

Finally, the absorption data revealed weak band gap widen-
ing on MHy' doping, related to the slight expansion of the
lattice. PL experiments revealed the presence of two emission
bands at RT near 780 and 840 nm, which we attributed to the
surface- and bulk-specific excitons, respectively. At low tem-
peratures, another band appears near 750 nm, related to the
emission of the orthorhombic phase. MHy' doping clearly
impacts PL properties, i.e., it leads to a weak blue shift of the
~780 nm band and a large increase in the blue shift of the
bulk-specific emission on cooling.

Overall, the results demonstrate that doping with MHy"
stabilizes the cubic phase and affects in a complex way
structural, optical, phonon and dielectric properties, especially
at a high doping level. The mixed-cation MA; ,MHy,Pbl;
phases retain, however, efficient PL and extended absorption
similar to the pure MAPDbI;, suitable for optoelectronic
applications.
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