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ABSTRACT: An experimental and theoretical study is reported to investigate the .
influence of bromine doping on CH;NH;Pb(I,_,Br,); perovskite for Br 180 - i e___e
compositions ranging from x = 0 to ¥ = 0.1, in which the material remains in . __5__}5___3_——;—"‘,’"? s
the tetragonal phase. The experimental band gap is deduced from UV-vis = .

absorption spectroscopy and displays a linear behavior as a function of bromine < -~ Linear ft to all DFT
concentration. Density functional theory calculations are performed for five & o e
different series of randomly doped structures in order to simulate the disorder in & 70 z T
bromine doping sites. The computations predict a linear variation of the lattice * Les

parameters, supercell volume, density, band gap, and formation energy in the ’ IS *
considered doping range. The calculated evolution of the band gap as the function T

of Br doping is in excellent agreement with the experimental data, provided that 1.60 . : " : : o

different Br doping configurations are included in the simulations. The analysis of
the structural and electronic properties shows a correlation between the increase of
the band gap and the increased distortion of the Pb(I,_,Br,)s octahedrons. Additionally, the simulations suggest that in

Bromine doping [%]

CH,;NH;Pb(I,_,Br,); bromine doping is likely to occur at both the equatorial and apical positions of the octahedrons.

1. INTRODUCTION

Hybrid organic—inorganic perovskites form a light, low-cost,
and easy-to-fabricate class of semiconductor materials.'~> In
2009, Kojima et al. used for the first time methylammonium
lead iodine (MAPbI,;) and methylammonium lead bromine
(MAPbBr;) as visible-light sensitizers in photoelectrochemical
cells, reaching power conversion efficiencies (PCEs) equal to
3.81 and 3.13%, respectively.” In the following decade, an
exceptional increase of the solar cell efficiency has been
obtained with these materials, attaining PCE of about 15—20%
using MAPbI,,">° of 4—8% using MAPbBr;,”* and in general
up to 26% for perovskite-based solar cells.”

One of the most important differences between MAPbI; and
MAPDBTr; is their band gap width. Both materials show a direct
band gap,'”'" but MAPbI; has a band gap narrower than
MAPDBr;, with values of about 1.6 eV'"? and 2.0-2.2 eV, >3
respectively. This difference makes mixed lead halide perov-
skite MAPb(I,_,Br,); a highly tunable material, in which the
band gap can be modulated by changing the percentage of
bromine doping,'”"* The simplicity in tuning the band gap
makes this material interesting for applications in tandem solar
cells."*"> Besides, bromine doping leads to increased chemical
stability.'> At room temperature, MAPbI, has a tetragonal
phase, whereas MAPbBr; has a cubic phase.'® As a
consequence, MAPb(I,_,Br,), is known to undergo a phase
transition from the tetragonal phase to the cubic phase for
bromine doping larger than 20%."” It can be mentioned that Br
doping shows a behavior opposite to that of Sn doping
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(replacing Pb atoms), which produces a decrease of the band
gap in comparison to the MAPbI, material.'” This illustrates
how easily the MAPbI; band gap can be tuned by small
material changes like doping,'® which is one of the reasons why
this class of material is so popular and is widely used in solar
cell applications.

Being able to predict the changes in band gap values induced
by structural modifications or doping is very important for the
design of efficient perovskite materials and can be performed
employing computational methods.'” For example, in a
previous study on MAPbDI;, we investigated the effects of
changes in the inorganic frame geometry and the MA cation
orientations.'’ Considering an ensemble of more than 3000
structures, standard deviations of about 0.1—0.2 eV were
estimated for the band gap. Moreover, time-dependent density
functional theory (DFT) calculations of the absorption
spectrum provided an assignment of three experimental
bands, and the impact of structural modifications on the
transition energies and intensities was described. In particular,
some structures presented a much weaker absorption in the
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600—700 nm region compared to structures with nearly similar
total energies. Tuning the band gap as well as the electronic
and optical properties of MAPDI; can be achieved by different
structural modifications and doping concentrations; in
particular, computational investigations have considered: (i)
the replacement of the organic MA cation, for example, by
formamidinium, Cs* or Rb*,”*™** (ii) the substitution of Pb,
for example, by Sn,”>*” and (iii) the change of iodine by
bromine or chlorine.”"**~3'

The simulation of the electronic properties of MAPb-
(1,_,Br,); in the tetragonal phase presents a great computa-
tional challenge due to the combined organic—inorganic
character of this material and due to numerous configurations
in which Br doping can occur. Only a few theoretical studies
investigated the effects of Br doping on the band gap and the
material structure.””®** In particular, Mosconi et al.*’
performed DFT calculations on MAPbI,Br and found a good
correlation between theory and experiment for the band gap.
This study also suggested that bromine atoms are likely to
occupy both the apical and equatorial positions of the
octahedrons. Moreover, Brivio et al.*® performed a statistical
mechanical study of MAPb(I,_,Br,); alloys by considering
seven different compositions (0 < x <1) in order to predict
the phase diagram. To our knowledge, no study has
investigated theoretically the effects of bromine doping on
the band gap and the structural properties in the tetragonal
phase of MAPb(I,_,Br,); for compositions x < 0.2.

In this work, the band gap values are first determined
experimentally using absorption spectroscopy for material
compositions ranging from x = 0 to x = 0.1. Then, the lattice
parameters, band gap, and formation energies are calculated for
five different series of doping configurations in the same range
of compositions. Such calculations are computationally
expensive and require the use of large unit cells (384 atoms
in our case) to realistically simulate the disorder in bromine
doping sites. This leads to an accurate prediction of the band
gap evolution and allows for an investigation of the structure/
property relations in this material.

2. RESULTS AND DISCUSSION

2.1. Experimental Results. All the perovskite samples
were prepared using perovskite precursor solutions with the
same concentrations. Therefore, the thicknesses of all perov-
skite layers are the same and are equal to approximately 470
nm. The structural characterization of the samples is done
using the X-ray diffraction (XRD) measurement technique.
Figure 1 shows the diffraction patterns for MAPb(I,_Br,),
with the Br concentration from 0 to 10%. The highest intensity
diffraction peak is (110), which suggests the I4cm tetragonal
phase of the perovskite layer.”> The secondary phase of Pbl, is
negligible and only observed at 13°, which confirms a very
good quality of the crystallized perovskite. It is also observed
that the intensity of this peak gradually disappears with an
increase of bromine concentration. Also, a higher bromine
concentration leads to a change of the perovskite phase from
tetragonal to cubic. Noh et al. have shown that this phase
transition occurs at approximately 13% of bromine concen-
tration.'” The inset of Figure 1 shows the slight shift of highest
intensity peaks (110) and (220) for different perovskite
compositions. The gradual substitution of I atoms with smaller
Br atoms decreases the lattice spacing, which is visible as the
shift of diffraction peak.'” This has other imglications in the
optical or electrical properties of the material.”> However, this
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Figure 1. XRD characterization of perovskite samples.

shift would be much larger for a phase transition, which is not
observed here.

Figure 2 shows the UV—vis absorption spectrum for
different bromine atom concentrations. In our last work,
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Figure 2. Experimental absorbance of UV—vis light for nine different
bromine-doped MAPb(I,_,Br,); samples.

Martynow et al.'' assigned the maximum absorption peaks for
MAPbI; without bromine atoms. It is observed that the overall
shape of the spectrum is not changed for different doping
compositions. However, in Figure 2, it is observed that by
increasing the bromine concentration the absorption spectrum
is shifted toward higher energies. The addition of bromine
atoms is a well-known way of tuning the band gap, which
results in the shift of absorption.’* Using the Tauc plot for the
calculation of the optical band gaps, it gives values comprised
between 1.598 and 1.642 eV for bromine concentrations of 0—
10%, respectively. The change of band gap in this range is
linear with a step of about 4 meV per percent of bromine
concentration.

2.2. Theoretical Results. Bromine doping in the hybrid
organic—inorganic MAPb(I,_,Br,); material has a significant
impact on the physical properties, including the lattice
parameters (g, b, ¢), the volume V, the density p (Figure 3),
the band gap (Figure 6), and the formation energy (Figure 7).
The effects of bromine doping were simulated using five
different series (S0, S1, S2, S3, and S4) of random Br doping.
The behavior of the computed material properties was
analyzed by linearly fitting all data series together and of
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occur.

Table 2. Number of Bromine Atoms Located in Equatorial
Position for the Five Series of Doped Structures

number of Br atoms in equatorial

doping site as well as to the overall configuration of Br atom
positions.

Figure 6 presents the evolution of the experimental and
theoretical band gaps as the function of bromine doping. The

position
total number of Br atoms in a series SO S1 S2 S3 S4
1 0 1 0 1 0
2 1 2 1 2 0
3 1 2 1 2 0
4 2 3 1 3 0
) 2 4 2 4 1
6 3 S 2 S 2
7 4 6 2 5 2
8 4 7 3 6 3
9 5 8 4 7 4
10 5 8 4 8 5
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L
5 8.0 :
—
)
7.0
22.0
T A 2 ® R
= - St TN R A R
Q10 BusEMEETmSomewemTo !
— 20.51
™ 20.0 -
fa}
19.5 A
_15.0 ok,
R UPTTIE TUNRRUPTEE DT ottt
< 125 Rosuuuun e R o

2 4 6 8 10
Bromine doping [%]

Figure 5. Mean dihedral angles (Dy, D,, D3, and D,) as the function
of bromine doping. The five series of doped structures are indicated
by red, green, blue, cyan, and yellow markers. The linear fit is
presented by a black dashed line.

decrease. However, the different series display a significant
dispersion in the dihedral angle values, which increases with
the percentage of Br doping. This indicates that the mean
dihedral angles are very sensitive to the choice of a particular
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Figure 6. Experimental and theoretical band gap values of
MAPb(I,_,Br,); as the function of bromine doping. The five
calculated series of doped structures are indicated by red, green,
blue, cyan, and yellow markers, whereas the experimental values are
indicated by magenta stars. The linear fits to theoretical and
experimental values are presented by black and brown dashed lines,
respectively.

calculated band gap is slightly overestimated by about 0.15 eV
in comparison to the experimental results. Such an accuracy is
expected at this level of theory for MAPb(I,_,Br,); and stays in
agreement with our previous results on MAPbI.'' Both
experimental and theoretical results show that the band gap
increases linearly for bromine doping ranging from 0 to 10%. It
can be mentioned that previous experimental results'> have
demonstrated that the band gap displays a quadratic behavior
as a function of bromine composition in the entire 0—100%
doping range. However, in the 0—10% doping range, which
corresponds to the tetragonal phase, the band gap evolution is
nearly linear. As seen from Figure 6, the evolution of the
calculated average band gap as a function of Br doping is in
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excellent agreement with the experimental results. This is
illustrated by the calculated average slope m equal to 0.0044
eV/% (see Table 1), which agrees almost perfectly with the
experimental value of 0.0043 eV/%. However, significant
differences are observed for each series separately, in particular
with slopes ranging from 0.0024 eV/% for S1 to 0.0079 eV/%
for S3, as shown in Table 1. This highlights the importance of
averaging over several doping configurations to properly
reproduce the experimental trend. The series S1 and S3
present the largest deviations from the average slope, with S3
overestimating and S1 underestimating the band gap slope.
These two series also possess the largest number of Br atoms in
equatorial positions (Table 2), which shows that (i) bromine
doping at the equatorial positions can lead to an opposite effect
on the band gap value and (ii) structures with a dominant
proportion of equatorial Br atoms do not reproduce the correct
band gap evolution. In contrast, structures with a nearly equal
proportion of equatorial and apical bromine atoms display a
better agreement with the experimental band gap evolution, as
illustrated in particular by the series S2 and S4 having slopes of
0.0044 and 0.0042 eV /%, respectively (Table 1). Furthermore,
the data reveal a correlation between the band gap and the
variation of the mean dihedral angles describing the distortion
of the octahedron. In particular, a larger tilting of the
octahedrons (estimated by D, and D,) leads to larger band
gap values. Such correlation was already mentioned in previous
works concerning other perovskite materials (see e.g., ref 22).
This effect can be interpreted by the fact that the distortion of
the octahedrons affects the stabilities of the highest occupied
p(I/Br)s(Pb) and the lowest unoccupied p(Pb) orbitals,""
which consequently leads to an increase of the band gap values.

Figure 7 presents the evolution of the formation energy as
the function of bromine doping. The series S3 leads to more
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Figure 7. Theoretical formation energies of MAPb(I,_,Br,); as the
function of bromine doping. The five series of doped structures are
indicated by red, green, blue, cyan, and yellow markers. The linear fit
is presented by a black dashed line.

stable structures, whereas the series S2 to the less stable. This
indicates that doping at the equatorial positions produces more
stable structures than doping at the apical position. However,
the values of the formation energies are very close to the other
series, which suggests that the mixing of apical and equatorial
doping is more likely to occur in the real material. This

observation is in agreement with the theoretical study of
Mosconi et al.*’

3. CONCLUSIONS

The effects of bromine doping on MAPb(I,_Br,); were
investigated experimentally and theoretically for Br composi-
tions ranging from x = 0 to x = 0.1. The structural
characterization performed with XRD measurements con-
firmed the tetragonal phase of MAPb(I,_,Br,); in this doping
range. The effect of doping on the band gap was obtained from
UV-—vis absorption spectroscopy, which demonstrated a linear
increase of the band gap as the function of bromine
concentration, with an estimated slope of 0.0043 eV/%. DFT
calculations were performed using a large supercell of 384
atoms in order to simulate the disorder in bromine doping. To
this aim, five different series of random doping configurations
were computed. The calculations predict a linear evolution of
the lattice parameters (g, b, c), volume, density, band gap, and
formation energy in the considered doping range. The
differences between the series for the lattice parameters,
volume, and density can be related to doping of Br atoms at
the apical or equatorial positions (i.e., doping at the equatorial
position has a stronger impact on the a and b parameters,
whereas doping at the apical position leads to a larger decrease
of the ¢ parameter). A systematic overestimation of about 0.15
eV is obtained for the band gap in comparison to the
experimental values. However, the evolution of the average
band gap as the function of Br doping (calculated slope of
0.0044 eV/%) is in excellent agreement with the experimental
results (slope of 0.0043 eV/%). This demonstrates that the
employed computational methods are suitable to predict the
effects of Br doping on this material. In particular, the
differences in band gap values between the series show the
importance of including several doping configurations in the
simulation in order to correctly reproduce the experimental
behavior. Moreover, the analysis of the band gap values and
formation energies for the different series suggests that the
mixing of Br doping at both the apical and equatorial positions
is more likely in the MAPb(I,_,Br,); material. Finally, the
calculation of the dihedral angles reveals a correlation between
the band gap and the distortion of the Pb(I,_,Br,)s
octahedrons.

4. EXPERIMENTAL AND COMPUTATIONAL
METHODS

4.1. Experimental Section. MAPb(I,_,Br,); precursors
with 0—10% bromine concentration were prepared using
commercial lead iodide (Pbl,) from TCI (99.99%), methyl-
ammonium iodine (MAI) powder from GreatCell Solar,
methylammonium bromine (MABr) from Lintec (99.5%),
dimethylformamide (DMF) solvent from Sigma-Aldrich
(99.8%), and 1-methyl-2-pyrrolidinone (NMP) solvent from
Acros Organics (99.5%). Two stock precursors were prepared
by mixing Pbl, and MAI and also Pbl, and MABr. The
mixtures were further dissolved in DMF/NMP (9:1) solvents
with an equimolar ratio of 1.2 M. The 0—10% bromine
concentration precursors were made by mixing these two stock
solutions.

The glass substrates were cleaned in an ultrasonic bath using
soap water, deionized water, and isopropanol and also UV—
ozone-treated for 30 min. The samples were spin-coated inside
a N, glovebox, with the oxygen and moisture levels at
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Figure 8. Diagram describing the computational process. Left column: initial unit cell and summary of the calculation parameters. Right column:

DFT optimization of MAPb(I,_,Br,), structures.

approximately 1 ppm. The perovskite layers were prepared
using the gas quenching method.”'' The precursor was
dynamically spin-coated by starting with a rotational speed
of 2000 rpm for 10 s with an acceleration of 200 rpm s/,
which was further accelerated to 5000 rpm for 30 s with 2000
rpm s~'. After 15 s, a nitrogen gun was used to quench the
perovskite layer for 15 s. After quenching, the samples were
annealed on the hot-plate at 100 °C for 10 min.

The layer thickness was measured with a Bruker DektakXT
profiler. The structural analysis was performed using an X-ray
diffractometer from PANalytical Empyrean. The UV-—vis
measurements were done with a spectrophotometer (Agilent
Cary 5000), where the transmittance (T) and the reflectance
(R) were measured using an integrating sphere to find the
absorbance of the samples (100% = A + T + R).

4.2. Theoretical Methods. The computational procedure
employed to construct and optimize the MAPb(I,_,Br,),
structures is summarized in Figure 8. A 2 X 2 X 2 supercell
containing 384 atoms (32 Pb, 96 1, 32 MA) is constructed
using an initial tetragonal unit cell (48 atoms) optimized in our
previous studyll (denoted as a structure). The a structure
provides the lowest total energy, with the band gap close to the
experimental value, and it gives a good reproduction of the
absorption spectrum.'’ The geometry of the initial 2 X 2 X 2
supercell is then optimized using DFT variable-cell relaxation
by applying the computational parameters summarized in
Figure 8. These input parameters were chosen to obtain a good
compromise between computational cost and accuracy.
Indeed, benchmark calculations have shown that computa-
tional errors on the total energy and band gap are lower than
107 Ry and 107° €V, respectively, which give a sufficient
accuracy for the prediction of structures and band gaps. The
initial supercell relaxation was performed with tight thresholds
on the total energy, forces, and pressure (see the right column
of Figure 8). This provides a well-optimized structure, on
which further calculations will be based on.

Then, an iterative procedure was employed to generate five
series of doped structures. Starting from the initial supercell,
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five new structures are generated by randomly replacing one I
atom with one Br atom. These five structures are then
optimized with variable-cell relaxation using the thresholds
reported in Figure 8. As the initial supercell contains 96 iodine
atoms, the replacement of one I with Br provides doping of
approximately 1%. In the next iterations, an additional I atom
is randomly substituted by a Br atom in the five previously
optimized structures, and variable-cell relaxations are per-
formed. The process is repeated 10 times to cover a doping
range from 0% to about 10%. The use of this iterative approach
is important because it reduces the computational cost of the
geometry optimizations and avoids convergence problems,
which occur when the initial supercell is doped with more than
one Br atom at a time.

The theoretical investigation was performed with the open-
source Quantum ESPRESSO (QE) package, version 6.4.1.,*
which provides well-parallelized plane-wave basis set DFT
programs. In general, all calculations use the same computa-
tional parameter framework. The Perdew—Burke—Ernzerhof
generalized gradient approximation to the exchange—correla-
tion functional®® was employed. The kinetic energy cutoffs for
the wave function (Ey) and charge density (E,) were set to 70
and 700 Ry, respectively. The self-consistency of the electronic
wave function was achieved with the Davidson algorithm®’
using a threshold of 107'° Ry. Variable-cell relaxations (in
which the lattice parameters a, b, and ¢ are optimized) of the
supercell structures were performed with the Broyden—
Fletcher—Goldfarb—Shanno™ method. Thresholds for the
total energy, forces, and pressure were equal to 107 Ry,
107 Ry/au, and 0.01 kbar for the initial supercell, whereas
they were chosen as 107 Ry, 10~ Ry/au, and 0.50 kbar for the
doped supercells (Figure 8). The target pressure during
variable-cell relaxation was set to 0.00 kbar.

Additionally, the computational costs of the Blochl projector
augmented wave (PAW)* method and of the Vanderbilt
ultrasoft pseudopotentials® (USPP) were compared. Further-
more, similar tests were performed with the van der Waals
exchange-hole dipole moment (XDM) model,*"** as it is
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available for both PAW and USPP methods™ from version
6.4.1 of QE. The test calculations realized on the initial
supercell show that the PAW method is &40 and ~20% faster
than the USPP method with and without the XDM model,
respectively. Moreover, the USPP method uses approximately
twice more memory in both cases. Finally, the XDM model
was not used for the doped structures because its contribution
to the total energy was lower than 107*% in both cases.
Unfortunately, the better computational performance of the
PAW method could not be exploited for the bromine-doped
calculations because it led to instabilities in the convergence
process of the variable-cell relaxation. Such instability might be
related to the strongly localized 3d orbitals of bromine
atoms.™*

Moreover, the formation energy of each doped MAPD-
(1,_,Br,); was calculated using eq 1*%*°

Efn = Etotn - Etlz;t1lk - ?’l(/lBr - /,41) (1)
where E24 is the total energy of the nondoped structure (ie., x
=0), E" is the total energy of the doped structure, in which n
is the number of Br atoms in the supercell (i.e., x = n/96), and
U and piy are the chemical potentials of single bromide and
iodide. The chemical potentials were calculated from the DFT
total energies of single I~ and Br~ anions’’ using the same
plane wave computational framework like the one obtained in
the variable-cell relaxations of the supercell.

Linear fitting of several properties of MAPb(I,_,Br,); (ie,
lattice parameters, volume, density, band gap, dihedral angles,
and formation energies) was performed using the five series of
doped structures according to the relation

property(x) = mx + n (2)
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