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rgano-metal halide perovskites
O (OMHPs) were first synthesized

1978'2 but have received much
scientific attention after their recent intro-
duction as a photovoltaic material with very
low cost and intriguing properties. The first
report of use of OMHPs in a solar cell was
made by Miyasaka et al. in 2009,* who used
methylammonium lead triiodide (MAPblIs)
and methylammonium lead tribromide
(MAPDbBTr3) as absorber material deposited
on mesoporous TiO, in photoelectrochem-
ical solar cells. Significant improvements
in device performance and stability were
found when the same materials were intro-
duced in a solid-state dye-sensitized solar
cell device structure, ie, in a structure
where the liquid electrolyte was replaced
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by a molecular hole conductor, and efficien-
cies close to 10% were reported in initial
studies.*> The power conversion efficiency
(PCE) has significantly improved with the in-
creased research efforts of recent years,®°
where Sang-il Seok and co-workers (Korea
Research Institute of Chemical Technology,
KRICT) hold the present record with 20.1%
(certified).'® It has become apparent that the
organic—inorganic metal halide perovskites,
and specifically MAPbl; with addition of
chloride, have many intriguing properties
that need detailed investigation for a full
understanding. One of the aspects that has
raised a lot of speculation is the possible
function of the much improved photocur-
rent and photovoltage when adding chlo-
ride to the system and in particular its effect
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Figure 1. Full XDR Diffractograms summarized for OMHPs, viz., (a) MAPDbIs, (b) MAPDI,Br, (c) MAPbI,CI, (d) MAPbBr3, and (e)
MAPbDClI;. (f) Extracted XRD patterns of preferred orientation in the range 13.0—-16.5 26 from XRD patterns of the left panel:
@ MAPbI;, ® MAPbI; in MAPbI,Cl, ® MAPbI,Br, @ MAPbCI; in MAPbI,Cl, ® MAPbBrs;, ® MAPbCl;.

on the interplay with the organic MA cation in the
OMHP structure. Not only is it a rather bulky cation, it
also has a dipole moment and protons that may be
involved in hydrogen bonding. Furthermore, if the
dipolar MA ion is liberated so it can rotate, it can
contribute to a ferroelectric effect as well as a dynamic
alignment and thus a more effective charge screening
and separation. Here we address these issues with an
investigation of the effects of the organic cation when
using different halides in the OMHPs.

In other studies, partial substitution of the iodide in
MAPDbIs-based solar cells by introducing bromide (Br)
and chloride (Cl) was found to improve the perfor-
mance and stability of the devices."’'® Inclusion of
bromide changes the crystalline phase of the OMHP
from tetragonal to cubic for Br: ratios larger than
1:4.1""* Small amounts of Cl in MAPbl; appear to
increase the charge mobility."*'® It is, however, still
largely unclear why ClI and Br inclusion leads to im-
proved solar cell performance. Mosconi et al. per-
formed computational calculations for the different
trihalide modifications to MAPbX5 (X = Cl, Br, I) and
MAPDbI,X, to investigate the role played by these
halides in OMHPs with respect to the electronic,
optical, and structural properties.'® They suggested
that hydrogen bonding between the ammonium
groups and the halides in OMHPs is an important factor
for the properties and stability of the materials.

We investigate the role of the halide by performing
correlating investigations between chemical and phys-
ical properties for halide substitution in OMHPs during
the preparation processes. Raman spectra for different
crystalline phases of prototypical MAPbI; have recently
been reported,’® but the mechanistic function of the
halides in the properties of the organic cation within
an inorganic octahedron framework has so far been
unclear. The crystalline growth through a disordered to
ordered phase transition has previously been investi-
gated in MAPbI; at different temperatures.'”” Here,
we investigate the relationship between the inorganic
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cage and an organic molecule for three sub-
stances during the synthesis process, namely, MAPbIs,
MAPDbI,Br, and MAPbI,Cl prepared with the respective
methylamine halides (MAX), by cross-correlating X-ray
diffraction (XRD), photoluminescence (PL), UV—visible
spectroscopy, Raman spectroscopy, and density func-
tional theory (DFT) calculations. In particular, the
different halide-substituted OMHPs are investigated
(see Figure 1) in order to understand the relationship
between the local structure of OMHPs and the
dynamics of the organic MA cation and the halides.
These effects seem to be significantly related to charge
separation and transport efficiency for thin-film solar
cell systems of OMHPs.

RESULTS

OMHP layers with the nominal compositions
MAPbX; and MAPDbI,X, where X is I, Cl, or Br, were
deposited onto microscope glass by spin coating the
precursor solution, followed by heating to 100 °C; see
Methods section for details. XRD patterns of the result-
ing films are shown in Figure 1a and b. The MAPblI; film
shows a tetragonal crystalline perovskite phase in
good agreement with literature,®'” while MAPbBr;
and MAPDbCl; show a cubic structure. The XRD peak
positions, calculated lattice distances (d-spaces), and
crystal sizes from full width at half-maximum (fwhm)
are summarized in Table s1. It is known that
MAPD(l; _,Br,)s exists in a tetragonal phase for x < 20%
of total halide and in the cubic phase for x > 20%."" In
this study, MAPbI,Br (equimolar ratio between Pbl, and
MABr) was indeed found to be cubic, consistent with
previous observations. MAPbI,Br shows a single-phase
XRD pattern with a main peak assigned to (100)c,
shifted 0.28° toward a higher angle compared to
(110)t of MAPbI3. The OMHP with nominal composition
MAPbDI,CI (equimolar ratio between Pbl, and MACI)
contained subcrystals of MAPbl; and MAPbCl;, but
does not contain a halide mixed phase, which is in
good agreement with previous investigations.'*'>"”
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Figure 2. Surface morphologies for (a) MAPbIs, (b) MAPbI,Br, (c) MAPbI,CI, (d) MAPbBr3;, and (e) MAPbClI; (the scale of black
color: 40 um) with inset figures magnifying each surface morphology (scale of red color: 200 nm).

In comparison, the integrated XRD intensities of the
MAPDbI; and MAPbCI; peaks in Figure 1f can demon-
strate a crystal ratio of 1.5:1 for these two materials,
in good agreement with the relation of the compounds
in the preparation procedure. Some traces of crystalline
Pbl, with a (001) orientation were also found, similar
to previous investigations® It has been reported that
residual Pbl, may give rise to a passivation effect in
OMHP solar cells.”® In previous investigations,'”? the
crystallinity of MAPbI; films, prepared under the same
conditions as here, was only 30% at best, while the
remainder was amorphous material. A slow crystalliza-
tion process of self-assembly was found to proceed
during weeks of aging such as second-order phase
transition, which is related to thermodynamic entropy
effects with crystalline growth.'” In this investigation,
we observe a first-order phase transition®?' owing to
chemically substituted halides with a decreasing lattice
spacing and increasing intensities in the order MAPblIs,
MAPDI,Br, MAPbBr;, and MAPbCl3;, as summarized in
Table s1 and Figure 1f. In particular, subcrystallites of
MAPDbI; and MAPbCl;, during the mixed I/Cl halide
preparation, are obtained with values of lattice spacing
in good agreement with those of pure MAPbI; and
MAPbCl; but with approximately 17% reduction in grain
sizes. The lattice spacing is slightly shifted to lower angle
with diminishing intensities, consistent with a disorder
phase transition, agreeing with previously reported
results.'” The SEM images depicted in Figure 2a—e show
that the halide modification in MAPbX; has a significant
effect on the resulting surface morphologies of the
perovskites. Although the crystal sizes estimated from
XRD are quite similar (23—28 nm, see Table s1), the
surface morphologies differ much in the submicrometer
scale. MAPbI; displays smooth sections with irregular
boundaries with a collective crystallite size of 200 to
600 nm. MAPbI,Cl films contain 180—190 nm sized
crystals with mixed subcrystals of MAPbIl; and MAPbCl;
according to the XRD result. The MAPbI,Br and MAPbCl
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films appear very smooth in high magnification, whereas
the MAPbBr; film shows hexagonal micrometer crystal-
lites. The submicrometer scale, however, indicates
very similar surface morphology to those of MAPbI,Br
and MAPDbCl;. The SEM cross sections of mixed halide
OMHPs, shown in Figure 5a, confirm this.

The optical properties of MAPbls;, MAPbI,Br, and
MAPDI,Cl films are shown in Figure 3. In the absorption
spectra of MAPbI; and MAPbI,Cl an absorption onset at
about 780 nm is found, corresponding to an optical
band gap of about 1.6 eV, while that of MAPbI,Br
appears at 690 nm, which corresponds to an optical
band gap of about 1.8 eV, in good agreement with the
trend reported by Noh et al."' In comparison to the
MAPDI; film, in the MAPDbI,CI film (containing a two-
phase mixture of MAPbl; and MAPDbCI3) an increasing
absorption can be seen at wavelengths below 470 nm
and further below 410 nm, which can be attributed to
absorption in the Pbl, and MAPbCI; fractions in this
material, respectively.5'”

Photoluminescence spectra for the same samples
are shown in Figure 3b. MAPblI; has its peak emission at
775 nm (1.59 eV), while MAPbI,Br has a blue-shifted
peak at 700 nm (1.77 eV), in agreement with the band
gap values of these semiconductors. MAPbI,Cl has a
significantly broadened emission spectrum, with a
width at half-maximum approximately twice that of
MAPDI3. A clear shoulder at 734 nm is found. The
relative intensities of the photoluminescence were
1:2.5:6.5 for MAPDbI3:MAPbI,Br:MAPbI,Cl, respectively.
Apparently, Br substitution as well as the use of the Cl
precursor leads to OMHP materials where less of the
created excitons are lost due to nonradiative decay
processes, like that of a direct band gap semi-
conductor.?? Br substitution and a Cl precursor have
an effect on the order of the inorganic sublattice but
may also have an effect on the organic cation and the
localization of excited-state charges, as investigated in
more detail below.
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Figure 3. Optical properties of MAPbI;, MAPbI,Br, and MAPbI,CI thin films on glass. (a) Electronic absorption spectra.
(b) Normalized steady-state photoluminescence spectra (pump fluence wavelength at 610 nm). (c—e) Deconvoluted

spectra.

The mechanism of changes in quantum effi-
ciency has previously been investigated in inorganic
light-harvesting materials by peak fitting PL spectra.?®
In the same way, the crystalline constitutions of OMHPs
can be analyzed by fitting PL spectra with Gaussian
functions using three components, as shown in
Figure 3c—e. Corresponding phase transitions of crys-
talline parts have previously been investigated on
other inorganic light-harvesting and metal oxide
materials.***> The blue curves of PL spectra in
Figure 3c—e would then correspond to the optical
band edge of orthorhombic-phased OMHPs assigned
from the magnitude of the Stokes shift.?® The two PL
spectra of MAPbls; and MAPbI,Cl indicate two constitu-
tions, represented by the red and green curves in
Figure 3c and e, where the two kinds of local phases
may be distinguished as ordered and disordered crys-
tallites. The curves demonstrate different fwhm, one
with a width of 70—80 nm (disorder) and one with less
than 30 nm (order). Since the total emission is propor-
tional to the area under the PL curve, a comparison
between the integrated areas can give an estimation of
the relative difference of the quenching yield of the
photogenerated charge carriers. MAPbl; shows a ratio
of charge quenching yield (integral PL spectra)®’ of
1:1.6 for disordered and ordered phases, respectively.
We can note that the PL spectrum of MAPbI,Cl is not
interfering with the fluorescence of MAPbCl; due
to the huge difference in the PL intensity between
MAPDI,Cl and MAPbCl; as seen in Figure s4. The ratio
of the charge carriers effective for the PL emission is
5:1 with respect to disordered and ordered phases
of MAPbI; within the MAPbI,CI film. The energy shift
of PL spectra for disordered and ordered phases in
PbWO, monospecies has been addressed in the same
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way as in a previous study.?® Following the same
reasoning and comparing the PL behavior of the
MAPDbI; and MAPbI,Cl materials, the effect of Cl-in-
duced OMHP film formation can consequently resultin a
significantly higher effective charge lifetime. For the Br
substitution, on the other hand, the PL spectrum of the
green curve on MAPDI,Br indicates approximately 90%
charge quenching yield, which can correspond to a
disorder-phased crystallite, and the PL spectrum of the
red curve can be assigned to an order-phased crystallite
in Figure 3d.

The improved charge lifetime effect can thus be
analyzed via the PL spectra and correlates with the
order to disorder XRD patterns on bulk OMHPs. Never-
theless, the origin of the improved material properties
by the halide-induced OMHPs is still not clear. We have
therefore performed Raman spectroscopy on the
given OMHP clusters to obtain information on local
phase transitions and charge separation/transfer me-
chanisms. There have been some previous Raman
spectroscopy studies on OMHPs, but peak assign-
ment is ambiguous in these studies and also they do
not include possibilities to study vibrations below
60 cm ™ .'® Theoretically calculating the exact Raman
shift from quantum mechanics is notoriously proble-
matic due to the low energies that are evaluated.
Theoretical results within 5—10 cm™" from the experi-
mental values are more a matter of coincidence, and
the order of the vibration peaks can be problematic if
there is no clear experimental spectrum to compare
with. Here, we have performed low-frequency Raman
measurements (down to 10 cm™") and nonperiodic DFT
calculations with emphasis on the ordering of the
peaks to determine Raman properties of OMHPs.
In particular, we investigate the fundamental vibrations
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Figure 4. Experimental Raman spectra (main), DFT-calculated Raman spectra for (a) Pblg with 2 MAPblg, (b) PbBrs with
2 MAPDBTr, and (c) PbClg with 2 MAPbClg, and comparison of 2 MAPbIg with (d) 2 MAPbI5Br, (€) 2 MAPbI,4Br, (f) 2 MAPbIsCl, and
(g) 2 MAPbI4Cl,. (h, i) Normalized experimental Raman spectra recorded at very low laser intensity (<0.01 mW).

in the isolated clusters and can follow the trends in
the splitting of the degenerate states when different
halogens are included in the structure. This can then
form a strong basis for comparison with our experi-
mental data as well as with previously performed
periodic calculations.'®

The experimental Raman spectrum for MAPbI;
shows vibration peaks at 40, (54), (63), 71, 94, 108,
135, and 145 cm™', whereas MAPbI,C| shows corre-
sponding peaks at 40, NA, NA, 71,97, 110, and a broad
peak at 166 cm ™" as seen in Figure 4 (see Supporting
Information for resolved peaks under 60 cm™).
With the NA (not applicable) notation, we want to
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emphasize that the peaks cannot be resolved and
the spectra instead show a shoulder in that area. The
63 and 94 cm ™' vibration peak is in good agreement
with the 62 and 94 cm™" peak reported previously'®
for MAPbIs;, whereas our 63 cm ™' peak is very weak,
and our assignment instead shows that our stronger
71 cm™ ' peak is more likely to correspond to the
significant mode in this area. Experimental spectra
in the previous study, however, showed that other
peaks below 63 cm™' were not resolved, making
peak assignment problematic. Here we find peaks also
at40and 54 cm™ ', whereas the strongest Raman peaks
are found at 69—73,94—97,and 108—110cm ™', witha
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Scheme 1. Three vibrational modes of inorganic octahedra (top figure) and bi-methylammonium-installed octahedra

(bottom figure).

small shift depending on halide composition during
synthesis. To assist with the assignment, we perform
theoretical vibration spectroscopy with DFT. In peri-
odic DFT calculations, assumptions about the crystal
symmetry of the system have to be made. This then
provides a good model system for single-crystalline
materials where the different orientation of the cations
must be considered to be periodic. For the study of
local effects in the inorganic octahedron and a non-
periodic or noncrystalline behavior of the organic
cation, cluster calculations on the other hand can be
very informative. In the present approach, an inorganic
octahedron unit cluster PbXg is used, and this cluster is
combined with two MA-dipole canceling cations. A
Pblg octahedron has 15 internal degrees of freedom
(3N — 3, where N is the number of iodine atoms). In a
group theoretical representation,® they can be written
as Ayg + Eg + 2Ty + Tog + Toy, Where Aqg, Eg, and Tog
are Raman active, the two T,;, modes are IR active, and
T,y is a silent mode (neither Raman or IR active).
Considering Pblg as a molecular unit within the lattice,
it belongs to the Oy, symmetry group, and any devia-
tion from this symmetry would result in splitting of the
degenerate states and eventually complete removal of
symmetry and 15 different bands. For Raman one
would thus expect three bands for the fully Oy, sym-
metric Pblg and a splitting that would depend on the
positions of the surrounding organic cations. Calcu-
lated Raman spectra for PbXgs and (MA),PbX¢ clusters
are shown in Figure 4a—g, and experimental data for
MAPbI; and MAPDbI,Cl are shown in Figure 4h and i.
Notably, Raman spectra of Br-containing OMHPs could
not be obtained in the experiment, because of strong
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fluorescence hiding the vibration information using
either a 532, 633, or 785 nm laser. The calculated
Raman signals for the octahedron clusters are summar-
ized in Table s2, showing three different vibrational
modes in Scheme 1: triply degenerate asymmetric X-Y,
X-Z, and Y-Z vibrations (mode A), a double-degenerate
asymmetric “breathing” (mode B), and symmetric
“breathing” (mode C). Furthermore, the MA vibrations
(rotation, wagging, MA—MA stretch) are shown. In
agreement with the group theoretical analysis, we
observe three bands for the unperturbed PbXs clusters
and a splitting of the degenerate states in the
(MA),PbXs clusters into six Raman-active vibrations.
The Raman peaks in (MA),PbXg clusters are gener-
ally shifted to higher wavenumbers (energy) com-
pared to those in the PbXg clusters, which is caused
by the organic cations that extend the motion of
X from the Pb?" atom. Assuming an ideal iodine-
sharing network vibrating fully in phase, the higher
wavenumbers in the symmetric clusters would then
approach the phonon vibration limit. The calculated
Raman spectrum of (MA),PbCls (see Figure 4c)
differs somewhat from the other clusters. Mode A
shifts to lower wavenumbers, and mode B appears
as two peaks. Finally, all (MA),PbX¢ structures
show Raman activity of the MA groups between
140 and 180 cm™".

We also performed DFT calculations on mixed halide
clusters, such as (MA),PblsCl and (MA),Pbl,Cl,. A single
Cl substitution does not result in large differences in
calculated Raman vibrational spectra compared to
the (MA),Pblg cluster, while larger changes are found
for two introduced Cl atoms. This can be used for
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assignments and vibrational signatures (D) that can
identify doped phases. Figure 4f and g show Raman
activities compared to the (MA),Pblg cluster, which is
assigned to asymmetric vibrations of Pb—I between 40
and 95 cm™'. Moreover, there are two small appear-
ances of additional vibration modes, for instance N"/
(green color, N—Cl stretch via H at 240 cm™") and D?
(green color, Pb—Cl stretch at 190 cm™") in Figure 4f.
The case of (MA),Pbl,Cl, with double Cl substitution in
the octahedral unit in Figure 4g has rather different
vibration modes, viz, mode D* (violet color, asym-
metric Pb—Cl stretch, 75—82 ¢cm™') and highly in-
creased intensity of mode D¥ (violet color,
asymmetric Pb—Cl stretch at 185 cm™') compared
with mode D? (green colored solid line in Figure 4f).
Moreover, in Figure 4g the Raman activity of mode M*
(violet color, at 138—143 cm™") is shown to shift to
lower wavenumber compared to mode M3 (green
color, Figure 4f), but mode N? (violet color, at
247 cm™ ") is shifted to higher wavenumber for mode
M? (green color, Figure 4f). The inclusion of new
vibration signatures and the relative intensity shifts in
the Raman activities of (MA),Pbl,Cl, compared to the
undoped analogue can thus be used to identify if there
is local halide substitution or if the different halides are
in two different phases. Both the single- and double-Cl-
substituted OMHPs have the common signature of a
decreased Raman intensity of modes C* and C* (green
and violet colors) compared to mode C’ (black color).

We first compare the DFT-simulated Raman spectra
for three vibrational modes and the experimental
Raman signal of MAPDbIs; see Figure 4a, h, and i. In
MAPbI; three shoulders or peaks in the 70—120 cm ™'
range are found that are indicated with a, b, and ¢,
which can be assigned to modes A, B, and C. Moreover,
a further four peaks (m, d, e, and f) appear between
140 and 400 cm ™', which can be assigned to mode
M vibrations: MA rotation, MA wagging, and symmetric
MA—MA stretch, in good agreement with a cross
correlation between isolated MAs and periodic
calculations.'® This agreement can partly be attributed
to the small difference between the extended crystals
as a corner-sharing octahedral framework and the
isolated clusters. Care has to be taken, however, since
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the cluster model emulates the crystal in only one
direction, and only these vibrations should be taken as
representative of the crystalline system. As mentioned
earlier, also periodic calculations find vibrations at low
wavenumbers, 62 and 94 cm ™', The low wavenumbers
are in the same region as our calculated values and
compare favorably to their experimental data, but they
also found the strongest intensity at 119 cm™' on
meso-MAPbls, not assigned to the Pb—I system.3%?'
For our system we find a peak at 145 (143) and stronger
bands at 167 (149, 154, and 156) and 217 (very weak
theoretical transition) cm™' below 250 cm™' that are
related to the MA cation, as assigned in Table s2.
Comparing this to the Raman spectrum of MAPbI,CI
shows that the mode B as peak “b’” shows peak shift
to lower intensity. This phenomenon is significantly
correlated with the results of XRD patterns and PL
spectra, which show more disordered inorganic frame-
works. According to Coslovich et al,>* higher Raman
activities have been observed to increase the electron—
phonon interaction between the central cationic metal
and anionic oxygen. It was suggested to decrease the
low-energy electronic conductivity on superconduc-
tive material in inorganic perovskites. In our study, we
can consider this effect for MAPDbI; and the sub-MAPDbI;
crystal in MAPbI,Cl on modes A and Cin comparison. If
the same reasoning would hold in the MAPbI,Cl sam-
ple, the observed enhancement is seen of two local
electron—phonon interactions in modes A and C but
also a slightly decreased electron—phonon interaction
in mode B compared to the MAPbI; sample. In parti-
cular, a significantly different Raman intensity is dis-
tinguished in the range 136—150 cm ™" that shows 1.3
times higher Raman intensity in the MAPbI; sample at
143 cm~' compared to what the MAPbIl,Cl sample
shows at 145 cm™', as seen in Figure 4. From the
previous assignment in Table s2, this would corre-
spond to the rotation of the MA unit around its own
axis and also close to the MA wagging. As the laser
can affect the composition of materials with any
volatile organic compound, very low laser intensities
were instead used (<0.01 mW) in Figure 4h and i. Here
the intensity is up to 7 times higher at ~145 cm™" for
the MAPbI; sample compared to MAPbI,Cl. The Stokes
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TABLE 1. Orbital Charge Localization of Three Different Halide-Substituted OMHPs in 2MAPbX¢ Clusters by DFT

Calculations

HOMO LUMO LUMO+1 LUMO+2
= . R R
: o
2| f‘f) %
5 Y Y
% ' " JI
o K A
<
2D - g

line in Raman measurements comes from the losses
of the electromagnetic energy in the laser light to an
excited vibration level in the bond where the intensity
comes from the change in polarizability of the electron
cloud during the vibration. The laser used for the Raman
measurements on the OMHPs electronically excites the
material, and we thus have a substantial resonance
Raman effect enhancing the signal due to the electron
cloud polarization from the excitation in the incoming
electromagnetic field. During illumination, the pertur-
bation Hamiltonian between the initial and final states,
H;r, can be expressed in terms of how the incoming
spatial electromagnetic field, A(r), induces a displace-
ment of the electron and thus in terms of the transition
dipole moment, u;; asineq 1,

Hif = — iwA /lP,*er‘Ide3r = - Lu,-f’ E, (1)

mo mo

where A is the incoming spatial field, o is the angular
frequency, W¥*;is the complex conjugate wave function
of the initial state, W¢is the accepting wave function for
the virtual state, mg is the mass of an electron, e is the
elementary charge of an electron, r is the displace-
ment, and £, is the polarization field in the direction of
the dipole. Since the expectation value of the displace-
ment for a small interaction volume is small compared
to the wavelength, one can utilize the dipole approx-
imation and thus the assumption of the independence
of the spatial field A(r) for a small displacement r.
The disappearance of the feature at 143 cm ™' during
resonance excitation at 532 nm then implies that the
initial and final state polarization disappears for the
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corresponding Raman rotation/wagging in the MA
cation. Note that the initial (i) and final states (f) are
not the HOMO—LUMO (or valence band—conduction
band) transition that is expected to occur at lower
wavelengths (790 nm) but excitations deeper in the
absorption spectrum (532 nm) and also where the
devices show high IPCE values. The remarkable differ-
ence at 143—145 cm™ ' between MAPbI; and MAPbI,Cl
samples seems to correlate with local charge transfer
yield. The implication for such an effect on the local
charge localization can be investigated in the OMHPs
by DFT simulation. In previous studies,®>** the highest
occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) are demon-
strated on a cluster level in Pblg for MAPDbIs. In Table 1,
our DFT simulation results for unit clusters of OMHPs
display the transitions of charges from the HOMO
to LUMO (with LUMO+1 and LUMO+-2). The HOMO
of 2MAPbIlg indicates an | 5p z-bonding orbital,
and its LUMO, LUMO+1, and LUMO+2 are decom-
posed to “Pb(6s)—I(5p)” o-antibonding, “Pb(6p)—I(5p)”
o-antibonding, and “Pb(6s)—I(5p)” o-antibonding orbi-
tals. The observation of 7 times lower intensity for the
143 cm ™' mode in the case of the MAPbI,Cl sample
corresponds to a loss of polarization on mode M (m in
experiments) of internal MAPbIs. One reasonable ex-
planation would be a photoexcited state that cannot
change its polarizability as easily, such as an MA cation
radical or neutral MA molecule. This state can then
play an important role as an organic cation charge
stabilizer or a neutral dipolar molecule in the cage
of the inorganic framework. In a previous study by
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Scheme 2. Schematic picture of the charge localization (left) and charge transfer processes (right).

Frost et al.*® the importance of macroscopic static

dielectric response and dipole order of various organic
cations for OMHPs was investigated by DFT calculation
but not in view of a MA radical but instead the dipole
effect. Amuch improved charge stabilization in layered
zirconium phosphonate-viologen compounds (ZrPV(X),
with X = Br, Cl) has previously been suggested to be
via the creation of a phosphonate-viologen radical
cation3®> Also here, the effect was much improved
when going from a heavier halogen to a lighter halo-
gen, suggested to be an effect of delocalization of the
charges onto the organic cation and shielding from
molecular oxygen.

In order to investigate the improved possibility of
MA stabilizing a charge at higher excitations, DFT
calculations were performed. The HOMO, LUMO,
LUMO+1, and LUMO+2 of a dipolar canceling and
stoichiometric cluster of (MA),Pbls, (MA),PbBrs, and
(MA),PbClg are shown in Table 1 and Scheme 2 (left
panel). For all the clusters, a ligand-to-metal charge
transfer is seen for the HOMO—LUMO transition, where
the initial localization on the iodine in the HOMO state
is significantly transferred to the Pb central unit in
the LUMO state. From the discussion above on the reso-
nance Raman effect at 532 nm exciting the material to
higher energy levels than the LUMO, we need to look
at higher unoccupied states. Looking at LUMO+2, we
see no localization on the MA cations in the (MA),Pblg
but some partial occupation for (MA),PbBrs and a very
clear localization on the MA cation for (MA),PbClg.
The DFT calculations thus give strong support for
improved charge localization at the MA cation for high
unoccupied states in the series | — Br — Cl. If the MA
cation also is more liberated to rotate in this state
due to charge neutrality, this would also improve its
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possibilities to align and work better in forming a
ferroelectric system. Consequently, Br (or Cl) atom
substituted MAPbXg can thus enhance the ferroelectric
properties caused by ordering of the MA molecule due
to the much improved freedom to rotate for a neutral
dipolar molecule compared to its more positively
charged analogue in 2MAPbls. An important but
maybe not obvious effect is also that the dipole of
the neutral MA is stronger than the positively charged
analogue MA™. DFT calculations for isolated molecules
at the B3LYP/6-311G(d,p) level show a dipole of 2.22 D
for the positively charged MA' and 3.02 D for the
neutral MA.

The external quantum efficiency can be described
by factorization of the incident-photon-to-current-
efficiency (IPCE), as in eq 2.

|PCE(/1) = LHE(/I) X q)sep(l) X cI)trans(/l) X Neoll (2)

where 4 is the wavelength of the light, LHE is the light-
harvesting efficiency, @, is the quantum efficiency
for charge separation, @, is the quantum efficiency
for transport, and 7 is the charge collection effi-
ciency of the charges at the contact materials. The
results presented here give support for a excitation-
dependent charge separation mechanism where
D ep(Aband-edge) is dominated by halogen-to-lead
charge separation, whereas absorption at higher
excitation energies ®gop(Adeep-abs) Show a successively
larger influence of halogen-to-cation charge transfer in
the series | — Br — Cl.

As discussed above, liberation of the MA cation
and also the higher dipole of a neutral MA in the
excited state would also have consequences for
the possibility to align the MA dipoles and thus also
for local fields affecting the charge transport of the
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steady-state current flowing through the solar cell
device. To investigate this effect in an idealized model
system, we performed calculations on two model
systems with extended clusters, AMPblg-MA-Pblg-AM
and AM-PbClg-MA-Pbls-AM, with two MA cations hav-
ing a dipole-canceling effect on the first cluster and
two ordered dipoles in a row for the second cluster,
depicted in Table s4. The ligand-to-metal charge trans-
fer is now instead from the ligands in the initial cluster
to a more metal-centered state in the neighboring
cluster. As expected, the alignment of the MA dipole
improves the hopping mechanism in the direction of
the dipole. In a solar cell working at full illumination
and with light that also includes higher wavelengths
than the limiting HOMO—LUMO transition, higher
states are of course active both in the charge separa-
tion mechanism (as we have discussed earlier) and for
the transport up to LUMO+2. MA does not seem to
contribute to a viable path for charge transport, but for
LUMO+5 we see accepting orbitals also on the MA
cations, as seen also for the smaller clusters. The
absorption edge transition charge separation and
transport mechanisms thus seem to be dominated by
the ligand-to-metal transitions and hopping between
the clusters mediated in the direction of the MA dipole,
whereas at lower wavelengths in the region of the high
IPCE values, the stabilization of the charges at the MA
cation seems to be more important. Charge localiza-
tion on MA at higher virtual orbitals is found also for the
system with only iodine as seen in Table s4. Also the
lower states, HOMO—1, HOMO-2, etc., are important,
as the electrons are excited at higher energies than the
HOMO—LUMO limiting transition. The initial creation
of a hole would then be described by the lack of
electron density previously found in the state. After
some time under pulsed light or very weak light
intensity, bond-length relaxation with the new elec-
tron configuration would occur and eventually higher
state electrons would relax into the lower states and
restore the original bond-length distribution. Under
solar illumination and full working conditions, how-
ever, the low states, as well as the higher states, will
continuously be excited and a steady-state condition
of empty lower states can form a hole-conductive
pathway in the system. The electron-conducting states
will predominantly be described by the virtual orbitals,
and the hole-conducting states by the empty HOMO
and lower lying states. In Table s4, the initial localiza-
tions of electrons that can be lost under excitation are
depicted. The electron localization clearly shows that
steady-state excitation of these states will exclusively
take part with localization at the iodine-ligand posi-
tions that are percolating in the crystalline OMHPs via
sharing of iodine. This can be contrasted with the
electron transport that is predominantly occurring
via more Pb-localized states close to the HOMO—
LUMO transition and localized at the MA cations for
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higher transitions in the absorption spectra. The
mechanism ruling the quantum efficiency for trans-
port, . ans(A), in eq 2, thus also reveals an energy
dependence.

We especially observe the notable local HOMO—
HOMO transition possible between Pblgs and PbClg
units below the HOMO—1 for a cluster of MA-Pblg-
MA-PbClg-MA in Table s4. This electron transition can
consequently be assisting charge transfer with local
charge pumping processes via higher and lower
sub-HOMO states and, as such, affect the LHE factor
ineq 2.

The photovoltaic properties of OMHPs with nominal
compositions MAPbls, MAPbI,Br, and MAPbI,Cl were
also tested. SEM cross sections of fabricated thin-film
solar cell devices are shown in Figure 5. The highly
crystalline nature of the MAPDbI,Cl material is clear. In
comparison, MAPbl; and MAPbI,Br layers look much
more smooth and amorphous. The solar cell per-
formance was best for MAPbI,Cl devices, as is evi-
dent from the J—V curves under 1 sun illumination in
Figure 6a. The solar cell efficiencies were 5.8% for
MAPblI; (FF: 0.50, Vo: 0.77 V, Jo: 15.0 mA/cm?), 3.2%
for MAPbI,Br (FF: 0.43, Vo 0.80 V, Jo: 9.3 mA/cm?),
and 10.0% for MAPbI,CI (FF: 0.50, V,: 1.0 V, J: 20.4
mA/cm?). Incident photon to photocurrent conversion
efficiency spectra (see Figure 6b) also show the best
performance for MAPbI,Cl, with IPCE values reaching
nearly 85%. The integrated photocurrent values
(Figure 6b) are calculated from the IPCE spectra and
are in good agreement with the experimental short-
circuit current densities measured in the solar simula-
tor. The extrapolated onset wavelength from the IPCE
spectrum is 800 nm for MAPbls, 785 nm for MAPbI,Cl,
and 720 nm for MAPbI,Br, in accordance with the
optical band gaps in Figure 6¢. The MAPbI,Br solar cell
showed the lowest current density among the samples
due to the lowest light-harvesting efficiency from
UV—vis spectra and the lowest bulk conductivity. On
the other hand, it indicates the possibility for higher
Voc from longer charge carrier lifetime 7 from PL
intensity (and higher local polarizability) than the
corresponding MAPbI; as mentioned above. The
MAPDI,Cl solar cell showed the highest V,,. and Js as
1.0 V and 20.40 mA/cm?, respectivley, which can be
attributed to the longest charge carrier lifetime and a
high ferroelectric property and thus an enhanced local
conductivity caused by the stabilization of charges of
MA cations as discussed above. All solar cell perfor-
mances are in good agreement with our more detailed
results on the effect of local charge stabilization at the
MA in the series | > Br > Cl in OMHPs and its effects on
the ordering of the MA cation.

Interestingly, MAPbI,Cl has a dip as zone A in the
IPCE spectrum below 430 nm in Figure 6¢, which can be
attributed to competitive light absorption by the
MAPDCI; crystals in this material in Figure 6d, which
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Figure 6. Summarized solar cell performances: (a) J—V characterization, (b) IPCE curves, (c) normalized IPCE curves for MAPbl;
(blue solid line), MAPbI,Br (black solid line), and MAPDbI,CI (red solid line) utilized solar cell devices. (d) Normalized UV—vis and
PL spectra for MAPDbCl; (pink and red round symbols) and MAPbI,CI (dark gray round symbols). Sum of PL spectra (green
round symbols) from two given samples; gray solid line is an IPCE curve of MAPbI,CI.

apparently does lead to low photocurrent. On the
other hand, the increase in the IPCE curve as zone B
is observed and is an interesting phenomenon. We
fortunately have the results on the charge transfer
mechanism in the DFT calculation above. The exis-
tence of a PbClg unit in connection to a Pblg unit
would allow for a charge pumping property at a low
HOMO level. This would lead to an improved charge
excitation from the rising sub-HOMO level to the
LUMO. This process would then explain the huge
difference of IPCE at 600—800 nm wavelength as zone
B and help to enhance the local charge carrier lifetime
(see Scheme 2 (right panel)); the normalized PL spec-
tra for MAPbCl; and MAPbI,Cl with the sum of
PL spectra are summarized in Figure 6d. We thus
find a possible charge-pumping processes between
MAPbCl; (insulator) and MAPbI; (semiconductor) sub-
crystallites within MAPbI,Cl. To further analyze this
and the role of charge pumping requires more de-
tailed experiments and is an interesting scope for
future work.

CONCLUSIONS

In summary, we observe a change in the local
structure of |, Br, and Cl in the OMHPs from XRD and
Raman measurements. MAPbI,Br-based solar cells
show higher V,. than MAPDbIs, and this can be from
the effect of enhanced antiferroelectric properties, as
indicated by a 3 times enhancement of the charge
carrier lifetime as measured with PL compared to
MAPbIs. Here we have investigated MAPbI,Cl in more
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detail and show two subcrystallites, MAPbl; and
MAPDCI;. These crystallites show a change in the local
structure compared to the MAPbI; reference sample.
The disordered octahedral framework of MAPbI; with a
liberated MA cation has a remarkably longer charge
lifetime than MAPbI; with an ordered MA cation.
Furthermore, the disordered MAPbI; induced by addi-
tion of chlorine shows an up to 7 times lower change in
polarizability and thus a deactivated mode M (m). This
can be understood by an increased charge localization
on the MA cation upon excitation and thus improves
the possibilities for dipole alignment in response to a
local field and thus enhanced ferroelectric properties.
Results from DFT calculations on model clusters support
this picture and show an excitation energy dependent
mechanism for the charge transfer. The near-band-
edge transition is dominated by an iodide to lead
transition (ligand-to-metal), whereas the higher virtual
states show a successively higher localization on the
MA cation in the series |-Br—Cl. The lower sub-HOMO
states exclusively show iodide (ligand) and chloride
(ligand) localized states in close range, making a sub-
HOMO pumping process possible, which can explain
the increasing IPCE in the 600—800 nm range for
MAPDI,Cl in comparison to MAPbls. The material
properties analyzed are well justified by the device
performance, showing 1.7 times higher PCE with
inclusion of chlorine compared to that of MAPbI3
solar cells. Here, we have presented an excitation-
dependent mechanistic view of the heterojunction
charge localization and transfer between MAPbI; and
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MAPDbCI; within local MAPbI,Cl crystallites, which can
possibly open up a new understanding of the nature

METHODS

Material Preparation. Organic lead halide hybrid perovskites
(OMHPs) were prepared by a low-temperature melting method
from different precursor solutions. The starting materials were
Pbl, (purity 99%, Sigma-Aldrich), methylamine solution (40%
in methanol, TCl), hydrochloric acid (37 wt % in water, Aldrich),
hydroiodic acid (57 wt % in water, Aldrich), and hydrobromic
acid (48 wt % in water, Aldrich). CH3NHsCl, CH3NHsBr, and
CH5NHsl were synthesized by mixing hydrogen halide acids
with methylamine solution in equal molar ratio in a 250 mL
round-bottom flask at 0 °C for 2 h with stirring. The precipitate
was recovered by evaporation at 50 °C for 1 h. The products
were washed in diethyl ether by stirring the solution for 30 min,
which was repeated three times, and then finally dried at 60 °C
in a vacuum oven for 24 h. The obtained CH3NH5Cl, CH3NH;Br,
or CH3NH;sl salts were mixed with Pbl, (purity 98.0% Sigma-
Aldrich), PbBr, (purity 98.0% Sigma-Aldrich), or PbCl, (purity
98.0%, Sigma-Aldrich) in a 1:1 molar ratio in a mixture of
dimethylformamide (DMF) and dimethyl sulfoxide (DMSO)
(7:3 =vol/vol) at 70 °C for 2 h. The concentration of the resulting
precursor is 1.5 M. The OMHP precursors of MAPbls, MAPbBrs3,
MAPDCl;, MAPDI,Br, and MAPbI,Cl were deposited on different
substrates by a spin-coating method at 1500 rpm (£25 rpm) for
20 s. After spin-coating OMHPs precursor films were annealed
on a hot plate at 100 °C for 35 min under dry air conditions
(relative humidity below 30%). Mesoporous TiO, films were
prepared by diluting TiO, paste (Dyesol, DSL 30 NRD) with
2-propanol (1:4 by weight) and spin-coating at 3000 rpm for
20 s, resulting in films of 450 nm (£50 nm) thickness after
annealing at 450 °C.

X-ray Diffraction. The crystallographic properties of the per-
ovskite films deposited on mesoporous TiO,-coated micro-
scopic slides or bare microscopic slides were investigated
using XRD with a Siemens D5000 diffractometer apparatus with
a Kristaller-Flex 710D X-ray generator using Cu Kol radiation
(0.154056 2 nm, fine-focus sealed tube source with a Gobel
mirror) at room temperature. The Diffrac Plus XRD commander
program was used to control the instrument. The instrument
was set in “detector scan” mode, and the acquisition was done
in 6 ~ 20 mode for every 0.02° increment over the Bragg angle
range of 10—60°. The XRD patterns were fitted by the X'pert
highScore program.

Scanning Electron Microscopy (SEM). SEM was performed on a
Zeiss (Gemini 1550) microscope having a field emission electron
source and an in-lens detector for secondary electrons. Top
view images and cross sections of solar cell devices were
recorded using a high tension of 5 kV. OMHPs were coated on
ITO glass substrates for top view images.

Raman Measurements. Raman spectra were measured with
a Renishaw InVia Raman spectrometer with 1 cm™' resolu-
tion using a frequency-doubled YAG laser (532 nm) and an
1800 lines/mm grating. A 50x objective was used and gave
alaser spot with 3—5 um diameter with 0.01—1 mW intensity on
the sample depending on measurement mode. A notch filter
was used for the Rayleigh (Plasma) line of the 532 nm laser and
a notch filter cutting 10 cm ™" into the Stokes part of the spectra.
For each sample, 50 spectra were recorded in the range
10—400 cm ™' with no apparent change in the spectra during
the cycles. OMHPs were coated on microscope glass substrates.

Steady-State Emission Measurements. Standard steady-state
emission spectra were obtained on a Fluorolog-3 instrument
(Horiba Jobin Yvon) equipped with double-grating excitation
and emission monochromators and a 450 W Xe lamp as a light
source. The emission spectra were corrected for the spectral
sensitivity of the detection system by using a calibration file of
the detector response. Front-face illumination (30° with respect
to the incident beam) was used to minimize inner-filter effects.
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of OMHP materials in hybrid thin-film solar cell
applications.

Excitation was done at 610 nm. OMHPs were coated on micro-
scope glass substrates.

UV—Vis—NIR Spectra Measurements. UV—visible—NIR absorp-
tion spectra were recorded using a Cary 5000 UV—vis—
NIR spectrophotometer (Varian, photometric accuracy is
<0.000 25 Abs, photometric range is 8 Abs). OMHPs were coated
on microscope glass substrates, and the microscope glass was
used as reference.

Calculations. The density functional theory calculations were
performed within the Gaussian09 package>® using the hybrid
functional B3LYP with the 6-311G(d,p) basis set and the
Stuttgart-Dresden effective core potentials (ECP) for the heavy
heavy elements as well as for light elements where relative
peak shifts were analyzed. The convergence criterion was set to
107® hartrees, and quantum mechanical linear response cal-
culations were used in subsequent calculations to obtain the
theoretical
Raman spectra.

Fabrication and Performance of Measurement for Solar Cell Devices.
Fabrication of Solar Cell Devices. Solar cells were prepared for
OMHPs with nominal compositions MAPbl;, MAPbI,Br, and
MAPDICl.  Fluorine-doped tin oxide (FTO)-coated glass
(Pilkington TEC 15, 15 Q/0O0) was patterned using an etching
process with Zn powder and 2 M HCl diluted in water. Compact
TiO, layers (thickness 30—60 nm) were deposited on the FTO
substrate by spray pyrolysis on a hot plate (kept at 500—550 °C).>
The prepared TiO, precursor was coated by a spin-caster at
4000 rpm (30 rpm) for 20 s and annealed on a hot plate at
500 °C for 30 min. The OMHP precursor was also deposited by a
spin-coater at 1250 rpm (£25 rpm) for 20 s and annealed at
135—145 °Cfor 30—40 min in a drybox at 20—40% humidity. The
hole transporter spiro-MeOTAD was deposited by spin-coating at
1500 rpm for 20 s as described before (see ref 15). Finally, 150 nm
thick silver electrodes were deposited on top of the devices by
thermal evaporation at ~10~° bar, through a shadow mask.

Power Conversion Efficiency. A Newport solar simulator
(model 91160), giving light with AM 1.5 G spectral distribution,
was calibrated using a certified reference solar cell (Fraunhofer
ISE) to an intensity of 1000 W m~2 The electrical data were
recorded with a computer-controlled digital source-meter
(Keithley model 2400) with the scan direction from the open-
circuit to short-circuit at a scan rate of 800—1250 mV s~ '8
The solar cells were masked during the measurement with an
aperture area of 0.126 cm? (round type of mask).

Incident Photon to Current Conversion Efficiency. The IPCE
spectra were recorded with a computer-controlled setup
comprising a xenon lamp (Spectral Products, ASB-XE-175), a
monochromator (Spectral Products, CM110), and a Keithley
multimeter (model 2700). The setup was calibrated with a
certified silicon solar cell (Fraunhofer ISE) prior to the measure-
ments. All DSCs were illuminated from the WE side with an
aperture area of 0.126 cm? (round type of mask) using a black
mask. The MAPbls-deposited solar cell was measured without
bias light, and MAPbI,Br- and MAPbI,Cl-utilizing solar cells
were measured under each different bias light intensity of
0.05 and 0.09 sun.
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