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Abstract
A simple method to obtain bright photoluminescent wide bandgap mixed-halide 3D perovskites
is reported. The materials are prepared by dry mechanochemical synthesis (ball-milling)
starting from neat binary precursors, and show enhanced photoluminescence upon the addition
of an adamantane derivative in the precursors mixture. The structural characterization suggest
that the additive does not participate in the crystal structure of the perovskite, which remains
unvaried even with high loading of amantadine hydrochloride. By simple stoichiometric control
of the halide precursors, the photoluminescence can be finely tuned from the UV to the green
part of the visible spectrum. Photoluminescence quantum yields as high as 29% and 5% have
been obtained for green- and blue-emitting perovskite solids, determined at very low excitation
densities.
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Metal halide perovskites are being studied for several applications, such as light‐emitting diodes,
solar cells, photodetectors, lasers, water splitting or memristors.[1][2][3][4][5][6][7][8] This wide
application spectrum is enabled by their remarkable optical and electronic properties, among
which are their high absorption coefficient, defect tolerance, ambipolar and large charge
diffusion length, and high rate of radiative recombination.[9][10][11][12][13] Some of the key factors
to obtain high quality perovskites are the purity of the perovskite precursors, the choice of the
most appropriate synthetic method, and the control over the environmental processing
conditions.[14,15] Solution-based techniques are widely adopted to prepare perovskite
compounds. Small amounts of additives (if the solubility in the common solvent is sufficient)
or different chemical precursors are often used.[16–18] Also, high boiling point (toxic) solvents,
and multiple processing steps,[19,20] are needed to ensure the formation of highly crystalline
materials. Solvent-free “dry” mechanochemical synthesis is an alternative technique to prepare
perovskites with virtually any composition. It is a simple method which can lead to higher purity
due to the absence of processing additives and solvents.[21–23][24–28] Mechanochemical synthesis
can be used to synthesize multi-component compounds simply by mixing the chemical
precursors in the appropriate stoichiometry. Importantly, there is no limitation to the
compositional

freedom

from

the

solubility

of

the

precursor

salts.

Moreover,

mechanochemically-synthesized perovskites have demonstrated enhanced stability, which has
been attributed to a high purity and a superior crystallinity of the materials in the powder form,
resulting in stronger ionic interactions within the crystal lattices.[29,30] Additionally, it has been
shown for some perovskites that they can be processed into thin film using single-source
vacuum deposition of pre-synthesized compounds,[31][32] allowing the formation of high-quality
perovskite thin films.[33][34] Other techniques such as aerosol deposition method are also being
developed.[35]
Mechanochemical synthesis is therefore ideally suited to explore wide bandgap, mixed halide
perovskites, where the bandgap can be systematically increased by substitution of iodide with
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bromide and chloride.[36][37–39] Wide bandgap perovskites are particularly interesting for the
fabrication of tandem solar cells and for the development of blue light-emitting diodes.[3,40,41]
However, producing stable and luminescent wide bandgap perovskites remains challenging, as
pure or chloride-rich compounds typically show low photoluminescence quantum yield
(PLQY).[38,39,42] Furthermore, mixed halide materials suffer from photoinduced halide
segregation,[43,44] which further complicates the preparation of efficient and stable blue-emitting
lead halide perovskites. The addition of passivating agents can be beneficial for the
enhancement of the PLQY,[45–47] as they can decrease the density of trap states at the grain
boundaries and on the surface.
In this work, we describe the mechanochemical synthesis of stable mixed-cation/mixed-halide
perovskites with emission spanning the blue to green region of the visible spectrum. We
demonstrate that strong enhancements in the PLQY are obtained by the addition of amantadine
hydrochloride to the precursor mix prior to the ball-milling. The effect of this additive is studied
as a function of its concentration, and only minor structural changes are observed in the
resulting perovskites. Mixed-cation/mixed-halide perovskites, with the general formula MA1yCsyPb(BrnCl1-n)3

(where MA stands for methylammonium) can be easily modified to fine-tune

their optical properties. MA0.8Cs0.2Pb(Br0.6Cl0.4)3 was chosen as the starting material because
this particular halide ratio has a bandgap energy corresponding to the blue region of the
electromagnetic spectrum, and the addition of small amounts of Cs brings ambient and
structural stability to the perovskite.[48] The precursors, CsBr, CsCl, MABr, MACl, PbBr2 and
PbCl2

were

mixed

accordingly

to

the

targeted

compound’s

stoichiometry

MA0.8Cs0.2Pb(Br0.6Cl0.4)3 inside a nitrogen-filled glovebox and introduced in a 10 mL zirconia
ball-mill jar together with zirconia beads. Afterwards, ball-milling was performed at a
frequency of 30 Hz for 2 hours (see experimental section for details).
The as-prepared materials, obtained in powder form, were analysed using x-ray diffraction to
determine their structure and by optical spectroscopy to determine their absorption and
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luminescence spectral features. The X-ray diffraction (XRD) analysis (Figure 1a, black line,
0%) shows intense reflections centred between the reference peaks of pure-bromide MAPbBr3
(ICSD 158306) and pure-chloride MAPbCl3 (ICSD 241415) perovskites, demonstrating the
presence of a single mixed-halide phase (the presence of 20% Cs+ also shifts the XRD signal
with respect to pure-methylammonium reference patterns, although this shift is less significant).
Hence, the structural analysis confirms the formation of the desired compound. Its optical
absorption was measured by placing the powder in a quartz Petri dish into an integrating sphere
(Figure 1b, black line, 0%). The material presents a steep absorption onset at about 500 nm
(corresponding to a bandgap energy, Eg, of approximately 2.5 eV), in agreement with previous
reports on similar compositions.[49] We were not able to detect any photoluminescence, even
when the sample was directly irradiated by a UV (375 nm, 100 mW) continuous wave (CW)
laser. This is not surprising, as non-passivated, bulk, wide bandgap semiconductors are prone
to suffer from non-radiative charge recombination due to a large density of trap states at the
surface or grain boundaries.[50] With the aim of reducing the trap states responsible for nonradiative charge recombination, we added amantadine hydrochloride (or 1-adamantanamine
hydrochloride, herein after referred to as AmCl) to the precursors of the mechanochemical
synthesis. We chose this particular compound in view of its steric hindrance, which would not
favour the formation of layered perovskite compounds. Similar molecules have been employed
previously in the synthesis of perovskites,[51,52] either to passivate the material[53][54] or for
device encapsulation.[48] Here the additive AmCl was introduced in the synthesis in excess with
respect to the perovskite precursors, varying its molar ratio (with respect to lead) from 0 to 90
mol%. Importantly, for this specific set of precursors, their solubility in common polar organic
solvents is not sufficient to explore the range of composition allowed by mechanochemical
synthesis.
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Figure 1. a) XRD patterns for MA0.8Cs0.2Pb(Br0.6Cl0.4)3 powders with increasing molar
concentration of AmCl and reference bulk pattern (bottom) for MAPbCl3 (blue, ICSD
collection code 241415) and MAPbBr3 (green, ICSD collection code 158306). b) Absorption
spectra for the same series of materials.

It is important to note that, the use of the chloride salt AmCl inevitably results in the
incorporation of excess chloride into the material. Indeed, the optical absorption onset shifts to
shorter wavelengths (i.e. the bandgap is widened) with increasing amount of AmCl (Figure 1b).
At the same time, the XRD analysis shows a very similar pattern for the whole series,
independently on the concentration of AmCl (Figure 1a). This means that the addition of AmCl
does not lead to the formation or segregation of different phases but maintains a homogeneous
single (mixed-halide) perovskite phase. This can be a consequence of the higher reactivity of
MAX and CsX towards PbX2, which are stoichiometrically added in order to obtain the
perovskite MA0.8Cs0.2Pb(Br0.6Cl0.4)3, precluding the formation of any compound between
5

AmCl and the other reagents. Beside a small shift to higher angle, caused by the increased
incorporation of the smaller chloride anion, when more AmCl is used the intensity of the peaks
decreases and their full width at half maximum increases (see also Figure S1 for details.). These
observations might indicate the formation of smaller crystal domains or in general a reduced
crystallinity of the materials. From electron microscopy analysis (Figure S8), however, we
could not identify any clear trend of the material crystallinity as a function of the additive
content, neither a correlation with the PLQY. Most likely, AmCl is still present in the synthesis
product but it is amorphous and/or distributed at the grain boundaries. While the XRD analysis
confirms that AmCl is not incorporated within the perovskite structure, additional experiments
show that the additive can indeed react with Pb(II). When only AmCl and PbCl2 are ball milled
in a 2:1 molar ratio, the XRD of the resulting powders does not present any of the PbCl 2
characteristic diffraction peaks, while new signals centred at 2θ = 10.3, 15.4, 17.1° appear
(Figure S2). No reference XRD pattern was found for this new material, but most likely it is an
octahedral polymeric structure similar to others reported in the literature for lead halide
coordination compounds.[55]
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(a) Photoluminescence spectra
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375 nm)

displayed by the

MA0.8Cs0.2Pb(Br0.6Cl0.4)3 powders with varying addition of AmCl passivating agent going from
0 mol% to 90 mol%. (b) Photographs taken under ambient light (above) and UV light (λ = 365
nm) (below). (c) PLQY values (the line is a guide to the eye) and (d) first and last measurements
of the photo-stability test of the maximum peaks wavelength plotted as a function of the added
mol% of AmCl.

The fact that AmCl does not participate into the crystal structure of the MA0.8Cs0.2Pb(Br0.6Cl0.4)3
while it can form complexes with Pb(II), suggests that AmCl can indeed interact with the
perovskite to passivate surface traps. The origin of the enhanced optical properties in the
presence of AmCl is not completely clear, but we exclude an effect of the chloride anion as its
incorporation via other ammonium cations does not lead to any appreciable increase in
photoluminescence (Figure S7). As a matter of fact, we were able to detect photoluminescence
from the perovskite, when synthesized in the presence of AmCl. As observed from the optical
7

absorption, the increasing amount of chloride causes a blue-shift in the PL emission (Figure
2a), with the PL maxima at most shifting from 478 nm to 458 nm when the AmCl concentration
is increased from 10 mol% to 90 mol%, respectively (an increase in the bandgap of about 0.1
eV). Thanks to the presence of AmCl, the powders show luminescence already when
illuminated with a low-intensity UV lamp (Figure 2b). The AmCl additive is thus capable to
passivate the MA0.8Cs0.2Pb(Br0.6Cl0.4)3 bulk material, as the PLQY increased from 0 to 4% for
AmCl concentration of 40-50 mol%. It is worth to note that the PLQY was measured in an
integrating sphere using a Xe lamp coupled to a monochromator as the excitation source,
resulting in a very low photogenerated carrier concentration. This implies that the density of
trap states is substantially reduced in the presence of AmCl. For AmCl concentrations >50
mol%, the PLQY was found to slightly decrease (Figure 3a). The PLQY reduction is not yet
fully rationalized, but can be ascribed to a diminished crystallinity (as evidenced by the XRD
analysis) and to the wider bandgap of the material, i.e. not-quenching shallow traps become
deep traps favouring non-radiative recombination. MA0.8Cs0.2Pb(Br0.6Cl0.4)3 powders
containing 50 mol% AmCl were further analysed by X-ray photoelectron spectroscopy (XPS)
in order to investigate the elemental composition (Figure S9). The elemental analysis was found
to be in good agreement with the compound stoichiometry (Cs = 0.3, Pb = 1, Br = 1.8, Cl =
1.5), taking into account the amount of AmCl used.
As mentioned before, mixed halide perovskites can undergo halide segregation under
illumination.[56][44,45] In this regard, the material photostability was studied by monitoring the
PL spectra as a function of time, under continuous irradiation. The position of the PL maxima
as a function of the AmCl concentration at time 0 and after 250 s is reported in Figure 2d (see
Figure S3 in the Supporting Information for further details). We observed only a small shift in
the maximum PL intensity only at low AmCl concentration (10 mol%), while for the rest of the
samples no change in the optical properties (sign of halide segregation) was detected.
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We further studied the effect of the composition on the optical properties of the perovskite by
exchanging the A-site cation and the X-site halide anion. The amount of Cs+ was varied in the
mechanochemical synthesis of MA1-yCsyPb(Br0.6Cl0.4)3 from y = 0 (pure MA+) to 0.2, 0.4 and
1 (pure Cs+), maintaining a 50 mol% AmCl concentration. A small deviation in the bandgap of
the material was observed upon exchanging MA+ with Cs+, as evidenced by the optical
absorption spectra (Figure 3a) with the hybrid perovskite having larger bandgap as compared
to the inorganic one. Also the PL spectra showed a small shift from 467 nm to 472 nm when y
was varied from 0 to 1. The structural characterization (Figure 3c) showed again a high degree
of conversion and crystallinity for the series of compounds, with an expected shift to larger
angles upon substitution with the smaller caesium cation. The different intensity of the main
diffraction peaks between the hybrid and fully inorganic perovskites (y = 1) agrees with the
slightly different orientation of the unit cell.[57] The concentration of Cs in this perovskite series
was confirmed by XPS (Figure S10, Table S4). Interestingly, we found the PLQY to scale
inversely with the amount of Cs+ used in the synthesis of the perovskite MA1-yCsyPb(Br0.6Cl0.4)3,
with the pure MA+ materials exhibiting blue emission with 7% PLQY. As the caesium content
increases, the PLQY progressively decreases to approximately 1% for the pure inorganic
compound (y = 1). This behaviour has been previously attributed to the large dipole moment
(2.3 D) and rotational freedom of the MA+ cation, which would respond to the formation of
trapped charges reducing non-radiative recombination.[58,59]
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Figure 3. a) Absorption and b) photoluminescence spectra for the mechanochemically
synthesized MA1-yCsyPb(Br0.6Cl0.4)3 samples, with y = 0, 0.2, 0.4 and 1. c) XRD patterns for
the same compound series and d) PLQY as a function of the Cs+ content (the line is a guide to
the eye). On the right, pictures of the samples with increasing Cs/MA ratio under ambient (left)
and UV (right) light.

The simple mechanochemical synthesis is ideal for the preparation of complex perovskite
compositions, hence we also studied the effect of the halide exchange on the optical
characteristics of the perovskite series, in particular the relationship between the bandgap and
the PLQY. The synthesis was carried out modifying the content of all the different precursors,
adjusting the ratio of both MABr/MACl and PbBr2/PbCl2, and keeping constant the
concentration of AmCl at 50 mol%. The bromide content was increased from 0 to 1 in the
preparation of 6 different perovskites of the type MAPb(BrnCl1-n)3. Figure 4a and b show the
optical absorption and PL spectra, respectively, for the entire sample series.
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Figure 4. a) Absorbance and b) PL spectra of the MAPb(BrnCl1-n)3 samples for n = 0, 0.2, 0.4,
0.6, 0.8 and 1. c) Pictures of the mentioned samples with a varying Br/Cl content under ambient
light (top) and UV light (λ = 365 nm) (bottom). d) XRD analysis of all the samples.

The samples exhibited absorption onsets red-shifting from 410 nm (n = 0, pure chloride
compound) to 512 nm (n = 1, pure bromide perovskite) as the bromide content is increased.
The corresponding PL maxima follows the same trend, decreasing in energy from 405 nm
(violet) to 514 nm (green) for pure chloride and bromide materials, respectively. The CIE
coordinates calculated from the PL spectra of the different samples are reported in Figure S4.
XRD analysis (Figure 4d) confirmed the formation of highly crystalline pure chloride and
bromide perovskites, as well as for the mixed halide species. The XRD patterns show a
displacement of the signals corresponding to the same planes to smaller angles as the Br/Cl
ratio increases (a more detailed comparison of the diffractogram can be found in Figure S5). As
the bandgap narrows, the associated PLQY raise from approximately 1% (for 0 ≤ n ≤ 0.4) to
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7% (n = 0.6), and up to 15% and 29% for the bromide-rich, green-emitting MAPb(BrnCl1-n)3 (n
= 0.8 and 1, respectively). We also performed the mechanochemical synthesis of the same series
of materials, but now substituting 20% of MA+ with Cs+. The structural and optical
characterization (Figure S6), are very similar to those presented in Figure 4, and we observed
slightly lower PLQY (1% and 25% for the pure chloride and pure bromide compounds,
respectively), which is consistent with the trend observed for higher caesium content materials
(Figure 3). Although we cannot exclude differences in the formation chemistry of the materials,
the large increase in PLQY observed when decreasing the bandgap from blue-emitting (7%) to
green-emitting (29%) perovskites is likely related to the energy and distribution of trap states
with respect to the electronic bands of the semiconductors. Quenching, deep traps in blue
perovskites become shallower or fall within the electronic bands when the bandgap is decreased,
as discussed previously.
In summary, we have prepared a series of highly luminescent lead halide perovskites powders
leveraging the benefits of mechanochemical synthesis. Mechanochemical synthesis is a simple,
solvent-free method, useful to prepare perovskites with virtually any composition. Importantly,
mechanochemical synthesis is a valuable tool to investigate complex materials and the direct
effect of additives on their properties, without the limitation in terms of solubility and
crystallization kinetics which are unavoidable in solution-processed perovskites. We have
synthesised compounds whose emission colour can be tuned from the violet to the green, and
with enhanced photoluminescence efficiency thanks to the use of the additive amantadine
hydrochloride (AmCl). The addition of AmCl was optimized and a 50 mol% loading was found
to lead to the highest photoluminescence quantum yield for these specific compounds and with
the experimental conditions used. The use of the passivating molecule produces a decrease of
the non-radiative recombination pathways without modifying the structure of the synthesised
materials, leading to an increase of the PLQY from 0 to 5% in the blue, and up to 29% for
green-emitting bulk powders.
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Experimental Section
Mechanochemical synthesis: MA0.8Cs0.2Pb(Br0.6Cl0.4)3 was prepared by ball-milling; 0.48 mol
of CH3NH3Br (MABr), 0.32 mol of CH3NH3Cl (MACl), 0.12 mol of CsBr and 0.08 mol of
CsCl were mixed together with 0.6 mol of PbBr2 and 0.4 mol of PbCl2 inside a nitrogen-filled
glovebox. The powder mixture was then introduced in a 10 mL zirconia ball-mill jar with
zirconia beads. Afterwards, ball-milling was performed at a frequency of 30 Hz for 2 hours.
The resulting yellowish powder was then studied as obtained in ambient conditions and at room
temperature. The passivated samples were obtained adding an increasing amount (from 0 to 90
mol%) of amantadine hydrochloride (AmCl) to the mixture before ball-milling. For the rest of
the MAyCs1-yPb(BrnCl1-n)3 samples, MAX/CsX and Br-/Cl- were adjusted accordingly. Cs
molar ratio was varied from 0 (pure MAPb(BrnCl1-n)3) to 1 (pure CsPb(BrnCl1-n)3). Br molar
ratio was varied from 0 (pure MAyCs1-yPbCl3) to 1 (pure MAyCs1-yPbBr3). See Tables S1, S2
and S3 for the precursors quantities of the different samples.
Characterization: The photoluminescence (PL) spectra were taken using a 375 nm laser
excitation source and a spectrometer (Hamamatsu C9920-02 with a Hamamatsu PMA-11
optical detector). PLQY values were obtained using a Xe lamp coupled to a monochromator as
the excitation source and an integrated sphere coupled to a spectrometer (Hamamatsu C992002 with a Hamamatsu PMA-11 optical detector). The instrumental error is approximately 1%.
UV-visible absorption spectra of the films were collected in an integrated sphere using a fiberoptics based Avantes Avaspec2048 spectrophotometer. X-ray diffraction was measured with a
Panalytical Empyrean diffractometer equipped with CuKα anode operated at 45 kV and 30 mA
and a Pixel 1D detector in scanning line mode. Single scans were acquired in the 2 theta = 5°
to 50° range in Bragg-Brentano geometry in air. Data analysis was performed with HighScore
Plus software.

13

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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Bright photoluminescent wide bandgap mixed-halide 3D perovskites are prepared by dry
mechanochemical synthesis starting from neat binary precursors, and show enhanced
photoluminescence upon the addition of an adamantane derivative in the precursors mixture.
Photoluminescence quantum yields as high as 29% and 5% has been obtained for green- and
blue-emitting perovskite solids.
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