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One-Step Aerosol Synthesis of Thiocyanate Passivated
Hybrid Perovskite Microcrystals: Impact of (Pseudo-)Halide
Additives on Crystallization and Access to a Novel Binary

Model

Ulrich J. Bahnmiiller,* Yasar Krysiak, Tobias Seewald, Yenal Yalginkaya, Denis Pluta,
Lukas Schmidt-Mende, Stefan A. L. Weber, and Sebastian Polarz

Hybrid Perovskite materials have gone through an astonishing development
due to their unique optoelectronic behavior, leading to the creation of a wide
range of synthetic strategies. As the materials’ surface is found to play a
crucial role with respect to the properties, e.g. hydration, stability and carrier
mobilities, considerable efforts have been made to optimize the surface
through various approaches. Especially the passivation of the perovskite
surface attracted a lot of attention in this field, often resulting in more
complex, multi-step synthetic processes. In this study, a simple one-step
aerosol-assisted synthetic approach is presented to obtain thiocyanate (SCN)
passivated single-crystal MAPbBr; microcrystals. To elucidate the role of the
additive in the crystallization process, mixed (pseudo-)halide precursors are
systematically investigated. The as processed, passivated microcrystals
exhibit enhanced stability and charge carrier lifetimes. Additionally, a decrease
in surface photovoltage, attributed to the presence of the SCN additive, is
observed. Furthermore, the aerosol process is further developed resulting in a
novel binary system containing MAPbBr;-SCN perovskite microcrystals and
Au nanostructures. This system serves as a promising model for further
investigations into potential interactions between plasmonic and
semiconducting materials, with initial results indicating prolonged charge
carrier lifetimes.

1. Introduction

Hybrid perovskites have been one of the
fastest-growing research topics over the
past dozen years since their discovery as
promising semiconductor materials.[*?]
Due to their unique optoelectronic proper-
ties combined with an easy and inexpensive
synthesis and their structural flexibility,>-]
they became of great interest for semicon-
ductor applications.[®’] A broad variety of
different shapes such as films, nanopar-
ticles, or macroscopic single crystals have
been available to address the requirements
of different applications. As a wide bandgap
semiconductor, MAPbBr; perovskite ma-
terials have attracted great interest in the
field of tandem or wide bandgap solar
cells, light-emitting diodes (LEDs), and
irradiance sensors.®1% In contrast to their
convincing optoelectronic properties hybrid
perovskite materials exhibit low stability
to various environmental influences like
humidity, irradiation, and heat,!''"** which
are key factors for their application as
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semiconductors in the aforementioned fields, and much work
has been done to increase the stability of these materials. How-
ever, Bakr et al. found that macroscopic single crystals (SC) are
superior compared to the widely distributed polycrystalline films
due to the absence of inhomogeneity and grains and their en-
hanced crystallinity.'>1% They summarized the advantages of SC
materials and the importance of controlling defects in an compre-
hensive review.['”] The surface of the macroscopic SCs was found
to be crucial in terms of optoelectronic properties and stability.['8]
Furthermore, Almadori et al. performed extensive investigations
on the surface potential and the surface photovoltage of macro-
scopic MAPDbBr,; SCs.!"?] They reported the relationship between
the determined surface photovoltage (SPV) and the band bend-
ing of the material. Furthermore, the band bending is known to
be influenced by the presence of defects in the surface region of
the perovskite material.[2°22] To further improve the properties
and stability of perovskite SCs by passivating the surface, post-
synthesis treatments have been performed, often requiring ad-
ditional synthesis steps.[?32* An extensive review of various pas-
sivation methods was provided by Xia et al.[?*] Different Lewis
acids have been found to passivate the incomplete coordination
of Pb, caused by X~ vacancies, by forming coordination or even
covalent bonds. With respect to polycrystalline materials, pseudo-
halide species have attracted much interest in this field, especially
the thiocyanate (SCN) anion. Extensive reviews have reported
about improvements in the field of polycrystalline materials, e.g.
increased stability and improved optoelectronic properties by in-
creasing grain size and passivating grain boundaries.[?*?’] To the
best of our knowledge there have been no reports combining
SCN additives and hybrid perovskite SC materials.

Due to the broad variety of different material shapes and com-
positions and the high interest in hybrid perovskite materials,
a wide range of synthetic approaches has been developed and
established.”®®] Anti-solvent and inverse temperature crystal-
lization (ITC) have become the most important approaches due
to the ease of synthesis with respect to SC materials.['>3% In par-
ticular, the ITC method has attracted a lot of interest attributed
to its fast growth rate and a wide range of adaptations in the
field of SC perovskite synthesis.['®3!] By utilizing a liquid single-
source precursor (SSP) that contains all components of the de-
sired product, and its conversion via ITC into the desired hy-
brid perovskite crystals, it was found that the retrograde solubil-
ity of MAPbBr; in N,N-dimethylformamide (DMF) and MAPDI,
in y-butyrolactone, are suitable systems.3!) Our group invented
a glycol-based SSP system that provides access to tailored hy-
brid perovskite materials through various anti-solvent and in-
verse temperature approaches.[??3¢] This SSP was adapted to
yield SC MAPDBr; microcrystals from an ITC-based, aerosol-
assisted synthetic approach.’’”] In a subsequent study we were
able to further optimize the SSP and aerosol setup resulting in
a ligand-free synthesis of microcrystals with defined and facet-
selective surfaces,!®] which were used to create a model sys-
tem for studies of shape-property relationships of MAPbBr; per-
ovskites. Furthermore, in our recent work, we have extended
this model system to understand how kinetic aspects can in-
fluence the stability of these materials.*! It was shown, that
a small change in the crystallographic system, either by the
change of the crystal direction or by using only a small amount
of substituent, can improve the stability of the rather unsta-
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ble material, without significantly affecting the optoelectronic
properties.

In this work, we extend our SSP system to obtain a SCN
passivation of MAPbBr; SC microcrystals by a simple one-step
ITC approach. To gain insight into the crystallization kinetics
being influenced by the additives, time-dependent UV-vis mea-
surements were performed. The microcrystals obtained from the
aerosol-assisted approach are perfect candidates to characterize
the final product, without any structural changes, such as grain
size for polycrystalline materials, which mechanically influence
the properties.[**l In addition, they were found to be amplifiers
with respect to these investigations due to their increased surface
area compared to macroscopic SCs.[*! Furthermore, the micro-
crystals are free from size dependent effects, as they are present
in nanoparticle systems.[**2] In order to identify the influence
on the properties of the SC microcrystals, the surface depen-
dent properties have been investigated, e.g. by determining the
SPV value for individual crystal facets of a single microcrystal.
Finally, the pseudohalide passivated microcrystals were used to
create a binary material, by combining them with plasmonic gold
NPs immobilized by a second aerosol process. In this field, the-
oretical investigations have been reported on a similar binary
material, Au nanoparticles incorporated into MAPDI, perovskite
films, to potentially enhance the absorption by plasmonic near-
field and scattering effects.[**] To date, synthetic approaches for
the investigation and development of these binary materials are
scarcely reported for hybrid perovskite materials.[***5] The pre-
sented aerosol process offers a straightforward approach to com-
bine both materials without the use of solvents causing degra-
dation of the hybrid perovskite material,[*®! thereby making the
binary model readily accessible for further investigations.

2. Results and Discussion

2.1. The role of Anionic Additives in the Crystallization
of MAPbBr; Microcrystals

In this work we aim to demonstrate the compositional flex-
ibility of the liquid SSP system and take advantage of the
aerosol-assisted synthesis to obtain SCN-passivated SC MAPbBr,
microcrystals from a simple one-step ITC approach. Since
mixed halides are well known in the case of hybrid perovskite
materials,[*”] they are the perfect candidates to demonstrate
the flexibility of the SSP system with respect to anionic addi-
tives and to investigate their influence on the crystallization pro-
cess. Therefore, different ratios of MACI and MAI were added to
the SSP. The successful synthesis of the desired perovskite ma-
terial on the micrometer scale can be seen from the SEM im-
ages (Figure S1, Supporting Information). The presence of the
cubic MAPDBr; perovskite crystal structure and the phase purity
of all samples discussed in this chapter are proven by the corre-
sponding PXRD pattern (Figure S2, Supporting Information).l>"]
This confirms the successful crystallization of perovskite micro-
crystals for all compositions of SSPs. The enlargement of the
PXRD pattern shows a slight shift of the reflexes toward larger
and smaller angles for the microcrystals obtained from MACl and
MALI containing SSPs (Figure S3, Supporting Information). In
the case of MACI the shift toward larger angles and conversely
toward smaller angles for MAI can be explained by the slight
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Figure 1. SEM images of microcrystals obtained from using SSPs with an excess of a) 0.1 eq MAI, b) 0.1 and ¢) 0.3 eq MACI| and d) with 0.1 eq MACI
and the initial amount of MABr reduced to 0.9 eq related to PbBr2; scale bars = 1000 nm.

shrinkage and expansion of the unit cell caused by the substi-
tution of the Br anion by the corresponding smaller and larger
homolog.[*®* Since mixed halides are well known to tune the
bandgap energy of hybrid halide perovskites, the bandgap en-
ergies of the different mixed halide materials were determined
from the Tauc plots (Figure S4, Supporting Information). The
absolute values are presented in Figure S4a (Supporting Infor-
mation) and show the expected blue shift in case of MACI de-
pending on the amount of additive used, or an energetic red shift
for MAI. For comparison, the corresponding UV-vis absorbance
spectra for the mixed halide materials are shown in Figure S5
(Supporting Information). The presence of iodide in the obtained
microcrystals was further confirmed by EDX spectroscopy, which
revealed the specific L, line at 3.95 keV (Figure S6, Supporting
Information). Thus, the successful incorporation of Cl-and I-,
after the substitution of the A cation was already demonstrated
in a previous work,*! further underlines the flexibility of the
SSP and the aerosol process toward anionic additives. Interest-
ingly, the presence of different halide additives not only tunes
the optoelectronic properties and crystal lattice but also affects
the crystallization process, resulting in morphological changes.
Previous reports indicate that adding larger amounts of MABr to
the SSP alters the morphology of the resulting microcrystals.[38]
This phenomenon is attributed to the increased activity of Pb
species with higher MABr ratios, which promotes the formation
of the thermodynamically favored (001) facet. Depending on the
excess MABr amount, rhombododecahedral (RD), edge-cut cubic
(ECC), or cubic (CU) morphologies are obtained. A schematic il-
lustrating the transition from (011)-terminated RD to mixed (011)
and (001)-terminated ECC to (001)-terminated CU is shown in
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Figure S7 (Supporting Information). The morphological changes
induced by mixed halide additives are evident from the SEM
images in Figure 1. Using 0.1 eq MAI as an additive result in
RD-shaped microcrystals (Figure 1a), while the same amount of
MACI (Figure 1b) produces ECC morphology, and further in-
creasing the MACI amount yields CU shapes (Figure 1c). When
the initial MABr amount is reduced to 0.9 eq relative to PbBr2
and 0.1 eq MAClis added to achieve an equimolar MAX:PbBr, ra-
tio RD microcrystals were obtained again (Figure 1d). This trend
is further confirmed when the pseudo-halide species MASCN
was used as additive. The SEM images of the microcrystals ob-
tained from the series of MASCN-containing SSPs are presented
in Figure 2. Since SCN~ is not expected to be incorporated into
the crystal lattice, the characterization of the resulting materials
is discussed in detail in the following section. For comparison,
RD microcrystals obtained from an equimolar ratio SPP with re-
spect to MABr:PbBr, are shown in Figure 2a. As the MASCN
to PbBr, ratio increases from 0.1 (Figure 2b), to 0.8 (Figure 2c¢)
and to 1.2 eq (Figure 2d) the morphologies transition from RD,
over ECC to CU, respectively. As the transition of morphologies
is fluid with mixed facet termination, the size and the ratio of dif-
ferent facets, i.e., the crystal habit, can vary slightly due to min-
imal changes in the activity of the lead species within the SSP
(Figure S7, Supporting Information).®®! Since larger amounts
of MASCN are required to alter the morphology, an intermedi-
ate morphology was investigated. The 0.4 eq SSP resulted in an
intermediate state between RD and ECC shaped microcrystals
(Figure S8a, Supporting Information). As a result, a clear differ-
entiation between the morphologies is difficult in this case since
the intermediate shaped microcrystals appear to be whether RD
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Figure 2. SEM images of a) MAPbBr; reference material; and synthesized with b) 0.1 eq, c) 0.8 eq, and d) 1.2 eq. MASCN additive; scalebars = 1 um.

or ECC due to their different orientations. These different ori-
entations on the substrate become possible according to the in-
creasing presence of the (001) facet, i.e., the possibility to attach
to the surface of the substrate by this new grown facet, which
was not present for the initial RD morphology. To quantify the
morphological behavior, the RD-like and ECC-like microcrystals
related to their orientation were counted (Figure S8b, Support-
ing Information), resulting in an equal ratio of shapes. In addi-
tion, the morphology as a function of the amount and type of an-
ionic additive was visualized in Figure 3a. Considering the results
mentioned above regarding the SSP MABr ratio and the findings

(a)

CU A

ECC 4 ] A

morphology

RD 4

02 00 02 04 06 08 10 12
excess additive / [eq]

presented here, it is concluded that both the quantity and the an-
ionic species of the additive influence the morphology of the ob-
tained microcrystals. This phenomenon can be explained by the
variation in bonding energy between Pb and the (pseudo-)halide
additive, which affects the activity of the lead species within the
SSP.[5152]

To further support these findings kinetic measurements of
the ITC of the SSPs were performed, as a correlation between
kinetics and thermodynamics has been previously found.3®!
Therefore, the crystallization process was investigated by
time-dependent UV-vis measurements at a slightly elevated
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Figure 3. a) morphology dependency on the used amounts of the corresponding additives MACI (green circles), MABr (blue squares), MAI (orange
triangle), and MASCN (magenta triangle); b) Crystallization times determined from UV-vis kinetic measurements, versus the amount of additive (same
coloration as for a);values for 0.0 and 0.8 eq included from ref. [38] for clarification). For —0.1 eq MACI, the MABr amount was lowered to 0.9 eq regarding

PbBr2, and 0.1 eq MAC| was added.
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Figure 4. a) XRD pattern, b) UV-vis absorbance spectra and c) norm. IR spectra and d) zoom-in IR spectra of MAPbBr; reference (blue) and MAPbBr;-
SCN material (magenta); XRD reference pattern MAPbBr3 (black, No. 252 415.cif).

temperature of 75 °C to visualize the SSP to perovskite ITC.
These measurements allow a direct statement on the kinetic
influences of the additives on the crystallization of the perovskite
microcrystals from the SSP. The determined crystallization times
are shown in Figure 3b as a function of the additive equivalent
used. It can be seen that increasing the amount of (pseudo-
)halide added to the SSP generally results in an accelerated
crystallization for all species investigated. The corresponding
time-dependent measurements are shown in Figures S9-S18
(Supporting Information). The kinetic measurements clearly
show that the crystallization time depends not only on the
amount of halide used, but also on the anionic species present in
the SSP. With 0.3 eq MACI, the crystallization time is less than
halved compared to the more than doubled amount of 0.8 eq
MABt. Furthermore, the addition of 0.1 eq MAI has almost no
effect on the crystallization time, but the same amount of MACI
causes a significant acceleration, reducing the crystallization
time to about one-third compared to the additive-free reference.
When the initial amount of MABr is reduced to 0.9 eq and
0.1 eq MACI is used to obtain a total MAX:PbBr, ratio of 1:1,
the crystallization time is reduced. Similar results were reported
by Yang et al. for the formation of MAPbI, films, when HI and
HCI were added during the crystallization process to accelerate
the film formation.3! For the MASCN series, the crystallization
process is also accelerated but larger amounts of additive are re-
quired, as expected from thermodynamic influences mentioned
above.

Since the average particle sizes for the microcrystals ob-
tained from the different SSPs are all in the same size range,
they are perfect candidates to identify how SCN~ chemically
affects the material properties and where it is located in the
obtained microcrystals, without considering structural changes
or size dependent effects, as known for polycrystalline films
or nanoparticles.[**#254] The size ranges from several hundred
nanometers up to a few micrometers, as can be seen from
the survey SEM images (Figure S19, Supporting Information).
The average particle size was found to be between 1.3 + 0.4
and 1.6 + 0.6 um. These results are in agreement with previ-
ous reports, which have furthermore shown that there are no
size-dependent changes in the optoelectronic properties.[*¥] An
overview of the exact values is given in Figure S20 (Supporting
Information). In the following section, the discussion will focus
on the RD microcrystals obtained from the precursor contain-
ing 0.1 eq MASCN, to exclude any morphological or structural
changes affecting the perovskite material properties.[*l

2.2. MAPbBr;-SCN Perovskites Properties

The comparison of the XRD patterns of the 0.1 e MASCN addi-
tive and the pure MAPbBr, reference system, hereafter referred
to as MAPbBr;-SCN and reference, is shown in Figure 4a. As
mentioned above, both materials show the same reflexes, con-
firming the phase purity and the presence of the cubic MAPbBr,
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Figure 5. SEM images of MAPbBr; reference as prepared and b) stored under 53.1% rel. humidity for 72 h; ¢) MAPbBr3-SCN microcrystals as prepared

and d) stored under 53.1% rel. humidity for 72 h; scalebars = 1 um.

perovskite structure.l®®! No shift of reflexes, as discussed above
in the case of mixed halides, can be seen from the obtained pat-
tern, suggesting that the larger SCN™ is not incorporated into
the crystalline material in significant amounts during the aerosol
process. This is consistent with a previous report by Cai et al. us-
ing SCN~ as additional ligand in the preparation of MAPDbBr,
NPs.5%] Additionally, the SC character of the obtained MAPDbBr;-
SCN microcrystals was demonstrated by 3D ED measurements.
The reconstructed crystallographic sections and modeled struc-
tures are shown in Figure S21 (Supporting Information). This
proves that the SC character is still present and not affected by
the presence of MASCN during the crystallization or within the
surface of the finally obtained MAPbBr;-SCN microcrystals. The
UV-vis absorbance spectra, shown in Figure 4b, and thus the
bandgap energy of MAPbBr;-SCN, determined from the Tauc
plot (Figure S22, Supporting Information), show no changes,
compared to the reference (Figure S4, Supporting Information),
yielding a bandgap energy of 2.27 eV. The IR spectra (Figure 4c)
show the major shifts of prominent peaks of MAPbBr;. The
peaks at 970, 1480, 1590, and 3160 cm™! can be assigned to C-
N stretching, sym-NH;* bending, asym-NH,* bending and sym-
NH,* stretching, respectively.>®! From the zoomed-in IR spec-
tra (Figure 4d) an additional absorbance band can be found at
2080 cm™! for the MAPDLBr;-SCN microcrystals. The additional
band is related to the C-N stretching vibration of the SCN.[4057]
For comparison, the IR spectrum of pure MASCN is shown in
Figure S23a (Supporting Information) and reveals a slightly red-
shifted stretching vibration at 2040 cm™'. This energetic shift
supports a change in the bonding situation of SCN~ due to the
coordination on the perovskite surface and thus the presence of
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a passivation layer.[®! The higher energy for the stretching band

can therefore be seen as indication for the coordination via the
nitrogen atom and a triple bond between carbon and nitrogen
(Figure S23b, Supporting Information). The results are consis-
tent with an extensive theoretical study by Wang et al. which
suggests the single coordination through the N atom to be pre-
ferred for hybrid perovskite materials.®! Furthermore, since the
IR spectra are measured in reflection mode and the penetration
depth of the irradiation is known to be rather low, the SCN anions
must be present on the surface of the obtained microcrystals and
not affect the crystal system itself as previously demonstrated by
the XRD pattern. Since it has already been confirmed that SCN~
can substitute the coordinating ligands in the dynamic system
of perovskite nanoparticle dispersions,>*! it seems that a passi-
vation layer is formed for the solid, rigid microcrystal system. If
this is the case for MAPbBr,;-SCN, the surface related properties
of the microcrystals have to change.

In order to clarify this assumption, further investigations re-
garding surface dependent properties were performed. The mi-
crocrystals were found to amplify the effects of physical and
chemical triggers by morphological degradation before being
detectable by composition dependent methods, e.g. PXRD.*!
Therefore, stability tests were performed by storing the micro-
crystals of MAPDBr;-SCN and the reference MAPbBr, under the
same conditions, applying a defined atmosphere with 53% rel-
ative humidity. When the samples are stored under these con-
ditions, the MAPDbBr;-SCN microcrystals show higher morpho-
logical stability compared to the reference (Figure 5). As can be
seen from the SEM images, the reference material shows quite
strong rounding of the corners and edges (Figure 5b), while
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Figure 6. a) PL lifetime measurements of MAPbBr; (blue) and MAPbBr;-SCN hybrid perovskite (magenta); and b) SPV values determined from KPFM
measurements of samples prepared with and without MABr and MASCN additive.

the MAPbBr;-SCN microcrystals (Figure 5d) remain almost un-
touched. Furthermore, the particle size does not change signifi-
cantly after treating the microcrystals with humid air (Figure S20,
Supporting Information). The microcrystal system allows the
increasing stability to be directly related to the presence of
thiocyanate in the perovskite material. In the case of polycrys-
talline materials structural reasons, such as increasing grain size,
have been reported to cause the increased stability with SCN
additives.l**>*l Since the size for the microcrystals reported is
unchanged, the increased stability is directly related to the for-
mation of a SCN surface layer, which chemically stabilizes the
perovskite microcrystal by the associated encapsulation. To the
best of our knowledge a chemical stabilization has only been re-
ported for 2D MA,Pb(SCN), I, layered structures, where the SCN
is incorporated into and causes the 2D perovskite network.(®"]
With respect to 2D perovskite structures, the molecular species
causing the reduced dimensionality automatically serves as pas-
sivator, stabilizing the enhanced surface. Therefore, the herein-
reported results suggest the presence of SCN™ in the surface of
the microcrystals, forming a passivation layer and preventing the
microcrystals from hydration. Since a passivation layer will not
only affect the stability of the hybrid perovskite microcrystals,
but also affects the optoelectronic properties,!'] further investi-
gations were carried out.

To further prove the presence of SCN in the surface of the
microcrystals, the contact potential difference (CPD) was deter-
mined for both materials. Since the CPD is directly dependent
on the surface of the sample, a passivation layer that chemically
alters the surface, should result in an energetic shift. Similar
changes have been demonstrated for various metal oxides and
sulfides.l’"®2] The CPD maps, shown in Figure S24 (Support-
ing Information) show a shift to a higher value of 0.17 + 0.01 V
for MAPbBr;-SCN microcrystals compared to 0.06 + 0.01 V for
the MAPDBEr, reference, relative to the FTO support. The relative
change of the CPD can be directly related to the chemical change
of the surface, i.e. to the presence of a passivation layer formed
by SCN™. As can be seen from the optoelectronic measurements,
shown in Figure 6, there are significant changes in the optical
properties of the obtained materials, whether MASCN was used
or not. The determination of the charge carrier lifetimes by PL
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measurements, shown in Figure 6a, confirms a longer lifetime
in the case of the MAPDbBr;-SCN material, compared to the ref-
erence. The absolute values for the lifetimes were obtained by a
mono-exponential fit of the decay curves (Figure S25, Supporting
Information). The charge carrier lifetime for the MAPbBr;-SCN
microcrystals is almost doubled to 1.12(2) ns compared to the ref-
erence, which was determined to be 0.60(5) ns. The extended life-
time is indicative for a lower number of surface defects present,
which are known to act as recombination sites for charge carriers
in hybrid perovskite materials, causing non-radiative recombina-
tion and thus reducing carrier lifetimes.[®}] To further character-
ize the electronic properties of the microcrystals, the SPV was
determined from KPFM measurements performed under irradi-
ation. These measurements allow to directly study how a single
microcrystal or even a single facet is affected by the SCN pas-
sivation. The SPV values presented in Figure 6b show a slight
decrease for the obtained microcrystals when 0.1 eq MASCN is
present during the crystallization, while the addition of the same
excess MABTr results in a strong increase. As already mentioned,
the SPV can be related to the band bending, and thus correlated
with the defect density of the material, especially with respect to
its surface.[222!] Therefore, the presented results emphasize that
the number of surface defects present in the final material is re-
duced by the presence of SCN™, passivating the surface of the mi-
crocrystals, i.e., reducing defective states by their coordination.!*!
When additionally examining the (001) facet, present in the ECC
morphology, it is found that the SPV is further significantly re-
duced. Since the (001) has already been demonstrated to provide
alower amount of surface defects compared to the (011) facetina
previous work,®®) this confirms the aforementioned trend in the
correlation between the number of surface defects and the SPV
value.

Both results, PL lifetime and SPV values, suggest that the pres-
ence of MASCN during the crystallization leads to a less defec-
tive crystalline material, as structural and size-dependent effects
can be ruled out. Furthermore, the microcrystals obtained show
superior stability against humidity. This can be explained by the
passivation of the surface by SCN, which leads to a reduced num-
ber of surface defects. Thus, the addition of MASCN to the lig-
uid SSP not only leads to surface passivation, but also seems to
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improve the crystal quality of the obtained microcrystals. There-
fore, the MASCN additive addresses two important issues regard-
ing hybrid perovskite applications: improved stability and en-
hanced optoelectronic properties. However, the results presented
herein lead to the conclusion that the addition of MASCN can
also provide an improvement for macroscopic MAPbBr; SCs be-
ing crystallized by a one-step ITC approach. Since the aerosol-
assisted conversion follows the ITC approach, the results re-
ported can be transferred to the commonly used ITC procedures
to obtain larger-scale hybrid perovskite materials for further op-
timization. This is a promising finding with respect to the use
of MAPDBr; perovskites as wide bandgap semiconductors, e.g.
as absorbers in large bandgap solar cells, irradiance sensors, or
LEDs.®1% Finally, the enhanced stability and the presence of a
SCN passivation layer offers the possibility to further extend the
model system by additional modification of the microcrystal sur-
face. In the following section, we present the synthesis of this
model system, by combining MAPbBr;-SCN microcrystals and
plasmonic Au NPs.

2.3. Au NPs Binary System

The post-synthetic combination of hybrid perovskite materials
and Au nanostructures requires a mixing step of both materials.
To demonstrate the importance of Au being present in a nanos-
tructured form, PL measurements of the pure MAPbBr;-SCN
and Au sputtered materials are shown in Figure S26 (Support-
ing Information). The qualitative PL spectra of the MAPDbBT;-
SCN microcrystals, show an intense emission signal at 540 nm,
which is in agreement with previous reports for MAPDbBr,
microcrystals.[?”38] As can be seen from the spectra, the emission
of the materials is almost and completely quenched when Au is
sputtered on the perovskite surface, resulting in an almost com-
plete or complete coating of the microcrystals, which can be seen
from the corresponding SEM images (Figure S27, Supporting In-
formation). To clarify that the strongly reduced emission is re-
lated to a quenching process and not to a lack of excitation due to a
shielding by the Au layer, the Tauc plots, determined from UV-vis
absorbance spectra, for Au sputtered MAPbBr;-SCN materials
are shown in Figure S28 (Supporting Information). It can be seen
that the semiconductor is still optically active and accessible to ex-
citation, and the bandgap energy is determined to be 2.27 eV and
therefore not affected by the coating. However, the presence of
an Au film is not suitable for improving the optoelectronic prop-
erties. Using a wet chemical approach makes larger amounts of
solvent, which causes problems with solvation and recrystalliza-
tion processes of the hybrid perovskite crystals.[**! An aerosol pro-
cess offers an approach to combine the MAPbBr;-SCN micro-
crystals with Au nanostructures using only small amounts of sol-
vent, dispersing only one of the components. Furthermore, the
amount of solvent reaching the perovskite microcrystals is fur-
ther reduced by partial evaporation and condensation by applying
a heating step. The substrates containing MAPbBr,-SCN micro-
crystals were placed behind the tube furnace and an aerosol gen-
erated from the Au nanoparticle dispersion was carried through
the setup by a nitrogen flow. The exact procedure is described in
the experimental section. This process results in the immobiliza-
tion of Au NPs on hybrid perovskite microcrystals, as shown in
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the SEM image of Figure S29a (Supporting Information). The
EDX spectrum obtained from the binary system is shown in
Figure 7a and reveals the presence of Au. The corresponding
SEM image of the area examined by EDX, visualizing the pres-
ence of the nanostructures on the perovskite surface, is shown in
Figure 7b. This demonstrates the presence of Au nanostructures
and the successful combination of the two materials. Overall the
perovskite MAPbBr;-SCN microcrystals show sharp edges and a
defined morphology with flat and smooth surfaces, as shown in
the survey SEM image (Figure S29b, Supporting Information),
which is important since the surface is known to be crucial for
the semiconductor properties.['®] Comparing the SEM images
(Figure S29b,c, Supporting Information) of the MAPbBr;-SCN
and MAPbBr; microcrystals processed with the Au NPs aerosol,
it can be seen that the increased stability against humidity, men-
tioned in the previous section, plays a crucial role for the immo-
bilization step. While the MAPbBr, reference material shows a
significant roughening of the surface of the microcrystals, the
MAPDBr;-SCN ones remain almost untouched and still offer a
flat surface. Therefore, the focus for the binary system was placed
on the MAPDBr;-SCN microcrystals in the following discussion.

The MAPDBr,;-SCN binary material was further characterized
by analyzing its crystal system, which still shows the pure per-
ovskite phase, as can be seen from the XRD pattern (Figure S30,
Supporting Information). No phases from degradational prod-
ucts, such as lead halides or mixed oxides and hydroxides can
be found.["3] The absence of Au-related reflexes can be explained
by the comparatively small amount and size of Au NPs com-
pared to the microcrystals, resulting in broad reflexes with low
intensities. Since spherical Au NPs provide plasmon resonance
at wavelengths similar to the bandgap energy of MAPbBr, they
are difficult to be distinguished. Anisotropic nanorods (NRs) of-
fer optical activity of two different wavelengths by longitudinal
and transverse plasmons.[® To obtain NRs in the binary system,
the temperature of the immobilization step was modified, to pre-
vent the nanorods from melting and thus resulting in spherical
particles.[%] To achieve this goal, the temperature was lowered,
resulting in the successful deposition of NRs as shown in the
SEM image (Figure 7c). This shows that the aerosol approach of-
fers the possibility to transfer even more sensitive anisotropic Au
nanostructures without causing a loss of anisotropy, which pre-
vents their unique optical properties.

In order to gain first insights into the optoelectronic behav-
ior of the novel binary model system, PL spectra and lifetimes
were determined and plotted in Figure 8. As mentioned in the
previous section, the MAPbBr,;-SCN microcrystals are superior
compared to their MAPDBr, references. The qualitative spectra
shown in Figure 8a confirm this trend. After conversion to the
binary Au functionalized system, the effect becomes even more
pronounced when containing spherical Au NPs or anisotropic
NRs. The values are shown in Figure 8b, for comparison of the
binary materials and the pure perovskite reference. Charge car-
rier lifetimes of 1.15(5) and 1.35(0) ns are determined for the bi-
nary system containing Au NPs or NRs, respectively (Figure S31,
Supporting Information). Compared to the lifetimes in the pre-
vious section only a small improvement of 3% is found for the
use of Au NPs with respect to the pure MAPbBr;-SCN, but a
rather strong improvement of 20% is found for the NRs. The
PLQY values of the materials were also determined and exhibit
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Figure 7. a) EDX spectrum of Au NP binary system revealing the presence of Au; b) SEM image of Au NPs (purple square) and c) Au NRs (purple circle)

on the surface of MAPbBr;-SCN microcrystals; scalebars = 250 nm.

the same trend (Figure S31a, Supporting Information). A pos-
sible explanation for the enhanced lifetime and emission is the
increased outcoupling due to the randomly distributed Au NRs
on the perovskite surface, acting as waveguides for the emitted
light. This effect has been previously reported, for other semi-
conductor materials functionalized with Ag nanoparticles, which
provide a strong scattering effect and thus increase the number
of surface states.l! To determine and understand the underly-
ing physical mechanisms of the reported enhancement, ultra-
fast spectroscopic investigations will be required. In particular,
the binary system of NRs, due to their anisotropy, offers great
potential to gain insight through a possible excitation or emis-
sion of larger wavelengths, not affecting the excitation of the per-
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ovskite itself, probing whether there is an energetic exchange, or
not.[%!

3. Conclusion

In this work a one-step aerosol-assisted ITC approach for SCN-
passivated SC MAPbBr, microcrystals is presented. The crystal-
lization kinetics, i.e., how the crystallization process and thus
the morphology is affected by different (pseudo-)halide additives,
was visualized by time-dependent UV-vis measurements. These
investigations show that an increasing amount accelerates the
crystallization as it has already been demonstrated for increas-
ing MABr ratios.*] Furthermore, the results show that not only
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Figure 8. a) PL spectra of MAPbBr; (blue), MAPbBr;-MASCN (magenta) and MAPbBr;-SCN binary system with spherical Au NPs (purple, dotted) and
nanorods (purple, dashed) and corresponding UV-vis absorbance spectra (lighter purple); and b) PL lifetimes determined via mono-exponential fit from

PL decay spectra for MAPbBr; reference, MAPbBr;-SCN and binary systems.
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the amount but also the anionic species itself has an effect on
the activity of the lead species and thus on the preferred forma-
tion of different crystal facets, i.e., the morphology of the crystals
formed. The addition of MASCN does not suppress the SC for-
mation, but results in a passivation layer that increases the stabil-
ity of the SC MAPbBr; microcrystals against humidity. This in-
crease in stability is directly attributed to the chemical modifica-
tion of the surface and does not depend on any size-dependent or
structural changes, as has been reported for polycrystalline ma-
terials and nanoparticles of different compositions.[*>>#] In ad-
dition, the optoelectronic properties of the final MAPbBr;-SCN
microcrystals are superior compared to the MAPbBr; reference,
showing longer charge carrier lifetimes and reduced SPV. This
improvement is explained by the surface passivation resulting
in the reduction of surface defect states. Therefore, by transfer-
ring the synthetic approach reported to the preparation of macro-
scopic SCs, their properties and stability is expected to be fur-
ther improved without the need for multiple synthetic steps.[?]
Finally, due to their enhanced stability the SCN-passivated micro-
crystals could be used to be combined with plasmonic Au nanos-
tructures via an aerosol-assisted approach. First results regarding
the optical properties show an enhancement of the charge carrier
lifetimes and the PL emission. A possible explanation is that the
Au nanostructures act as waveguides for the emitted radiation.
To further determine whether additional charge carrier or energy
transfer effects play a role, further investigations using ultrafast
spectroscopic methods will be required. To clarify these consider-
ations, the binary model system offers great potential for further
investigations of these fundamental processes, and the presented
aerosol approach offers a simple approach for their preparation.

4. Experimental Section

Chemicals:  Extra dry N.N-dimethylformamide (99.8%) was purchased
from Fisher Scientific and used as received. PbBr,, methylammonium
chloride (MACI), triethyleneglycol (TEG), HBr, and methylammonium so-
lutions were purchased from Merck and used without further purifica-
tion. MASCN was purchased from greatcellsolar materials and used as
received. MABr was prepared according to an established synthesis.[>] Au
NPs and nanorods dispersion were purchased from Merck and used as re-
ceived. Two different dispersion were used for this work, a 10 nm spherical
Au NP containing, phosphate-buffered saline (PBS) stabilized dispersion
and a 10 nm diameter nanorods dispersion stabilized with Cetyltrimethy-
lammoniumbromide (CTAB).

SSP Synthesis and Aerosol Process: ~ All syntheses were carried out un-
der inert gas atmosphere. All solid chemicals were dried under vacuum at
65 °C for at least 24 h before used. The precursor synthesis as reported
earlier was adapted for this work. In a typical precursor synthesis, a 0.3 m
solution of PbBr, in TEG was prepared. The solution was degassed at
65 °C under vacuum and stirring for 20 h and cooled to room temper-
ature. To receive the liquid SSP, a second 0.3 m PbBr, and 0.6 m MABr
solution in DMF was prepared. Finally, the two solutions were combined
by a 1:1 (v:v) ratio. To obtain SSPs with an excess of different MA salts
(MAI, MABr, MACI, and MASCN), the corresponding amount has been
added to the DMF solution. The aerosol process and setup for the per-
ovskite micro-crystal synthesis was the same as reported in our previous
works.383%1 A reservoir vessel was equipped with the aerosol generator
(model 3076, TSI Inc.) to create the aerosol from the liquid SSP. This
aerosol was transferred through a tubular oven (diameter 2.6 cm, length
50 cm) heated to 150 °C using a nitrogen flow of 2 | min~'. The microcrys-
tals were collected on different substrates (Si wafer, glass, or FTO-slides)
without further treatment. Prior to particle collection the substrates were

www.particle-journal.com

oxygen plasma cleaned (Femto plasma cleaner, Diener electronic GmbH).
In a typical aerosol conversion 5 ml of the corresponding SSP were used,
resulting in a reaction time of 90 min.

For the preparation of the binary gold-perovskite system, the original
aerosol setup was modified, by using a shorter tubular oven with a length
of 25 cm instead of 50 cm. For creation of the aerosol, the aerosol gener-
ator mentioned above was used. To combine Au nanoparticles and hybrid
perovskite crystals, the substrates with hybrid perovskite micro-crystals
were placed behind the oven and the Au nanoparticles were immobilized
on the surface. The synthesis of the binary system was carried out with
materials on appropriate substrates for the different analytical methods
applied, as reported earlier.[333°]

Stability Tests: A relative humidity of 53% has been achieved by using
the delisquescene of Ca(NO;),*4H,0 at room temperature. Therefore,
a supersaturated solution of the salt was placed in a closed glass bottle,
to create the defined atmosphere. To prevent the materials from degra-
dation caused by other triggers, the glass bottles were stored under strict
exclusion of other influence, e.g. the exclusion of light. To investigate the
influence of irradiation, a LED (630 nm) setup with an overall power of
100 W was used (7 V, 5.6 A). The wavelength of 630 nm was used, to make
sure, the irradiation could not cause any excitation over bandgap energy
of the material. Additionally, for the irradiation experiments, the samples
were kept under inert gas atmosphere, and a slightly reduced pressure of
850 mbar was applied.

Analytical Methods: Scanning electron microscopy (SEM) images
were performed using a Regulus 8230 from Hitachi. Energy dispersive
X-ray (EDX) maps and spectra were measured with an EDX Oxford Ul-
tim Max 100mm? windowless EDX detector. Transmission electron mi-
croscopy (TEM) images and electron diffraction (ED) pattern were ob-
tained from a Hitachi HT7800 (120 kV) microscope. The carbon-coated
copper grid was gently wiped over the sample deposited by the aerosol
method. Mild illumination settings (condenser aperture of 50 um and spot
number 1in F-Zoom mode) were used in order to produce a semi paral-
lel beam of 1 um in diameter (0.115 e~ A2 s~1). The 3D ED data were
collected in continuous rotation mode with nano beam electron diffrac-
tion settings and crystal tracking.[®’] Electron diffraction patterns were
recorded (1 second per frame) with a CMOS camera (14 bit 5120 x 3840
pixels emsis Xarosa) at hardware-binning of 2 and acquired using the au-
thors’ own developed python program eHermelinl®®] using SerialEM[6°]
as communication interface for the TEM. The crystals were continuously
tilted in a maximum range of 100° with an angular speed of 1.009° s~'.
A total of 3 data sets from 3 crystals were recorded. PETS2.0 were used
for 3D electron diffraction data processing. The structure was solved with
Superflipl”°l and refined with JANA.71]

Powder diffraction was performed on a STOE transmission powder
diffraction system (STADI P) in Debye-Scherrer geometry equipped with
a Ge(111) monochromator (Cu-Ka; radiation, 2 = 154.056 pm) and a
MYTHEN 1K Stripdetector from DECTRIS. The measurement covered the
range from 10° to 61° in 26 with a step width of 0.015°. The software WinX-
Pow, Version 2011 from Stoe & Cie was used for data acquisition. The
samples were prepared, transferring the microcrystals from the Si-Wafers
to the sample holders, using a small piece of Tesa strip. The measure-
ments were carried out under standard conditions. A measurement of the
pure Tesa strip was performed and used as reference to subtract from the
sample measurements.

Samples were Au sputtered using a 108 Auto Sputter Coater from Cress-
ington. For UV-vis spectra a Cary4000 from Agilent, equipped with a dif-
fuse reflectance accessory was used. The temperature dependent UV-vis
kinetic studies were performed using the same spectrometer but equipped
with a Praying Mantis diffuse reflectance accessory from Agilent Technolo-
gies. To control the temperature of the sample, a heater with a WATLOW
series 999 control unit from Harrick Scientific Products was used. FT-IR
spectra were measured in reflectance using a Bruker IFS88 IR Microscope
11, cooled with liquid nitrogen. Qualitative PL spectra were obtained from
a UV-vis NIR spectrometer FLS 1000 from Edinburgh, using an excitation
wavelength of 400 nm. PL-QY and lifetimes were determined using a Fluo-
Time 300 from PicoQuant, equipped with a diffuse reflectance accessory,
with an excitation wavelength of 405 nm. To obtain correct and reliable
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results for, 4 measurements of each sample at different points of the sub-
strates were performed, following previous reports to eliminate statisti-
cal inconsistency of the samples for PL-QY.I7273] Furthermore, an empty
measurement was used as a reference for every single sample, where the
substrate was rotated out of the beam, to eliminate the absorbance of dif-
fuse scattered light by the substrate itself for each different sample. Due
to laser inconsistency, only the first and last measurement of each sample
were not considered. Kelvin Probe Force Microscopy (KPFM) measure-
ments were conducted on an Oxford Instruments/Asylum Research MFP-
3D Infinity AFM within a nitrogen glovebox (humidity level below 0.3%,
oxygen level below 0.1%) for all experiments. The conductive cantilevers
with Pt/Ir coating (Bruker Model: SCM-PIT-V2) had a typical resonance fre-
quency of ~#75 kHz, a spring constant of 2 N m~1, a tip radius of 25 nm,
and a tip height ranging from 10 to 15 um. Topography feedback was per-
formed using amplitude modulation (AM) on the first eigenmode, and the
oscillation amplitude was maintained at #20-30 nm for all measurements.
Heterodyne KPFM experiments utilized a Zurich Instruments HF2 Lock-In
Amplifier for KPFM feedback.[7473] The electric drive amplitude of the wg
signal varied between 2 and 5 V based on the signal obtained from the
sample. The sample was grounded through the sample holder with an ex-
ternal wire connected to the ground level of the Zurich Lock-In Amplifier.
The compensating Vp was applied to the tip to minimize electrostatic
tip-sample interactions. For surface photovoltage (SPV) measurements,
the sample was illuminated from below by a pulsed laser (Cobolt 06-01
Series) at 488 nm. Laser power was controlled by custom-written code
within the MFP3D’s control software by the AFM controller (Asylum Re-
search ARC2), which provided analog voltage to activate the illumination.
Surface photovoltage values were obtained by extracting the dark surface
potential from the light surface potential.
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