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“The shift to a cleaner energy economy won’t happen overnight, and it will require tough
choices along the way. But the debate is settled. Climate change is a fact.
And when our children’s children look us in the eye and ask if we did all we could to leave
them a safer, more stable world, with new sources of energy, I want us to be able to say
yes, we did.”*
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General Introduction

The world population is increasing at an exponential rate, which has never been recorded
in our world's history before. It is estimated that the 10 billion mark will be crossed already
around 2060.1 Adhering to the needs of 10 billion people on the planet requires a significant
amount of resources such as food for survival, space for living and energy which form the
core requirements of every individual. Although, food and living are central to addressing
the needs of such a large population the aim of this thesis is to identify the research that
focuses on the advancement of energy. The supply of energy is essential to fight poverty,
access to education, a state of the art health care system, developing trading markets,
business, and industry.2
There are significant discrepancies on the availability of energy across the world: On the
one hand, in most first world countries the power supply is seen already as an integral part
of everyday life. On the other hand, ¼ of the current world population still do not have
access to electricity. The latter is evident from most third countries more specifically the
continents of Africa and South America. If we look closely at overall energy consumption,
80 % thereof is still generated from fossil fuels, with the transport sector taking a share of
58 %.3 As the use of fossil fuels severely affects the climate of the planet as a result of global
warming due to the generation of greenhouse gases a rethinking in the supply of energy is
required! Although the turn-away of the Carbon-century has already started with the
“Kyoto Protocol” in 1997 and later the “Paris Agreement” in 2015, the accompanied
tolerances for the emission of greenhouse gases and investments in sustainable energy
resources have not been consequently fulfilled. The intention of the agreements is to
drastically reduce the world wide CO2 releases by utilizing renewable, affordable and safe
technologies. To drive the goal forward, the REN21 (renewable energy policy network for
the 21st century) was initiated in 2005.4 The REN21 consists of a pool of experts from various
backgrounds such as universities, industry, and politics with a shared vision to realize
concepts and technologies that would be used to supply energy only based on renewables
in current and up to the coming future. Their annual report is the most frequently referenced information source on the global energy market from industry and policy landscape
worldwide.4 The most important conclusion is that technologies exist which would be
capable of producing the world energy need from 100 % renewable resources as stated in
their “Renewables Global Futures Report: Great debates towards 100 % renewable energy”
from 2017.4
“The big five” of potential future technologies are solar photovoltaic (PV), biomass, wind
power, geothermal power and hydropower as derived from the recent REN21 report.
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In a global point of view, the choice of the technology is significantly influenced by the
regional perspective in the country - one all-round solution does not exist! In particular, PV
is very promising from the current perspective among the frontrunner technologies, as the
prices for commercially available solar modules have decreased significantly.5 The
affordability of PVs lead to the highest rate of the newly added renewable power capacity
of 47 % in 2016 compared to wind power with 34 % and hydropower with 15.5 %.6 The rate
of new installations emphasizes the current potential of the PV which is nicely summarized
by a quote from the recent global status report of the REN21 in 2017:
“Solar PV leads the way in power generating capacity and is considered a costcompetitive source of new generation in many emerging markets across the world.”
(REN21.2017, Renewables 2017 Global Status report)6
In developed continents such as America or Europe, the PV technology is a sustainable and
especially flexible technology to feed the existing grid network with electrical energy from
individual households to commercial power plants (PV farms). Additionally, PV could be a
solution to support the world-electrification by new transport technologies like vehicles,
trains or planes. In isolated rural areas of developing countries in Africa, where a fully
covered grid network currently does not exist, PV could provide an autarkic, sustainable
and cheap energy alternative to combusting fossil fuels. An immense potential lies in using
PV as a renewable source of power to provide billions of people power which currently lack
access is, in particular, a chance for developing countries. Supported by the natural abundance of the world solar radiation, the decisive “ingredients” to generate electrical energy
from PV shows a great potential for these countries (Figure 1).

Figure 1. Direct normal solar irradiation (DNI) map. (GHI Solar Map © 2017 Solargis).7
Derived from the irradiation map America, Africa, parts of Asia and Australia have areas
with more than 5 and up to 9 sun hours per day on a huge terrain. The great capability to
generate energy from the sun is evident in these areas and the progress, especially for
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developing countries, could be significantly improved with affordable (cheap) PV-technologies.
According to the current state of the art, PV is based on silicon, an earth-abundant semiconductor with high stability. Low-cost processing is only possible with amorphous or
polycrystalline silicon, which is currently implemented in commercial modules with efficiencies of up to 10-12 %8 and 15-18 %9, respectively. The increase in efficiency is reducing
the manufacturing cost10 whereas 25.3 % can already be reached in single-crystalline
modules.11 However, the latter manufactory costs of single-crystalline modules against the
electrical power output are still not profitable due to high temperatures of the silicon purification and a complex device assembly. A general drawback of the silicon technology is the
thick layers of 160-240 µm (for polycrystalline modules)9, which is needed to gather the
sun irradiation which comes along with substantial material consumption. Although the
technology and production costs could be drastically reduced in the last approximately
60 years of research and development12, new semiconductors are of future interest to satisfy the global PV market.
Hybrid perovskites like CH3NH3PbI3 could be one of these candidates as this material
combines low processing temperatures with exceptional semiconducting properties, which
allows much thinner absorbing layers below one micrometer in solar cell devices. Thus,
their raw material usage can be reduced significantly. Only in approximately five years of
extensive research on perovskite PV device efficiencies of over 22 % almost outperform the
existing silicon technology. The high efficiencies of small scale prototype solar cells had
risen not only interest in the scientific community, but also made hybrid perovskites attractive to commercialization. A first spin-out company from the University of Oxford called
“Oxford PV”13 envisioned this new perovskite semiconductor in their technology for standalone and multiple junction solar cells. Therefore, they bought a former Bosch Solar facility
in Germany in 2016 to produce the first module series.14 Although over 55001* research
papers have been published in the last five years about hybrid perovskite semiconductors,
their successful use in commercialized technologies like PV and other optoelectronic applications relies on large-scale reproducible film formations. The challenge is mainly
attributed to a complex crystallization mechanism for hybrid perovskites like CH3NH3PbX3
(X=Cl-, Br-, I-) which results in various morphologies known to influence the semiconducting
properties. To shed light on this fascinating semiconductor, this thesis aims:
To understand and control the molecular crystallization pathways of hybrid perovskite
crystals and how it affects the semiconducting properties by changing the morphology
and surface chemistry.

1

*derived from the ISI web of knowledge database, key words “perovskite solar cell”, accessed July 2017
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Structure of the Thesis

The structure of the thesis covers the following topics
Ø Structure-property relationship in hybrid perovskite (HYPE) single-source precursors
(SSPs).
Ø Synthesis strategies on different length scales: Nano- and microstructures of HYPE
with defined morphologies and their implication on semiconducting properties.
Ø Functionalization of HYPEs with tailor-made capping agents: From insulating to conductive nature.
Chapter 4, the “State of the Art,” illustrates the main research topics by providing a more
detailed background information. Furthermore, this chapter highlights the achievements
within the research field and the individual scientific contributions. In Chapter 5
“Challenges and Objectives” all scientific findings are summarized to clarify the “Scientific
Contribution” in Chapter 6. The Chapter 7 lists all references to Chapter 2-6.
Chapter 8.1 contains the first oligo-glycol-based single-source precursor (SSP) for MAPbI3.
The special crystalline structure of the SSP leads to a conversion to porous single-crystalline
MAPbI3. Additionally, selective binding capping agents open up a general synthesis strategy
towards shape anisotropic MAPbI3 crystals. Chapter 8.2 compiles the extension of the SSP
chemistry of MAPbI3 by a systematic study of the influence of different oligo-glycols on the
supramolecular arrangement. This study provides a new synthesis pathway for the controlled crystallization via heat (e.g. microwave radiation) to produce hollow or dense microcrystalline particles with unique morphologies by a liquid SSP approach. According to
their difference in morphology, the crystals show distinct fluorescence features. Based on
the work of selective binding capping agents, Chapter 8.3 entails a synthesis of functionalized MAPbI3 microcrystals with a conductive thiophene-based entity. In particle-based
photodetectors, the crystals show enhanced electrical transport properties, compared to
crystals with an insulating functionality. Further, the functionalization was beneficial regarding the long-term stability. In Chapter 8.4 the versatile liquid precursor chemistry,
based on glycol derivatives, is extended to the bromide system MAPbBr3. The liquid nature
of the SSP unlocks the possibility of an aerosol-synthesis approach towards microcrystalline
MAPbBr3 with rare orientation and abundant facets. The morphology of MAPbBr3 has a
severe impact on the optoelectronic properties.
Chapter 9 “Conclusion and Outlook” and Chapter 10 “Zusammenfassung und Ausblick”
provide a summary of the key results and proposes future challenges in this dynamic research field.

4 State of the Art
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Hybrid perovskites (HYPEs) originate from the diverse class of the inorganic perovskite
structure AMX3 (e.g. CaTiO3) by replacing the A constituent with an organic component.
The organic component not only decreases the stiffness of the material but can stabilize
the inorganic network which results in unique optical and electrical properties of semiconductors. Today, certified efficiencies in solar cells of 22 %15,16 can be reached with HYPEs,
making this material class a serious competitor against the high-performance state of the
art silicon solar cells.
Interestingly, hybrid perovskites are not an invention of the 21st century! First synthesis
and observations about the crystal habit of the most popular HYPE material CH3NH3PbI3
(MAPI) can be traced back to 1882 by Topsöe.17,18 Due to the lack of X-ray characterization
methods, another 100 years needed to pass until the perovskite structure of MAPI was
documented by Weber and Poglitsch.19,20 Although several HYPEs were investigated in the
90s by Mitzi and co-workers21, who recognized the potential in optoelectronic applications
like LEDs or thin film transistors, the field of solar cells was dominated by other material
classes. While optimizing the well-known indirect semiconductor silicon in solar cell
applications, other thin film technologies based on semiconductors like GaAs (III-V) or
CdTe (II-VI) reached high efficiencies due to their suitable direct band gap. Both materials
have proven excellent stabilities, but either expensive processing (GaAs) or toxicity issues
with cadmium prevented their broad commercialization.22 Meanwhile, organic dyemolecules or polymers were explored as light harvesting materials, which showed an
enormous potential of cheap device processing even on flexible substrates but hampered
device stability and moderate power conversion efficiencies.23-25
It was Miyasaka and co-workers in 200926, who first implemented the hybrid perovskites
CH3NH3PbBr3 (MAPBr) and CH3NH3PbI3 (MAPI) as a light absorbing pigments in a dye
sensitized solar cell architecture with efficiencies of 3.8 %. He recognized the enormous
potential of the direct semiconducting properties (Egap(MAPBr)= 2.2 eV, Egap(MAPI)= 1.5 eV)
combined with their pleasant conductivity. As a liquid electrolyte was used in the first devices, they lacked in stability compared to state of the art dye-sensitized solar cells (DSSC)
at that time. The DSSC technology was invented by Grätzel27, which passed already 20 years
of research with efficiencies increasing from 7.8 % to 11%.25,28,29 It took another three years
until in 2012 the interest of the scientific community was reborn when they were used in a
far more stable all-solid solar cell device architectures which doubled the efficiencies to
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9-11 %.30,31 Besides their improved
stability and competing PCEs to complex dyes in DSSC, it was shown that
MAPI possesses unique optoelectronic properties of conducting electrons and holes (ambipolarity), which
made it in principle unnecessary to implement an electron selective contact
(TiO2). The boost in efficiency and excellent

semiconducting

properties

started an unexpected hype about
HYPEs, which can be best described by
a quote of a mini-review published in
Angewandte Chemie 2014 by S. Kazim,

“It is not often, that the scientific community is
blessed with a material, which brings enormous
hopes and receives special attention. When it
does, it expand at a rapid pace and its every dimension creates curiosity. One such material is
perovskite, […] Power conversion efficiencies
have been doubled in less than a year and over
15 % is being now measured in the labs. Every
digit increment in efficiency is being celebrated widely in the scientific community and is
being discussed in industry. […] It will not be unrealistic to speculate that one day perovskitebased solar cells can match the capability and

N. K. Nazeeruddin, M. Grätzel, and
S. Ahmad (see right quote).

32

capacity of existing technologies.”
(Kazim et al., Feb. 2014 )32

It was contributed to the extensive research in organic and inorganic solar cell concepts
that the race about record efficiencies has begun as device processing strategies could be
transferred to HYPE materials by exchanging the light absorbing material. To that time, one
lacked in the understanding how HYPE materials like MAPI can be synthesized under reproducible conditions and how the material properties are affected by intrinsic (e.g. size,
shape, surface chemistry) and extrinsic factors (e.g. humidity, toxicity) for the exploration
in high-end technological applications. In the laboratory today, HYPE materials have proven
their potential of a cheap and solution processable technology not only for optoelectronics
like solar cells33 and tandem solar cells34, LEDs35, photodetectors36, lasers37 or in standalone artificial leaves38. Beyond, HYPEs have been successfully tested as X-ray detectors39,
sensors40, batteries41, memory devices42-44 and are expected to work in spintronics45,46.
This chapter provides an overview of significant findings and breakthroughs in the
research area of hybrid perovskites (HYPEs) from 2013 up to now (2017) with connections
to the own published research. Thereby, the focus lies on the controlled synthesis strategies of HYPEs and their implication on the material properties. First, the structural diversity of HYPEs and the resulting material properties and particle synthesis are discussed
concerning the complex cluster chemistry. Then, recent achievements in controlling the
crystallization of HYPEs on different length scales ranging from nano- over micrometer to
bulk single-crystalline materials are reviewed.
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4.1 The Structural Diversity of HYPES: A Boon and Bane!
From the inorganic perovskite family with the common formula of ABX3, one learned that
their vast variety in a combination of elements and diverse structural connectivity could be
used to build up new material properties like superconductors or high-performance
ceramics.47 The crystalline network composes of BX6-octahedrons as the smallest building
units, which show an interplay with the A-cation sitting in the cuboctahedron lattice
according to its charge and size.48-50 In HYPEs, the interaction of the organic molecule (A)
and the inorganic network (BX6) is even more complex as additional forces like hydrogen
bonding or van der Waals forces needed to be considered. Thus, HYPEs are seen as a new
family in the broad range of metal-organic frameworks (MOF).51 Within this context, HYPEs
are often erroneously defined in the literature as “organometallic-perovskite” which would
imply a present metal-carbon bond that does not exist in the structure!
Common strategies to synthesize HYPEs are solution based by using strong coordinating
solvents like dimethyl sulfoxide (DMSO) or dimethyl formamide (DMF). It is not surprising
that the complex interaction of solvents, organic molecules, or even moisture with the
perovskite structure are affecting its structural connectivity, hence, its material
properties – “A boon and bane.” The following sections provide recent efforts which were
made to understand the formation of various clusters with a focus on lead-halide HYPEs.
The tolerance factor. An old but valid geometrical calculation - the Goldschmidt tolerance
factor t – can be used to predict the structural dimensions of perovskites by the space
demand for the organic cation (A+) under consideration of the ionic radii for (B2+) and
(X-).52 Thereby, the size of the organic cation is templating the inorganic connectivity of
octahedrons BX6, which can result in a
variety of lead halide structural motifs like
an orthorhombic NH4CdCl3-type, a cubic
CaTiO3-type or a hexagonal CsNiBr3-type
structure (see Figure 2).53 The resulting
structure

inorganic

motif

can

be

described as double chains of face sharing
octahedrons [BX5]3-, a three-dimensional
corner sharing network [BX3]- and face
sharing one-dimensional chain [BX3]-,

Figure 2. Structural motifs for the ABX3 halide
halide compounds as a function of the ionic radii of
semiconductors, the three-dimensional A+, B2+ and X- ions expressed with the tentative
network is a necessary condition to reach tolerance factor value. Reprinted with permission from ref 53. Copyright 2015 American
low band gaps with high charge carrier Chemical Society.
respectively.

In

hybrid
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mobility. To preserve the three-dimensional perovskite structure in the case of lead-iodide
perovskites, the ionic radii !" + !$ , for instance B= Pb und X= I (!%& = 1.19 Å and
!' = 2.20 Å)54 constraint the space demand of the cation to 1.7- 2.6 Å by an empirical found
tolerance factor of 0.8<t<1 by Mitzi et al.21 Until today, only a few examples like for instance
methylammnonium (MA) are known to induce a three dimensonal inorganic PbI3-network
to form MAPbI3 perovskite.55 Another representative organic cation is formamidinum
(HC(NH2)2+), which was used in the last years as alternative cation for CH3NH3+ with even
better charge transport characterisitcs, stability and spectral absorbance in the NIR due to
the lower bandgap.56-58 However, at room temperature FAPbI3 undergoes a phase
transition to the low dimensional delta phase with the CsNiBr3 motif as the size of FA-cation
is bigger then MA-cation.59 HYPEs are known to adapt multiple phases within the low to
high temperature regime by increasing the symmetry of the crystal system due to the
isotropical movement of the organic. Li et al.60 therefore suggested a general strategy of
solid state alloying, to stabilize a three dimensional CaTiO3 phase with a mixed cation
FA0.85Cs0.15PbI3 by combining a orthorhombic CsPbI3 (t<0.8) with an hexagonal FAPbI3 (t>1)
structure. A similar approach was recently used by Shi et al.61 to fine-tune the MAPbI3
structure in a cubic morphology without distortion. He incooperated a bigger sized ethyl
ammonium and dimethyl ammonium cation in the three dimensional network. In general,
a deviation from the ideal tolerance factor in the CaTiO3-structure type by changing the
sterical demand of the organic either leads to a distortion of the inorgainc framework by
tilting the octahedra or to a phase transiton as explained before.62 The actual size demand
of the organic cation in the HYPE network is difficult to predict as the charge distribution,
shape and hydrogen bonding ability are further parameters which need to be
considered.53,60 In 2014, Kieslich et al.51 made first theoretical attemps to explore new
hybrid perovskite structures by modeling the organic and in 201563, he proposed more than
700 compounds with consistent tolerance factors of a three dimensional BX3 network,
while 600 of these being unknown and hypothetical compounds. Besides the size
constraints by an ionic cavity structure, charge balance (e.g. exchange B2+ in mixed B+/B+3)
and coordination preferences for metal cations are currently investigated to extend the
family of three dimensional HYPEs. This aspect is beyond the scope of this thesis and the
reader is addressed to recent work from Shi et al.64
From solvated Lead-halide clusters to single-source precursors (SSPs). Concerning the
tolerance factor description, it should have become clear that the size of the organic cation
is templating various lead-halide clusters up to the three-dimensional perovskite structure.
The dimensionality has severe implications when it comes to the exploration of defined
starting components for the perovskite crystallization as MAPbI3 (MA= CH3NH3+). As already
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noted at the beginning of this paragraph, coordinating
solvents (DMF, DMSO) or water with its hydrogen
bonding

ability

can

interact

with

the

methylammonium or the lead halide network, low
dimensional structures can be expected to form. As
the structural connectivity of the inorganic network is
well-known to influence the electronic properties65
delicate processing and analysis of the optoelectronic
properties is necessary. This knowledge became of
particular importance for MAPbI3, as moisture induces
an irreversible phase transformation to MA4PbI6·2H2O,
a non-conductive, wide bandgap-hydrated phase,
which was first addressed by Kamat and co-workers in
2015.66 The mechanism of hydration in MAPbI3 was
revealed

step-by-step,

which

emphasizes

the

complexity of occurring interactions in the leadhalide network. In agreement with several findings,
the hydration process of MAPbI3 is partially
reversible, dependent on the level of hydration
(see Figure 3).67-69 Zhu et al.68 described the first
hydration step with H2O penetrating into the MAPbI3
network to share space with MA in the cuboctahedral
gap.

After

the

phase

transition

to

the

1D

monohydrates species, which forms an NH4CdCl3-type
structure, strong hydrogen bonding between the MA+
and H2O is observed (step 1).68 By prolonged exposure Figure 3. Hydration of MAPbI3
to H2O the dihydrated zero-dimensional product is (top) to middle MAPbI3·H2O (middle) and MA4PbI6·2H2O (bottom).
formed (step 2), which most likely undergoes an Pb≅ turquoise, I≅ magenta, C≅
irreversible back reaction to the starting components grey, N≅ blue, O red, H dark
MAI, PbI2 and H2O.67 This degradation is not isotropic grey (removed for clarity in top
as revealed in single crystals of MAPbI3. Moisture and bottom structure). Reprinted
with permission from ref 69.
erosion occurs predominantly on (001) facets with the Copyright 2015 American Chemibetter accessibility of the MA+.70 DFT calculations con- cal Society.
firm this experimental observation and further reveal that the MA+ orientation is decisive
to the diffusion of H2O into the crystal lattice.71 The hydration can even mask the bulk
properties of the hybrid perovskite, as reviewed by Bakr and co-workers.72
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Based on the achievements in understanding the hydration mechanisms, it is not
surprising that HYPEs like MAPbI3 show poor device stability (e.g. PV) in a humid
environment.73 Thus, particular attention is mandatory when HYPEs are processed from
precursor solution which could contain traces of H2O like in strong coordinating solvents
(e.g. DMSO, DMF). To complete the picture of the influence by H2O in thin film processing,
even the nature of the precursor solution (concentration, coordinating solvent, salt effects)
is affected as summarized by Manser et al.74 In solution Pb2+ complexes (Lewis base) were
stabilized by Lewis acid adducts (e.g. polar solvents, moisture) and formed low dimensional
clusters like (PbX3)- or (PbX4)2- with characteristic charge-transfer absorption bands.75
Considering the lead-halide cluster chemistry in solution, the formation to HYPE like
MAPbX3 could undergo various low-dimensional intermediate states, which makes it
hard to predict the crystallization pathways.76-83 One crucial strategy to reach a control of
crystallization in HYPE was the isolation and structural characterization of intermediate
compounds. Depending on the stoichiometry of the intermediate compounds, they can be
further converted directly to HYPE materials as single-source precursors (SSPs) or by
providing the missing component under controlled reaction conditions.
Detailed characterization of SSP compounds for HYPEs are rare, and only a few structures
could be isolated as single crystals. For instance, a solvated solid phase of MAPbI3·DMF84
or MAPbBr3·DMF85, both with NH4CdCl3 structure were proven to exist. One approach
which highlights the use of defined starting materials is the intermolecular exchange
approach from PbI2 to MAPbI3 originated by Yang et al.57 By generating an intermediate
PbI2·DMSO2 intercalation complex, the volume expansion to the perovskite lattice is
reduced compared to the direct crystallization to control the film morphology better.86
Over the stability of the intercalated complex with the general formula PbI2·L2 (L= e.g. DMF,
DMSO, pyridine) the crystallization kinetics to MAPbI3 could be readily tuned.87,88 In 2017,
a crystalline key-intermediate with the stoichiometry of MA2PbI3I8x2DMSO with edge-sharing (PbI6)4- octahedral layers were found in the conversion from DMSO-based precursors
solutions of PbI2 and MAI.89,90 With the knowledge about the structural evolution of solid
intermediates one can improve the crystallization to HYPEs by using liquid SSP with significant processing advantages instead. Comparable to the strong interaction of H2O and
the lead-halide lattice as discussed earlier in this section, methylamine gas can be used to
form a similar low dimensional complex liquid in nature.91 By a controlled release of excess
gaseous methylamine, the recrystallization to MAPbI3 could be induced. The recrystallization was designated as a healing of the original MAPbI3 film, as film roughness and density
(pinholes) could be improved. This approach became very versatile with a series of starting
components reaching from pure MAPbI3 to HPbI392 or NH4PbI393. Thus, one learned that
besides the ionic interaction94 between the organic cation and the anionic network,

4 State of the Art

22

hydrogen bonding of strong coordinating solvent has an impact on the structural stability95
by deforming the lead halide network96.
Low-dimensional layered HYPEs.
With a connection to the latter
paragraph, interactions of H2O or
polar solvents with MA+ increase
the actual cation size, and as a
result, the structural connectivity
of MAPbI3 may change. In the solid
state, low dimensional (nonperovskite) cluster formations are Figure 4. Low dimensional layered HYPE structures
expected according to the along the (001)-direction with the general formula
R2MAn-1PbnX3n+1 with indicated layer count (n= 1-4
tolerance factor of t>1 which can and ∞ ) in a color coding with respect to the band gap.
be
used
as
single-source MA+ and PbX6 are depicted in green ellipses and octaprecursors
to
form
HYPE hedrons, respectively.
materials. A logical conclusion to preserve and control specific low dimensional clusters is
to increase the size of the organic cation. If bigger organic cations than MA+, e.g. long alkyl
ammonium chains (R) are utilized, the perovskite structure can form atomically thin layers
(n), for instance along the (001) lattice of the original perovskite structure as displayed in
Figure 4. Therefore, the organic R either gets an integral part of the crystalline
superstructure by selectively binding to a specific crystal surface or acts as a surface
functionalization of the bulk perovskite phase. As crystallization directions along the (110)
or (111) crystal plane or combinations of multiple directions97 along the perovskite lattice
are possible as well, this chapter summarizes the breakthroughs of the low dimensional
lead-halide clusters for the (001)-layered family. The interested reader is addressed to an
excellent overview article of B. Saparov and D.B. Mitzi for further layered HYPE materials.98
Atomically thin two dimensional nanomaterials like for instance hexagonal boron nitride
(h-BN), MoS2, TiS2 or graphene were of significant interest within the last decade for the
applications in different nanodevices as reviewed by Zhao in 2017.99 100 According to their
versatile solution processing two-dimensional HYPEs show a great complement to the
existing nanomaterials. Compared to the three-dimensional HYPE family with rigid
structural constraints, the 2D structures are very diverse. The requirements of the organic
are a suitable functional group like ammoniums which is capable of coordinating to the
perovskite surface and a tail-entity that fits the size constraints of a cylinder projected by
the cuboctahedral gap.101 According to the ratio of MA and R, mixed quantum wells with
the general formula R2MAn-1PbnX3n+1 (n= 1, 2, …, ∞) for the direction along the (001)-plane
are possible. In 2016, Stoumpos et al.102 reported the first isolation and characterization of
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mixed quantum well single crystals known as Ruddelsden Popper Phases with butyl ammonium (BA) and methylammonium (MA) with the general formula (BA2MAn-1PbnI3n+1). Towards atomically thin layers (n) quantum confinement leads to a thickness dependent direct band gap from 2.43 eV (n= 1), 2.17 eV (n= 2), 2.03 eV (n= 3), 1.91 eV (n= 4) compared
to bulk MAPbI3 phase with 1.5 eV (n= ∞). By DFT calculation the electronic structures this
trend was confirmed by a decreasing conducting band minimum energy at similar valence
band maximum energy with direct semiconducting band gap character. The origin of the
optoelectronic properties of layered HYPE semiconductors is dominantly from the inorganic network of PbX6-layers (n). In agreement with theoretical studies, their direct (optical) band gaps and exciton binding energy vary by 1/n, while at n≥3, the effective masses
slowly vary with n.103 Thus, multiple layered Ruddelsden Popper Phases may have similar
performances in optoelectronic devices (e.g. solar cells104) like the respective bulk materials. The connectivity motif of the PbX6-octahedra is deciding over the absolute band gap
and increases over corner-, via edge-, to face-sharing as found by Kamminga et al.105,106 for
various lead-iodide layered clusters.
Besides the implications on the optoelectronic properties exclusively from the inorganic
layer (expansion, connectivity) the organic cation can directly influence the inorganic network by its surface coordination. The coordination (penetration) of the organic cation R
can induce distortion of PbX6-octahedrons which significantly affects the band gap by
changing the in- and out-of plane Pb-X-Pb bond angles (Figure 5).107

Figure 5. (a) Definition of the organic cation penetration, (b) schematic of perovskite layer
distortion (top layer view) and (c) in-/out-of-plane distortion (side layer view). Reprinted
with permission from ref 108. Copyright 2017 American Chemical Society.
Usually for PbX6- networks (X= Cl, Br, I), an ethylene group, is introduced between the
ammonium headgroups and the (functional) tail to preserve a sufficient penetration depth
while retaining hydrogen bonding with the halogens X (see Figure 5a). Mitzi108 and
coworkers recently published a new set of phenyl and naphthyl-ammonium singlecrystalline 2D HYPE compounds (L2Pb2X4 (L= benzyl-, naphthyl methyl-, phenylmethyl- and
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naphthyl methyl ammonium) and investigated the distortion effect. Their take home
message is that the perovskite layer in-plane distortion (Figure 5b) originating from the PbX-Pb bond angle has a more global effect on the excitonic properties (band gap, emission
profile) than the octahedral distortion (Figure 5c). The octahedral distortion is given by the
variation of the X-Pb-X bond angles and discrepancy among Pb-I bond lengths within each
(PbX6)-octahedron. The bandgap of the 2D semiconductors is heavily affected from 2.05 eV
from a undistorted case to 2.18 eV for the distorted case, as shown for HAPbI4
(HA= Histammonium) and 2.18 eV for BA2PbI4 (BA= Benzylammonium), respectively.107
Additionally, the emission spectrum can change from narrow (undistorted) to broad
(distorted)

with

ultimately

white

light

emitting

properties.109

The

broad

photoluminescence profile (white light) of occasional 2D layered HYPEs originate from the
structural deformation which generates self-trapping of photo generated carriers in the
deformable lattice under radiative recombination.110,111 As significant structural changes
that originate from the distortion of the inorganic framework affect the optoelectronic
properties in 2D HYPEs, it is expected that surface functionalization of multilayer and bulk
HYPEs may cause similar effects. An excellent example was published by Fu et al.112,
reporting the stabilization of the thermodynamic unfavoured CaTiO3-structure in FAPbI3 at
room temperature only via surface functionalization with a long alkylammonium.112 Another astonishing implication from an alkyl ammonium coordination was observed in the
multi-layered HYPE (C4H9NH3)2(MA)2Pb3Br10 (n=3). Li et al.113 show the first ferroelectric
behavior for the Lead-halide HYPE family at room-temperature which they attribute to a
molecular reorientation of CH4H9NH3+ and synergistic ordering of the MA entity in the
PbBr6-framework. Usually, bulk HYPEs like the iodine derivative MAPbI3 are expected to
show a ferroelectricity only below 50 K as at room temperature the polarization is
suppressed, and ordering is hindered by a large configuration entropy.114
As we now had a closer look how the structural changes affect the material properties, the
manipulation of interaction in the HYPE layer assembly by introducing functional groups or
conjugated- π system by the organic cation R will be discussed next. Besides alkyl chains,
which only cause van der Waals interactions, hydrogen bonding or π-π-interactions change
the bonding mode to the perovskite surface or the communication between the inorganic
sheets. Under consideration to apply HYPEs in optoelectronic devices, conductive
functionalities are attractive to overcome the limitations of charge transport, which
would otherwise only be possible via tunneling or a Förster resonance energy transfer
(FRET)115 through the insulating (alkyl) functionality. In general, the electronic niveau of the
layered inorganic structure part can be described by the respective valence and conduction
band and the organic functionality with its HOMO and LUMO energy. Thus, the HOMOLUMO transition and the energy level of the organic functionality are expected to be
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decisive factors, whether charges can be extracted from the inorganic sheets. Although,
little is known how the level and absolute transition energy (S0→S1) of the HOMO-LUMO in
the organic affect the overall optoelectronic properties. A rare example of a quaternary
thiophene compound incorporated in a 2D HYPE compound with the HOMO-LUMO
transition in between the VB and CB of the inorganic layer was characterized in 1999.116 In
contrast to alkyl-functionalized 2D HYPEs, high fluorescence yields are observed exclusively
from the HOMO-LUMO thiophene transition (S1→S0).
The nature or reactivity of the organic cation R itself can also affect the material
properties of the HYPE materials. To highlight how the organic is directly impacting the
semiconducting properties of 2D HYPEs, Ahn et al.117 recently demonstrated that a
functionalization with chiral ligands (R and S) results in an overall chirality of the
semiconductor by measuring circular dichroism. Furthermore, when reactive groups (e.g.
polymerizable, switchable) are introduced into the layers, one even has the possibility to
conduct chemical reactions between the sheets under preservation of the original
crystalline structure. The interested reader is addressed to an extensive review of
Karunadasa et al.118, which summarizes the significant findings within the field of 2D HYPEs
with additional functionality.118
In general, with the use of apolar ligands R on the surface of (multi-) 2D or bulk HYPEs, a
protection layer against moisture is generated.119 Derived from the mechanism of H2O
incorporation in the HYPE lattice as discussed earlier, the H2O cannot easily penetrate
through the apolar bilayer to the polar HYPE surface. General strategies to increase the
moisture stability of bulk HYPEs like MAPbX3 (X= Cl, Br, I) are not directly realized in the
synthesis, but via a post-treatment by exchanging the MA+-rich surface with bigger-sized
organic ammonium cations like quaternary ammonium salts, for instance (CH3)4N+ or
(CH3CH2)4N+.119

Additionally,

small

molecules

like

aniline,

benzylamine,

and

phenethylamine are used to increase the stability and enhance the electronic transport for
optoelectronic devices.120 The post-processing strategy is further successfully applied to
passivate surface trap states (e.g. of under coordinated lead) by Lewis base compounds like
thiophene or pyridine121 and π-conjugated complexes.122 However, in post-exchange reactions on the HYPE surface to increase the stability or passivate surface trap states,
degradation cannot be fully excluded. Usually, the exchange is realized in the presence of
polar solvents known to destroy the hybrid perovskite network. This significant drawback
increases the needs of direct functionalization synthesis strategies which are discussed in
the following chapter in the controlled particle synthesis section on different length scales.
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4.2 Synthesis Strategies of HYPEs on Different Length Scales:
Structure-Property Relations of Shape, Size, and Surface
From the last years of HYPEs research, especially in the field of solar cells, it became clear
that the morphology and film homogeneity is correlated with optoelectronic properties
and hence photovoltaic performance.123 Therefore, many processing protocols were established with the goal to obtain high efficiencies in solar cells, ranging from direct depositions,
sequential depositions, and anti-solvent methods.124-126 The interested reader is addressed
to an extensive review of Docampo126 and coworkers from 2017, which summarizes the
most successful approaches. In general, heterogeneous crystallization is considered the
dominant mechanism in thin film synthesis. The growth of particle domains from
nucleation sites like on the solution/substrate interface is induced by precipitation or
supersaturation. As discussed in the previous section, low dimensional clusters may form
as solid or liquid intermediate states during the film formation. Reaction conditions like
humidity or temperature are evident to change the crystallization kinetics of HYPEs, the
concentration, ratio and counter ion of the reactants127, oxygen128 or even illumination129
are further parameters that need to be considered.130
Variations in the resulting films then lead to local investigation techniques like photoconductive spectroscopy131, current132, voltage133 and nano focus XRD134. Independently all
techniques give rise to a complex interplay of crystal grains135 and grain boundaries with
an amorphous matrix, differences in shapes with the abundant facets136, crystal
orientation137, and ion migration138. Especially the ion migration was an ongoing debate
which is expected to originate from mobile ions and their vacancies in the HYPE material as
a direct consequence of the crystal quality with its defects.139 Thus, the main contribution
of a current voltage hysteresis in HYPE solar cells is the ion-migration, although the
interaction between mobile ions and electronic charges might further contribute the extent
of hysteresis.140 Supported by piezo-response force microscopy investigations the ion
migration is assisted by the grain boundaries.141 This example shows that it is not only
necessary to control the crystal quality, size, and shape, but also there is a strong need
to understand the crystalline interface of HYPEs. Therefore, the interaction with the environment and other materials in the complex device architecture as to be analyzed! For
evaluating the effect of crystal quality, morphology and surface chemistry the common
quest are controlled synthesis procedures of defined HYPE samples on different length
scales.142 The following paragraphs review the approaches of HYPE particle synthesis from
the nano- to the macroscopic scale and their evolving material properties.
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Nanoscaled HYPEs. Extensive research was conducted within the last years to explore synthesis procedures for defined HYPE nanomaterials. The following paragraph summarizes
the breakthroughs in HYPE nanomaterial synthesis, with a focus on the resulting optoelectronic properties. HYPE nanomaterials show weak stabilities without surface functionalization as their crystal lattice easily interacts with the environment (moisture, solvents,
temperature) due to their high surface to volume ratio. As a result, common nanomaterial
synthesis procedures as for other semiconductors like a hot injection synthesis, hydrothermal reactions or gas phase synthesis could not be transferred to HYPEs. Today, various approaches ranging from bottom up solution processing143 over template strategies to topdown methods were successfully applied to HYPEs and were summarized in multiple reviews for the interested reader.144,145
The common strategy of a room temperature bottom-up HYPE synthesis is based on the
precipitation of a mixed salt solution containing PbX2, MAX, and a suitable capping agent
RX. Important for the synthesis of nanocrystals is to induce a fast crystallization and to stop
their further growth which is realized by a suitable antisolvent and capping agents, respectively. Dependent on the ratio of MAX and capping agent RX, mixed multiple quantum wells
can form while the inorganic layers thickness is adjusted by the capping agent
concentration. The first synthesis strategies were reported of MAPbBr3 nanoparticles146
and layered multiple quantum well nanoplates147 in 2014 and 2015, respectively. Then, it
took almost another year to the first isolation of individual layers.148 Since then, nanoparticles and platelets were found to form dependent on the qualitative variation of ligand
ratios.149 Recently, Levchuk et al.150 adapted this synthesis approach to form colloidal platelike nanocrystals of FAPbX3 (X=Cl, Br, I) with a thickness variation to tune the band gap
energy due to the quantum confinement effect. Detailed investigations how the capping
agent can influence the surface energy in different HYPE shapes are rarely considered.
Mohammed et al.151 show that the MAPbBr3 shapes with the abundant facets and
perovskite-ligand interface have a severe impact on the charge transfer (CT) dynamics in
solution. It is proposed that the difference in the mechanism be driven by the complexation
of the molecular acceptor on the surface of the nanocrystals. Thus, one should also be
aware of the coordinating solvents which are commonly used in the synthesis as they could
change the surface of HYPEs and even alter the colloidal stability. Therefore, Kovalenko152
and coworkers established a synthesis of different nano-morphologies (rods, cubes, plates)
of MAPbX3 (X= Br, I) without any polar solvent. Amplified stimulated emission at low pumping thresholds is observed in the nanowires, but the authors state no clear relationship to
other morphologies and their emission behavior.

4 State of the Art

28

After the first solution-based nanosynthesis strategies had been rather empiric, Etgar and
Aharon153 revealed that the mechanism of rod-like morphologies is a result of ligands interacting with the HYPE surface according to their space demand. The used oleic acid and
octyl ammonium as capping agents coordinate to different lattice planes in the MAPbI3
which induced a rod-like morphology. Based on this findings, branched capping ligands like
(C2H5O)3SiC3H6NH2 (APTES) were used to enhance the stability and to have a better control
of the crystals size.154,155 The length of the alkyl ammonium chain was found to correlate
to the inorganic layer thickness which could be due to the solubility within the reaction
system.156 The successful synthesis of core-shell particles with a 3D HYPE core (MAPbBr3)
and a 2D HYPE shell ((C8H17NH3)2PbI4) further enabled an up to five-photon-excited fluorescence upconversion.157 The authors contribute the fluorescence properties to the unique
electronic band structure with the valence and conduction band of the core both lie within
the band gap of the shell. Hence, controlled nanoparticles with unique optical features
are accessible. The early studies were limited to characterization of the particle dispersions and usually insulating ligands were applied to stabilize the dispersion.
Concerning the applications in optoelectronic devices, direct synthesis approaches on substrates are appealing as no insulating capping agents disturb the electric contact. A direct
growth of MAPbBr3 nanorod arrays was established by Wong et al. in 2015.158 and later
extended to iodide system MAPbX3 (X= Br, I) for high responsive photodetectors.159
Although these materials may lack in device stability as the HYPE surface is not protected
by surface ligands which can result in surface degradation mechanisms as discussed earlier.
Overcoming the limitations of insulating capping agents, the most frequently applied
conductive ligand in HYPE nanomaterial synthesis is phenylethyl ammonium (PEA). PEA
was first used in 2014 by Smith et al.160 to enhance the moisture stability of MAPbI3 thin
films in solar cells. The initial investigations lead to an extensive research for the implementation in solar cells with enhanced stability and interfacial conductivity161, although the reduction towards the quantum size regime is a trade-off between electronic confinement,
trap reduction162 and stability.163-166 Besides their application as charge generation material
in solar cell devices167, the broad tuning of the valance and conduction also enabled their
usage as selective hole conductor materials167 in solar cells or for high efficient LEDs168,169
in a cascade-like tranfer170 of multiple layers. Derived from the research on multilayer
HYPEs in thin films, particle synthesis with conductive capping agents evolved only recently. Atomically thin nanosheets with the general composition of PEA2PbX4 (X= Br, Cl, I)
with bright tunable photoluminescence and high stability were synthesized by Yang et
al. 171 in 2017, although their potential in integrated devices was not tested yet. First implementations of benzyl ammonium MAPbX3 (X=Br, I) stabilized nanoparticles prove highly
efficient LEDs with external quantum yields of 9.3 % and 10.4 %.172 Furthermore, their

29

4 State of the Art

enhanced stability, while retaining the interparticle conductivity, paves the way for next
generation nanoelectronics from HYPE dispersions in future.
As the HYPE structure like MAPbX3 (X= Br, Cl, I) is mainly based on ionic interaction, unique
top down methods like exfoliation induced by sonfication173,174 or even by adding a solvent175 with an excess of ligands are found for the synthesis of multiple quantum-well 2D
HYPEs. The origin of a dynamic reversible formation and decomposition of HYPE
nanocrystal dispersions in commonly used antisolvents with an excess of ligands made
reproducible optoelectronic characterizations difficult.176 In the latter case, a low-dimensional solid intermediate NH3·PbBr2·DMF was identified as a co-crystal of the reversible reaction between nanoparticles and nanoplatelets. Besides the mentioned chemical topdown synthesis approaches, a physical method like nanoimprint lithography136,
microcontact printing or nanoembossing177,178 were successfully applied to generate patterned films with applications in photodetectors.
Established from the sequential deposition approach from thin film formation protocols,
defined nano HYPE materials can be synthesized over a structural transformation of a
defined nano PbX2 (X= Br, Cl, I) phase. Therefore, the nanophase of PbX2 is transferred to
the perovskite phase via a gas-solid or liquid-solid heterophase transformation179 to synthesize nanoplatelets180 or nanowires181. The nanowires show low lasing thresholds and
high-quality factors.182 Especially the thickness of atomically thin layers of multiple
quantum well HYPE structures can be better controlled by a gas-phase transformation183
than in the liquid phase as mentioned in the last paragraph. This method made it possible
to derive reliable thickness dependent optoelectronic properties from multi-layered
HYPEs.184 For instance, HYPEs were found to prove excellent electroluminescence
properties for violet LEDs which is rare from other material classes.185 Kumar et al.115 extended the series of high efficient electroluminescent HYPE materials and explains the
origin to an efficient dielectric confinement effect.
Another approach which was successfully applied to HYPE nanomaterials is the crystallization in spatially defined space or in sacrificing templates. As HYPEs are solution
processable, they were crystallized in single droplets186or confined reaction cavities to form
single-crystalline films.187 Additionally, photonic films188, monolithic opal materials189 or
photonic crystal beads190 are accessible to generate functional material assemblies with
photonic features like energy level tuneability. Further strategies are based on Al2O3 templates191 which are used to form nanowire arrays or mesoporous silica materials192-194 to
control the pore size which changes the band gap of the infiltrated HYPE material. As expected, the stability could be improved by increasing the pore size and the respective
particle size from the nano- to sub-micrometers.
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Microscaled HYPEs. Microcrystalline materials can play a major role to understand the
properties of HYPEs as they prove enhanced stabilities due to their lower surface to volume ratio. Plus, microcrystal can be even investigated for single particle device architectures. In principle, all strategies of nano-HYPE synthesis can be adapted, if the crystallization kinetics are slowed down.195 To achieve a slow crystallization one can apply suitable
capping agents at low concentrations196, convert a crystalline PbX2 templating phase over
morphological control197, induce the crystallization in a spatial selected198 or a confined
space186.
Single particle investigations are beneficial to identify ideal shape and surface dependent
semiconducting properties of HYPEs. Feng et al.186 studied the influence of the morphology on the single particle level, as cubic MAPbBr3 particles show enhanced lasing emission
at the edges of the crystalline structure. Zhang et al.196 could show that different microcavity modulation in rod-like and cubic-shapes which change the local lasing intensities.
The stability and performance of single particle-based optoelectronic devices are significantly affected by temperature. In single particle devices based on individual MAPbI3 microcrystals, the effect of annealing was investigated concerning the charge transport properties.136 The source-drain current and mobility greatly decrease after thermal annealing
which could be due to a structural degradation. Hence, similar to nano HYPE objects bare
surfaces tend to be unstable and undergo degradation, although the degradation speed is
decreased as lower surface areas are accessible. Recently, the stability of a particle-based
LEDs of individual MAPbBr3 micro platelets was greatly increased (>54 hours without a decrease in brightness) by lowering the operation temperature below -110 °C.199 The improvement was attributed to the elimination of thermally activated relaxation processes
and freezing of the intrinsic ionic conductor. Similar to HYPE nanomaterials, the stability in
microcrystals can be enhanced with apolar functionalizations. For example, Tan et al.200
used two-dimensional layers of (C4H9NH3)2PbBr4 in single particle based photodetectors
with high responsiveness and low dark currents, while retaining good stabilities. It is still
surprising why in particle synthesis of HYPEs often insulating apolar ligands are used instead of conductive functionalization entities as their future applications are mainly in
optoelectronics. To address the interparticle conductivity, Yu et al.201 showed that apolar
surface ligands of multidimensional MAPbBr3 particles could be exchanged with
formamidinium to improve the charge-carrier transport and photo-detection ability. By this
post-treatment, the individual particles were fused together. However, in post-treatments,
a degradation and reconstruction of the surface can never be fully excluded. Direct functionalization of HYPE crystals with conducting entities would be even more beneficial.
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HYPE single crystals. A common strategy to study bulk properties of HYPEs are measurements on single crystals. For the formation of large crystals, homogenous nucleation is
relevant. HYPEs single crystals can be grown by various techniques (temperature lowering,
seeding, evaporation or antisolvent diffusion methods) as recently summarized by Tao and
co-workers.55 One approach named inverse temperature crystallization (ITC) became a very
versatile technique to grow HYPEs single crystals like MAPbX3 (X= Cl202, Br203, I204) or FAPbX3
(X= Br, I)205 with high yields. Such a retrograde solubility originates from low dimensional
weak cluster formation in solution. The clusters are not stable at elevated temperatures
which induce the respected crystallization to the bulk HYPE. Even in the synthesized single
crystals, structural inhomogeneity on a micrometer scale could be detected.206 Local distortion of the inorganic lattice could be responsible for a widening band gap and a faster
photo-carrier recombination. The lattice distortion on the surface that is even traceable in
HYPE single crystals207 can mask the bulk properties of HYPEs as summarized by Bakr and
coworkers.72 Considering this observation, even more pronounced effects are expected in
micro and nano particles with the higher unprotected surfaces compared to the volume in
bulk.
Identifying the bulk properties in single crystals is important to reveal their potential in
device operations. Therefore, structural, spectral and electrical studies on single crystals
are necessary to understand the effects which are observed in complex device architectures. Detailed frequency dependent spectroscopy measurements on MAPbI3 single crystals show that the exciton binding energy can be estimated to smaller than 5 meV, which
is far below the energy of room-temperature (25.7 meV).208 Plus, Yang et al.209 could rule
out that the exciton binding energy is dependent on the crystal grain size by comparing
single crystals with polycrystalline samples by measuring the low-temperature orthorhombic phase. Consequences are very long charge carrier pathways (>50 µm) and lifetimes in
MAPbI3 which is one origin for the extraordinary solar cell performance. The unpredictable
high values and the potential for optoelectronics are supported by recent investigation of
MAPbI3 single crystals to undergo photon-recycling.210 At the recombination of
photogenerated charges a photon can be emitted which than can be reabsorbed from the
perovskite material. Thus, exceptional semiconducting properties of MAPbI3 in solar cells
are based on spontaneous free-carrier generation following multiple light absorbing
events, rather than an excitonic behavior.
The presented achievements underline that for understanding the properties of the HYPE
semiconductor family, defined samples and a precise knowledge of possible surface interactions are necessary.

5 Challenges and Objectives
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Hybrid Perovskite (HYPEs), in particular, the semiconductor
family MAPbX3 (MA= CH3NH3+, X= Br, I), turned out to have a
great potential in applications ranging from optoelectronic
devices (solar cells, LEDs or lasers) to memory devices, X-ray
detectors or potentially spintronics. To understand the material properties which evolved from this fascinating material
class, phase pure samples with defined morphology and controlled surface chemistry are mandatory!
At the start of this work, synthesis strategies, especially for
thin film formation, were dominantly based on trial and error
recipes using mixed salt solutions of PbX2 and MAX in coordinating solvents (e.g. DMSO, DMF, GBL). This lead to irreproducible results concerning material properties. In
Figure 6 only the change in the coordinating solvent (from
published experimental procedures to form MAPbI3) and solvent treatment after the film formation (e.g. chlorobenzene
or toluene) highlights the impact on the morphology, crystal
size and surface coverage on tiny variation in processing conditions. Hence, the optoelectronic properties in this samples
differ significantly. Additionally, the soft ionic interactions in
the hybrid network (MA+ and PbX3-) even increases the complexity for a controlled material conversion, like humidity,
polar protic solvents or elevated temperatures destroy the
crystalline perovskite structure. Due to the arguments given
above, in the early research days of HYPE materials, the state
of the art nanomaterial synthesis procedures could not be
transferred easily and defined starting materials (precursors)
were not accessible.
One approach which is successfully applied in our group is
the control of crystallization kinetics by the use of singlesource precursors (SSP).211 SSP consists of all relevant elements and the right stoichiometric ratio of the desired, prearranged on the atomic level.

Figure 6. Reproduced
MAPbI3 thin film recipes
(a) #1-GBL, (b) #2-DMSO,
(c) #3-GBL/DMSO with
chloro benzene, (d) #4GBL/DMSO with toluene,
scale bar (a,c,d) ≅ 2 µm, (b)
≅ 5 µm.
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Based on our expertise on SSPs for oxidic semiconductors like ZnO212,213 and their development in a wide range of synthetic strategies (e.g. emulsion synthesis,214 gas phase synthesis,215,216 fabrication of porous materials217) we were motivated to establish a comparable
versatile SSP system for MAPbX3. Then, controlled synthesis pathways for MAPbX3
concerning size, shape and surface chemistry should be explored.
Therefore, the key objectives of this work can be formulated as follows:
Ø Creation of an unique single-source precursor chemistry for HYPEs
Ø Development of reliable synthesis protocols for HYPE crystals
Ø The surface chemistry of HYPEs: Shape and size-controlled crystals
Ø Investigate fundamental properties of the functional HYPE crystals
Based on the Lead(II) halide cluster chemistry of HYPEs, defined compounds of MAPbX3
should be isolated by forming a “masked” perovskite phase first. Starting compounds based
on solvents like DMF, DMSO or GBL should be avoided as they form multiple lead halide
clusters and reduce the control of crystallization kinetics. Therefore, the soft perovskite
lattice should be manipulated on the atomic level, by considering the ionic interaction between MA+ and PbX3- with suitable solvents. A liquid SSP system (as also known from ZnO
SSPs) would be the ultimate goal because this opens up straight forward processing (e.g.
coatings, sprays) or versatile synthesis procedures in liquid media. After the successful
synthesis and characterization of the new SSPs, controlled conversions to the lead-halide
perovskite material needs to be explored under consideration of the reaction limitations
(e.g. moderate temperatures, aqueous-free synthesis) to prevent the degradation of the
fragile perovskite structure. The crystallization should be induced by different external
triggers (e.g. temperature, light, additional solvent).
The focus should lie clearly on the reliable synthesis of defined MAPbX3 crystals in size,
shape, and surface chemistry to investigate the fundamental semiconducting properties.
Then, if reaction parameters for a controlled conversion are accessible, surface-active
agents should be applied in a suitable synthesis approach to manipulate the surface
chemistry in MAPbX3 to improve the stability. Common approaches in nanochemistry apply
capping-agents with long alkyl chains. Due to their insulating nature, these approaches are
not sustainable concerning the future implementation in electronic devices. These
limitations should be overcome by designing a suitable capping agent which is capable of
transporting charges over multiple particles. The overall goal is to establish a clear relationship between the crystal size, shape and surface functionalization in MAPbX3 crystals by
carefully analyzing the impact on the semiconducting properties.

6 Scientific Contribution of the Thesis
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The presented thesis contributed to the understanding and progress in the research of
hybrid perovskites (HYPEs) with individual achievements on the following topics:
Ø Structure-property relationship of hybrid perovskite (HYPE) single-source precursors
(SSPs).
Ø Synthesis strategies on different length scales: Nano- and microstructures of HYPE
with defined morphologies and their implication on semiconducting properties.
Ø Functionalization of HYPEs with tailor-made capping agents: From insulating to conductive nature.
In the next paragraphs, the contributing key results of the
work are highlighted and discussed by considering the scientific progress within the research field.
Structure-property-relationship of HYPE SSPs. In 2015,
the exploration of new precursors for MAPbI3 (MA=
CH3NH3+) just started as their potential for a controlled
conversion was recognized. To that time, it was not clear,
how the interplay of coordinating solvents (e.g. DMF,
DMSO, GBL), used salt precursors and the post processing
(e.g. temperature, post-treatment with solvents) affects
the crystallization dynamics. Mainly, empirical studies
were conducted with a focus on improving device efficiencies in solar cells. The molecular precursor compounds
and intermediates have been rather unexplored which Figure 7. Oligo-glycol SSPs in
lead to incomplete comprehension of the reaction (a) CsNiBr3 structure with
(b) complete shielding and
mechanisms. For instance, the applied precursor com(c) half shielding of MA+.
pounds lacked in single crystal X-ray data as a detailed PbX3- is depicted in blue octa+
characterization of possible intermediate states before hedrons, MA and oG in
their device processing. Thus, there was always room for green and grey stick model,
respectively.
a qualitative speculation of the evolving clusters or intermediate structures which are very diverse in the case of lead(II) halides. At the end of the
year 2014, Kanatzidis and co-workers first addressed the importance of the intermediate
structure by the characterization of a solvated MAPbI3DMF in NH4CdCl3 structure.84 This
low dimensional solid cluster can form as a solid intermediate phase if salt solutions of PbI2
and MAI in DMF are used as a precursor to form MAPbI3. We presented the first oligoglycol (oG)-based single-crystalline SSP with CsNiBr3 structure (Figure 7a) with the
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stoichiometry MAPbI3TEG2 (TEG= triethylene glycol) in 2015.218 Interestingly, we found a
unique two-fold glycol coordination in a cryptand like fashion (Figure 7b). Accompanied
by this shielding-effect the ionic interaction between MA+ and PbI3- is reduced which
fitted well to the observation of an unexpected low melting point (67 °C) of the new SSP.
About the cluster formation, there was no clear dependency how the arrangement on the
atomic level might affect the crystallization kinetics to the perovskite. The frequently used
solvents (e.g. DMF, DMSO, GBL) differ a lot in size demand and coordination strength,
which was obviously influencing crystallization dynamics. Our SSP system based on oligoglycols (like the reported TEG-based SSP) was ideal to study the effect of size (chain length
and side chains in the oligo glycol) and coordination strength (ether groups vs. free alcohol),
by only varying one parameter. How structural arrangement in the SSP is affected by the
coordinating solvent was discussed in our subsequent study. In the publication from 2016,
we provided the first systematic study on oligo glycols (oGs) in the CsNiBr3 structure as
SSP for MAPbI3 to show that the glycol affects the physical properties (e.g. melting point)
and the ability to the perovskite conversion.219 We found that the ionic interaction
between the MA+ and PbI3- is increased by a shorter oG like diethylene glycol (Figure 7c)
which forms a solid compound with only one coordinating entity. In this row of SSPs, ether
groups containing oG enhance the crystallinity and stability of the cluster due to the
stronger coordination (H-acceptor) to MA+ (H-donor). Ultimately, a liquid SSP at room
temperature could be established based on tri-propylene glycol, which was used to further
increase the shielding effect with a sterical demanding side chain. In 2017, we succeeded
in transferring the established supramolecular chemistry of the Iodide-System to the
Bromide-system and report a new liquefiable SSP with the composition MAPbBr3TEG2.220
The understanding how solvents (here oGs) affect the supramolecular arrangement of
Lead(II) halides opened up the possibility of a controlled perovskite conversion which is
highlighted in the next paragraph.
Direct synthesis approach with SSPs: Shape control on the micrometer-scale. The year
2015 in HYPE research was dedicated to the parameters which influence the conversion of
salt mixtures of PbX2 (X= Cl, Br, I, SCN, Ac) and MAX in the respective solvent. To overcome
the formation of solid intermediates, as discussed in the previous section, the coordination
ability of the solvent needed to be precisely adjusted. First attempt to prevent the
crystallization of solid intermediate cluster was achieved by Moore et al.221 with an ionic
liquid methyl ammonium formate in PbI2 and MAI, which could be transformed to the
MAPbI3 phase by increasing temperature (not by evaporating the solvent). Similar
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observations were made in salt solutions of PbI2 and MAI in
gamma-Butyrolactone204 or MAPbBr3 in DMF203. The as
mentioned studies were used to form thin films or grow
single crystals of MAPbX3.
Our study on glycol-based SSPs opened up a completely
new synthesis approach of crystalline MAPbI3 structures
via an irreversible transformation with the trigger of heat
(see Figure 8).219 The glycol can induce different
crystallization directions of MAPbI3 compared to literature
known systems. Further, we showed for the first time, that
microwave radiation can be used to synthesize hollow or
dense cubic morphologies. We also gave first experimental
hints that a laser assisted crystallization of the SSP is
accessible, which was later realized by Jeon et al.222 with an
NIR laser set-up on a different SSP. In 2017, we expanded
the temperature induced particle formation to the gas
phase by the presentation of the first aerosol synthesis of
MAPbBr3 with a liquefiable SSP.220 We succeeded to isolate
differently shaped microcrystals which could be finally

Figure 8. Liquid to solid transaligned on a substrate. The defined morphologies made it formation via temperature
possible to extract differences in optoelectronic (top) or solid-to-solid transproperties (on the single particle level) between various formation via an antisolvent
(bottom) to MAPbX3 (middle)
surface facets of MAPbBr3. With the new insights derived
from the oG-SSP. PbX3- is defrom the SSP assembly and their conversion to hybrid picted in blue octahedrons,
+
perovskites, a high variance in morphology and semicon- MA and oG in green and grey
stick model, respectively.
ducting properties could be presented.
Solvent-assisted conversion of SSPs: Synthesis on the nanometer-scale. As one of the
drawbacks of hybrid perovskites is their moisture sensitivity and their easy degradation in
the presence of a polar solvent or elevated temperatures, the commonly applied synthesis
procedures to generate nanomaterials were not applicable. New strategies for mild conditions (e.g. low temperatures) were explored, as the understanding of the precursor chemistry and kinetics from the cluster to the perovskite material got improved. In 2015, we
were the first to report on nanoporous MAPbI3 single crystals made by a mild conversion
of a solid glycol-based SSP in the presence of an antisolvent (Figure 8).218 The porosity
was introduced via a unique self-templating mechanism which originates from a crystal to
crystal transformation of the SSP to MAPbI3. The revealed unique spinodal demixing of the
glycol component and the perovskite phase to introduce nanoporosity was also recently
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highlighted in Chemical Society Reviews by Zhao et al. in the controlled nanomaterials synthesis section.223
As hybrid perovskites are intrinsically sensitive to moisture selective binding capping agents
could have the potential to enhance their stability on the nanoscale. Additionally, one could
stop the bulk crystal growth of perovskites by specific interactions on the surface. First attempts with medium long alkyl chains were made in 2014 by a pioneering work of Schmidt
et al.146 who reported the synthesis of MAPbBr3 nanoparticles. The morphology of the nanoparticles, however, was ill-defined concerning size and shape. With the knowledge on
the versatile glycol SSPs our goal was to establish a synthesis strategy of functionalized
hybrid perovskite nanoparticles. In 2015, we reported a straightforward synthesis protocol of defined cubic and layered MAPbI3 nanocrystals functionalized with the capping
agent dodecyl ammonium iodide (DAI).218 By adjusting the capping agent concentration in
the antisolvent, atomically thin layers known as Ruddelsden-Popper Phases (RPPs) of
MAPbI3 could be isolated and characterized. In RPPs, the alkyl chain DA+ gets an integral
part of the layered structure (n) with the general formula DA2MAn-1PbnI3n+1. In contrast to
low capping agent concentrations which results in a surface functionalization of bulk
MAPbI3. The as-synthesized and functionalized cubic MAPbI3 crystals were further
successfully implemented in first particle-based solar cell test-devices. Later, for instance,
Zhang et al.196 adapted and modified this approach to control the morphology of MAPbBr3
perovskite crystals. Our presented direct approach of introducing the surface
functionalization is advantageous to post-functionalization strategies of the MAPbI3
surface, where a degrading of the surface could not be excluded.119
Tailor made capping agent: Conductivity over particle grains. With our unique access to a
broad SSP chemistry based on oligo-glycols and the established direct synthesis of functionalized MAPbI3 crystals, our vision in 2016 was to overcome the limitation of insulating
capping agents which were commonly used in nanochemistry approaches. We focused us
on the synthesis of a molecular designed functional capping agent based on a thiophene
entity, which was inspired by bridging quaternary thiophene of Mitzi and co-workers from
1999.116 As a result, we succeeded in reporting the first synthesis of perovskite microcrystals with a rod-like shape and a conductive surface decorated with thiophene ligands.224
The charge transport properties, as well as the stability, are positively affected by the
thiophene functionalization, compared to an insulating (dodecyl ammonium) or a bare particle surface. We, therefore, assembled particle based photodetectors with defined conductor path distance to evaluate the particle grain conductivity. Thus, we contributed to
the understanding that the functionalization of MAPbI3 is an additional tool to enhance the
stability while retaining charge transport properties over multiple particles.
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8.1 Publication I:
Porous and Shape-Anisotropic Single Crystals of the
Semiconductor Perovskite CH3NH3PbI3 Made from a SingleSource Precursor, Angew. Chem. 2015
Tom Kollek, Dominik Gruber, Julia Gehring, Eugen Zimmermann, Lukas Schmidt-Mende,
Sebastian Polarz*

Abstract: Metal-organic perovskites (MOPs) are arising an immense impact in solar-cell research due to high absorption
coefficient

and

effective

transport of photogenerated
charges. Like for other semiconductors, it is expected that even
more advanced performance
will result for MOPs possessing a
defined nanostructure. However, chemical sensitivity and
the necessity for exclusion of
water prohibit the application of
methods already known for cre-

Reproduced with permission from ref 218. Copyright
ating nanomaterials of other 2015 Wiley.
systems. Our study provides a
new and general pathway for the emerging field of nanoporous single crystals. For the
generation of (CH3NH3)PbI3 nanostructures a novel single-source precursor is presented.
Nanoporous MOPs single crystals are introduced, resulting from a crystal to crystal transformation accompanied by spinodal demixing of triethylene glycol incorporated in the
precursor structure. It is also demonstrated that selective binding of a capping agent can
be used to tune the particle shape of MOPs nanocrystals.
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8.1.1 Record of Contribution
Material Synthesis, characterization and interpretation was performed by T. Kollek if not
stated differently. D. Gruber performed preliminary experiments on Capping Agent assisted material conversion under the supervision of T. Kollek and carried out part of the
scanning electron microcopy images. J. Gehring conducted high resolution SEM micrographs on DAI functionalized materials. E. Zimmermann assembled first solar cell prototypes and performed all related characterization techniques. L. Schmidt-Mende and
E. Zimmermann interpreted the experimental results of the solar cell devices. I. Göttker
realized the single crystal X-ray analysis of MAPbI3TEG2, solved and refined the structure.
S. Polarz designed the research and wrote the manuscript. All authors have given approval
to the final version of the manuscript.

8.1.2 Introduction
New perovskites comprising organic and inorganic constituents were introduced by the
Mitzis group in 1999,225 with (CH3NH3)PbI3 (MAPI) as a representative example. It took
years until the enormous potential of metal-organic perovskites (MOPs) for novel applications, mainly concerned with solar cells, has been revealed.31,226-230 The superior performance of MOPs like MAPI is originating from a unique combination of optical and semiconducting properties. The high absorption coefficient and ambivalent character concerning
the conduction of both, electrons and holes, opened a new field of solid state absorbers
and has lead to high performance solar cells exceeding 16 % efficiency by now.226,227 The
ongoing research stands at the beginning regarding the exploration of MOPs in numerous
fields beyond photovoltaics and optoelectronics.231
It is well documented that structuration at nano-scales is of enormous importance for
almost any semiconductor.232-234 One of the most intriguing examples for the latter was
published very recently by Snaith et al. for a different, highly functional semiconductor.235
The authors described porous single crystals of titania and its remarkable performance in
optoelectronics. Consequently, there exists a great aspiration as well for optimizing the
nano- and meso-structure of MOPs.227 Attempts were made to form thin films or
mesostructured devices using nanoparticles as a template.31,226,227 Unfortunately, via solution precipitation methods, mainly uncontrolled crystallization procedures could yet be
realized, which lead to large morphological variations.226 Furthermore, MOPs are relatively
labile compounds in comparison to stable oxides like TiO2. This requires cautious handling
and enhances the difficulty for obtaining defined nanostructures. The CH3NH3I constituent
rapidly photo-decomposes into CH3NH2 and HI, leaving behind PbI2, when traces of water
are present.236 More importantly, the high solubility of MAPI in polar solvents poses major
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difficulties regarding the direct transfer of established nano-structuration methodologies.237,238

8.1.3 Results and Discussion
Successful examples for refined nanostructures of (CH3NH3)PbI3 are missing, and a material
similar to the described TiO2 porous single crystal or to microporous crystals like MOFs is
currently out of reach.239 As a facile new concept towards MAPI nanostructures we present
a special compound with single-source precursor properties (Fig. 1).
The novel precursor is key for controlling particle nucleation and further growth up to the
micron scale. The structure of the mentioned precursor phase was clarified by single crystal
X-ray diffraction analysis (Fig. 1). The new organolead perovskite crystal structure has an
orthorhombic unit cell with a relative
composition of (CH3NH3)PbI3(TEG)2 (1).
Pb2+ is coordinated by 6 ´ I- in octahedral
geometry ([PbI6] octahedron), linked to
one dimensional chains by face sharing.
Two TEG molecules coordinate to one
counter-ion (CH3NH3)+ in a cryptand-like
fashion. The crystal structure of (1) is almost comparable to a solid solution of
[PbI3]-n chains in TEG as a solvent (see
Figure 1a). This special structural feature
is also responsible for a fairly low temperature for the solid ® liquid phase
transition. Differential scanning calorimetry (DSC) given in S-2 shows that melting occurs at 70 °C. The melting process
could be followed by polarization miFigure 1. (a) The novel perovskite precursor
phase (TEG)2(CH3NH3)PbI3 (1). Pb @ black; I @
red; N @ blue; carbon @ dark grey; oxygen @ light
grey; [PbI6] octahedra @ yellow faces; unit cell @
blue lines. (b) Crystal to crystal transition into
the perovskite product (CH3NH3)PbI3 (2) accompanied by loss of TEG. (c) Formation of porous
perovskite single crystals. Reproduced with permission from ref 218. Copyright 2015 Wiley.

croscopy (POLMIC). (1) forms needleshaped crystals with optical anisotropy
(space group Pbca) and birefringent. The
melting of (1) into an isotropic liquid can
be followed by the disappearance of
birefringence (see S-2). The ability to
transform (1) into a liquid phase is an important

feature

for

future
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nanostructuration approaches, e.g. the infiltration in template structures. Optical properties of (1) were investigated by diffuse reflectance UV/Vis spectroscopy (see supporting
information S-1). According to the Kubelka-Munk evaluation of the data,240 (1) is a direct
semiconductor with a band gap Egap = 2.55 eV.
The transformation of (TEG)2(CH3NH3)PbI3 into (CH3NH3)PbI3 can be triggered by their
differential solubility: Using a suitable anti-solvent like methylene chloride (CH2Cl2) or ethyl
ethanoate (AcOEt) the injection of (TEG)2(CH3NH3)PbI3 initiates the crystallization process.
Because TEG readily dissolves in CH2Cl2, but (CH3NH3)PbI3 (2) is insoluble, TEG is removed
with time. The removal of TEG leads to a crystal to crystal transition (1) ® (2) to the final
perovskite (CH3NH3)PbI3, which is characterized by a 3-D linkage of the [PbI6] octahedra
(see Figure 1b). A kinetic study employing time-dependent UV/Vis spectroscopy (data given
in S-3a) reveals that (2) forms directly from (1) without any detectable transition state.
Furthermore, high-resolution transmission electron microscopy (HR-TEM) acquired at different times indicates that crystallites of phase (1) are formed first, which are then converted directly into the product (2). The HR-TEM observations are in good agreement with
findings from powder x-ray diffraction analysis (PXRD) (see Fig. 2). Initially, only the signals
corresponding to the precursor structure (1) are present. After repeated exposure to CH2Cl2
and progressed dissolution of TEG,
the latter signals disappear and the
diffraction pattern of (2) arises. Our
assumption of a direct crystal-to-crystal

transition

is

additionally

supported by an experiment performed on macroscopic, single crystals of (1) shown in S-3c. Using conventional, optical light microscopy,
the coloration from yellowish (for (1))
to black (for (CH3NH3)PbI3 (2)) takes
place while preserving the shape of
the crystals.

Precipitation starting

from (TEG)2(CH3NH3)PbI3 in solution
results in powders (designated as
MAPI-0) consisting of nanoparticles,
ill-defined with respect to size and
shape (see S-4). Control over particle
growth is essential for synthesizing
tailor-made MAPI nanostructures.

Figure 2. PXRD patterns expected for the precursor phase (1) (black bars) and of the product
phase (2) (grey bars). The reference pattern of (1)
was calculated from single crystal X-ray data. The
reference pattern of (2) was obtained from data
of a material prepared by the known routes for
(CH3NH3)PbI3.231 (a) Experimental PXRD pattern
of the precursor phase (1), directly after addition
of the anti-solvent (b) and after washing with solvent (1´ (c), 2´ (d)). Reproduced with permission
from ref 218. Copyright 2015 Wiley.
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It is well known for semiconductor quantum dots (e.g. CdSe),241 that the growth of particles
can be regulated using suitable capping agents. A capping agent typically has amphiphilic
character consisting of a tail to guarantee colloidal stability (e.g. -CH2(CH2)nCH3) and a functional head-group which is capable to interact with dangling bonds at the surface of the
material. A logic criterion for a capping agent is that the interacting groups are closely related to the units occurring in the crystal lattice. Thus, in the case of (CH3NH3)PbI3 a promising capping agent should contain an ammonium (for interaction with anionic [PbI6] octahedra) and I- (for interaction with surface CH3NH3+ or Pb2+). Furthermore the capping agent
has to be soluble in the anti-solvent. The as mentioned requirements are fulfilled by dodecyl ammonium iodide (DAI). DAI was used and its concentration was varied systematically (see experimental part) revealing a pronounced effect on the resulting (CH3NH3)PbI3
morphologies. At low DAI concentrations (sample MAPI-1), the particles have a defined
shape in the size-range of » 50-400 nm
(Fig. 3; see also S-5a). The cubic morphology with sharp edges and flat surfaces represents a first hint that the particles are crystalline. Electron diffraction
(ED) taken from one particle reveals
indeed a pattern with diffraction spots
characteristic for (CH3NH3)PbI3 in the
form of one single crystal (Figure 3a,b).
The high crystallinity and single-phase
purity was proven by PXRD measurements given in S-5b, for which only
narrow signals exclusively corresponding to (2) have been detected.
An important feature was observed in
the SEM investigations showing that
surfaces of the particles are flat but in
addition they seem to be rough. SEM images were recorded at higher magnifications and are shown in Figure 3c. The mi- Figure 3. (a) TEM micrograph of one MAPI-1 parcrograph clearly reveals that each parti- ticle (scale bar @ 200 nm) and the corresponding
-1
cle is porous with pore-sizes in the range ED pattern (b); scale bar @ 5 nm ) with assigned
reflexes. (c) SEM micrograph of an ensemble of
of » 20-30 nm. The observed cavities are
porous perovskite single crystals (scale bar @
not only present at the surfaces, which 400 nm). Reproduced with permission from
was proven by SEM on sliced particles ref 218. Copyright 2015 Wiley.
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provided by using a focused ion beam (FIB). Although some degree of radiation damages
cannot be excluded, the pores are also present in the bulk of the cubic particles (S-5c).
Unfortunately, common characterization techniques applied for porous materials like gas
sorption analysis fail -respectively afford only irreproducible results- because the porous
structure is highly sensitive to drying conditions (e.g. solvent, temperature, time). In particular, the presence of traces of humidity leads to very fast restructuring and disappearance of the porous structure. It is not uncommon for materials characterized by relatively
weak cohesion forces, e.g. many coordination polymers or organic polymers, that open porosity can hardly be maintained due to the high surface energy associated with nano-scaled
pores.242,243 However, in order to investigate the porosity of the material by an independent method, we investigated the desorption of a liquid (toluene; b.p. 110.6 °C) confined
inside the pores of MAPI-1 using thermogravimetric analysis (TGA). The results are shown
in S-5d. A non-porous material (MAPI-2) was used as a reference revealing an expected
mass-loss step at T = 337° C:59 CH3NH3PbI3 ® PbI2 + CH3NH2() + HI(). Whereas the composition of MAPI-1 is the same compared to the reference (see also S-8), the TGA data is
significantly different. Two important features can be observed: (#1): A new mass loss step
occurs in the temperature range starting at 110 °C with a maximum mass los rate at
T = 159 °C. This step can be assigned to the release of toluene from the pores, and the
increase in evaporation temperature is due to capillary forces described by Kelvin equation
(see S-5d). (#2): The temperature for MAI elimination is much lower (269 °C). This observation can also be interpreted as an indication for the porosity present in the material. It is
well known that the temperature of TGA steps is strongly influenced by equilibrium factors
(principle of Le Chatelier). When the formation of gaseous products are promoted, for instance by a porous structure, equilibrium and the associated mass loss step are shifted (to
lower temperatures).
As there is no periodic order of the pores present and their size distribution is polydisperse,
it is worth mentioning that the transformation of (1) to (2) (see also Figure 1b) results in a
significant shrinkage of unit cell volume by 80% (Vu(1) = 5123 Å3 ® Vu(2) = 997 Å3). This is
accompanied by the release of a substantial number of TEG molecules. Because the
transformation implies also a change in the crystal system (orthorhombic ® tetragonal), it
is not topotactic by definition. It might be compared to phenomena observed, when a melt
near an eutectic composition is solidified. It may occur that macroscopic phase separation
can be avoided and segregation takes place at the micro- or nanoscale instead. This socalled spinodal decomposition seems to be responsible for the generation of cavities in
MAPI-1. In agreement with this interpretation, the precursor phase (1) resembles a very
special (solid and crystalline) "melt" of (CH3NH3)PbI3 in TEG. It is also worth comparing to
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certain nanoporous silica materials presented by
Nakanishi et al.244,245 Pores were originating from
the spinodal microphase separation of silica - obtained by sol-gel reaction of a precursor - and of
certain polymers or oligomers as the demixing
components. The latter components are commonly ethylene glycol derivatives.246,247 There are
some obvious similarities to the system described
here.

Additional

hints

for

the

proposed

mechanism were acquired by TEM. During the formation of (CH3NH3)PbI3 (2) from the precursor
phase (1) the crystalline particles (S-3b) with angular shape can built slit-like pores (S-5e). This very
unusual particle morphology, which is associated
with high surface energy, can be rationalized by
the beginning of the spinodal decomposition.
Next, the concentration of DAI was gradually increased (Þ MAPI-2,3,4). The particles found in
sample MAPI-2 still possess a cubic morphology
(Fig. 4a; see also S-6). The size distribution of the
obtained perovskite crystals is much narrower and
the majority of the particles are smaller (200 nm)
than for MAPI-1. As a consequence of the reduced
size, the TEG molecules can much more easily
leave the particles when the transformation
(1) ® (2) occurs. This suppresses spinodal decomposition and thereby the generation of the porous
substructure. SEM micrographs taken at larger
magnifications show that the particles are compact (see S-6). Similar to particle based aerogel-like Figure 4. SEM micrographs of MAPI-2
(a; scale bar = 2 µm), MAPI-3 (b; scale
materials the perovskite nanocrystals form netbar = 400 nm) and MAPI-4 (c; scale bar
works with residual porosity (Fig. 4a).248-250 Using = 4 µm). Reproduced with permission
even higher concentrations of DAI in the synthesis from ref 218. Copyright 2015 Wiley.
(Figure 4b, c) the cubic symmetry of the particle shape is broken and the perovskite forms
crystals with increasing aspect ratio. MAPI-3 consists of crystals with rectangular prismatic
shape (Figure 4b) and MAPI-4 results in sheets (Figure 4c). The main direction of crystal
growth could be identified using analysis of the PXRD signals corresponding to (hk0) lattice
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planes in comparison to perpendicular lattice planes (002). The diffraction signal pairs for
(002), (110) or (004), (220) are suitable for the described analysis. By gradually increasing
the DAI concentration the relative intensity of diffraction signals with pure c-component
(e.g. (004)) decrease (data given in S-7). For quantitative evaluation, e.g. calculation of the
aspect ratio (a,b-extension/ c-extension), deconvolution becomes necessary because of
the vicinity of the signals. It can be seen that there is a preferential growth of the particles
in crystallographic a,b-direction.
To rationalize the effect of DAI the slightly tetragonal distorted crystal structure of
(CH3NH3)PbI3 at room temperature has to be considered (Figure 1b). Different distances
between adjacent [PbI6] octahedra for particle surfaces are present corresponding to different lattice planes. The distance of the [PbI6] octahedra (which also corresponds to the
distance of the dangling I- at the surface; see scheme 1 in S-7) is 0.62 nm in the case of the
(004) lattice plane, and consequently is different e.g. for the (100) plane (0.89 nm, 0.73 nm).
The position of I- on a (CH3NH3)PbI3 surface is important, because the cationic head group
of DAI will coordinate at this position. The distances can now be compared to a reference
system described in the literature:251-255
The area per alkyl surfactant in monolayers on inorganic surfaces like mica. The surfactantsurfactant distance is 0.67 nm. Assuming that the ideal DAI-DAI distance is similar for surface adsorbed DAI, better packing is expected on the (004) surface. In turn, this will lead to
an effective passivation of (004). While on perpendicular surfaces the packing of DAI assumed to be less dense, apposition of (CH3NH3)PbI3 units and preferential growth in a- and
b-direction are the consequence. The anisotropic crystal growth can also effect the distortion of the tetragonal crystal structure which be taken into account by calculating the
pseudo-cubic lattice parameters (c*/a*) from PXRD data. The distortion is reported at ambient conditions with ≅ 0.6 % strongly affected by the temperature.231 We observe an increase from 0.93 % (MAPI-2) to 1.82 % (MAPI-4) by utilizing higher amounts of capping
agents in our materials.
As the amount of DAI used in the synthesis is higher than needed for stabilizing the interfaces of (CH3NH3)PbI3, its function as a capping agent is questioned. Using FT-IR and
1

H-NMR spectroscopies (data given in S-8) it could be shown that the relative amount of

DAI compared to methyl ammonium iodide (MAI) is increasing for MAPI-1®3, but remains
small (< 0.01) in all cases. The results are different in MAPI-4 revealing a DAI : MAI ratio of
1.53, which is too much DAI for surface stabilization only. Important to note is a paper by
Billing et al., who describe a compound constructed of a monolayer of 2-D linked [PbI6]
octahedra with DAI bound on each side of the layer interacting with each other by van der
Waals force (= (DA)2PbI4).256 Whereas the PXRD pattern of MAPI-(1-3) contains exclusively
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the signals associated with (CH3NH3)PbI3, the pattern of MAPI-4 shows a similarity to the
reported crystal structure of (DAI)2PbI4. In particular one characteristic signal at low-angles
is observed, which was also confirmed by small angle X-ray scattering (SAXS). This reflex
allows to determine the thickness of separated layers in z-direction comprising of linked
[PbI6] octahedra and CH3NH3+ (see S-8c). According to SAXS and PXRD, MAPI-4 consists of
a double-layer of corner-shared [PbI6] octahedra extended in a,b-direction and blocked by
a dense layer of DAI in c-direction. The latter results were double-checked by elemental
analysis. As the N:C ratio systematically changes with utilized MAI:DAI ratio, the number of
[PbI6] layers between DAI layers for the different (CH3NH3)PbI3 materials presented in this
study can be concluded. For MAPI-(1-3) the count is in the order of 230-80 layers, which is
in good agreement with the assumption that DAI is only a capping agent in these cases. For
MAPI-4 it can be confirmed that a double layer is present. Thus, similar to the reported
structure of Billing et al. 256 DAI has become an integral part of the structure.
Finally, first studies were performed to evaluate the potential of the presented MAPIs as
functional materials in photo-physical applications. Preliminary characterization and tests
as hybrid solar cells were conducted in thin film architecture. It should be considered that
optimizations and long-term experiences regarding device fabrication are necessary for obtaining reliable results and high performances in the future. Furthermore, the MAPI materials still contain DAI as a capping agent. Due to the insulating character of the alkyl chain,
it is also expected that the performance of the devices might be reduced significantly.
Hence, we see the following results only as a proof of principle and further investigations
are part of our ongoing research. UV-VIS-NIR spectra were acquired for all MAPIs (data
given in S-9). In agreement to (CH3NH3)PbI3 reported in the literature, all MAPI materials
presented here are direct semiconductors with a gap of 1.52 eV. However, in the case of
MAPI-4 a shift of the band-edge to higher energies due to the reduced dimension of the
3-D perovskite phase and the associated quantum size effect are detected. For assembling
hybrid solar cells, ITO was used as a transparent electrode and coated with TiO2 as a blocking layer. Spin-coating of MAPI-2 particles followed. The preliminary device was completed
by covering the MAPI-2 layer with SpiroOMeTAD as a hole conductor257 and an Ag/Au backcontact (see also S-10). Spectral dependent measurement of the external quantum efficiency (EQE) was conducted proofing a working MAPI-2 layer (crystalline cubes) as light
harvesting material with delivering a stable photocurrent over the whole visible range. Despite the lack of any optimization a working photovoltaic device could be constructed. As
expected the current performance indicators (Isc = 2.90 mA/cm2, Voc = 0,77 V, FF = 30 %,
efficiency = 0,68%) are way below values reported for thin film state-of-the-art perovskite
solar cells in the literature.227
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8.1.4 Conclusion
The main focus of the current manuscript was on the preparation of crystalline metal-organic perovskite particles with special shape and special nanostructure. A new and crystalline tri-ethylene glycol containing (CH3NH3)PbI3 phase could be presented as a versatile and
liquefiable single-source precursor. It was shown that the use of a suitable capping agent
enables to control of the shape and the aspect ratio of perovskite nanocrystals. The latter
is a particularly appealing aspect, because it was recognized recently that particle shape
can be an important tool to control functional properties.258 In addition, our results on
MAPI open framework nanostructures contribute to a change of the paradigm that the single-crystalline state is distinct or even incompatible with the nanostructured state.

8.1.5 Experimental Section and Supporting Information
Experimental Section
Synthesis of TEG-precursor solutions. For the synthesis of the TEG-precursor solution,
12 ml tri-ethylene glycol (TEG, Merck ≥99%) and 1.2 mmol lead(II) iodide (PbI2, Aldrich 99%)
were degassed under stirring for 3 h at 60°C. After cooling down to room temperature
1.6 mmol methyl ammonium iodide (MAI)228 was dissolved yielding in a yellowish clear
solution.
Synthesis of dodecylammonium iodide (DAI) was performed adopting a procedure similar
to the one published by Aoyagi et al.259 In a typical synthesis 29,6 mmol (5,49 g) of
dodecylamine was dissolved in 150 mL 1,4-dioxan and 7,4 mL (54 mmol) of HI (57 w%) was
added drop wise to the solution under vigorous stirring at room temperature. After stirring
overnight, the solvent was removed with a rota vapour at 60 °C. The obtained raw product
was washed with Et2O, recrystallized in EtOH/Et2O and dried at 40 °C at vacuum yielding in
7,23 g (23 mmol) of powdered white product.
MAPI-sample preparation. An appropriate amount of DAI was dissolved in 180 µL of TEGprecursor solution. This solution was rapidly injected in 30 mL methylene chloride containing 9 µmol of DAI. The resulting concentration of DAI depends on the targeted sample:
0 mmol/L (MAPI-0), 0.5 mmol/L (MAPI-1), 2.0 mmol/L (MAPI-2), 3.8 mmol/L (MAPI-3),
9.8 mmol/L (MAPI-4). The solution turns from yellowish to black indicating the transformation of TEG-precursor to the product. After 12 hours of stirring the black precipitate was
centrifuged for 5 minutes at 6000 RPM, washed 3 times with methylene chloride and dried
under vacuum. All samples are stored under argon to prevent decomposition due to moisture. Information about the synthesis of the alternative MAPI samples is in the supporting
information S-11.
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Single crystal X-ray diffraction. Details are given in S-12.
Supporting Information
Reproduced with permission from ref 218. Copyright 2015 Wiley.
S-1.
DSC and POLMIC for the perovskite TEG-precursor phase (1).

S-2.
Optical measuremts for the perovskite precursor phase (1).

Kubelka-Munk evaluation.
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S-3.
Crystal-to-crystal transformation from precursor phase (1) to (CH3NH3)PbI3 observed by
different analytical techniques.
(a) Optical spectroscopy; kinetic measurement:

The data was collected after injection (t=0) a TEG-precursor solution in CH2Cl2. At t = 0 s the
data consists only of the spectral feature of the crystalline (TEG)2(CH3NH3)PbI3 (1). Upon
progressing reaction time absorption in the high-energy region (l < 500 nm), characteristic
for compound (1) decreases in intensity, and simultaneously the broad absorption characteristic for (CH3NH3)PbI3 emerges.

8 Publications and Contribution

58

(b) HRTEM-study:
Samples were taken from the dispersion at different times, and were then directly measured.
Particles obtained instantaneously after injection of a TEG-solution of (CH3NH3)PbI3(TEG)2.
(1) in antisolvent CH2Cl2

FFT
It can be seen that initially small
crystals of the precursor phase
(1) form and grow in solution.
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Sample taken after 3 minutes: Precursor (1)/ (CH3NH3)PbI3 (2) composite phase.

scalebar @ 20 nm

FFT

Crystalline particle with higher electron contrast are surrounded by a crystalline phase with
lower electron contrast. Therefore, it is indicated that two crystalline phases are present in
direct contact to each other. FFT patterns were calculated and it can be concluded that one
phase correlates to (CH3NH3)PbI3. The FFT signals of the second phase (marked by red circles) are in good agreement to the precursor phase (1). It should be noted that the signals
appear at smaller angles have respectively larger lattice distances only present in precursor
phase (1) (see Fig. 1 of the main part of the manuscript).
Thus, it seems that the (CH3NH3)PbI3 product phase (2) forms directly from the crystalline
precursor phase (1).
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Sample taken after 240 minutes: Pure (CH3NH3)PbI3 phase.

scalebar @ 20 nm

FFT
At the end of the reaction, the entire precursor phase (1) is consumed. HRTEM/FFT reveal
only the characteristic pattern of the (CH3NH3)PbI3 product phase (2).
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(c) Optical microscopy prior and after addition of CH2Cl2 as an anti-solvent:

The images to the left obtained by conventional optical microscopy show elongated crystals
of the (TEG)2(CH3NH3)PbI3 precursor phase (1). The crystals appear with light yellow color
due to light absorption in the range 400-450 nm (see also the UV-Vis spectrum at the
bottom). Due to the crystalline nature and the optical anisotropy of the crystal class, the
crystal exhibit bright birefringence between crossed polarizers. Addition of CH2Cl2 initiates
the formation of the (CH3NH3)PbI3-phase, which is characterized by optical absorption over
the entire VIS-range. Consequently, the material appears black and birefringence cannot
be detected any more. However, the shape of all crystals is completely preserved, which is
interpreted as an indication for a direct crystal-to-crystal transformation.
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S-4.
Investigation of MAPI-0 prepared in the absence of the DAI surfactant.
TEM:

SEM:
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S-5.
Additional analytical data for MAPI-1
(a) Topographic SEM data of sample MAPI-1 at low magnifications:

Scalebar @ 1 µm.
(b) PXRD pattern of sample MAPI-1.

8 Publications and Contribution

64

(c) SEM investigation of the internal structure of MAPI-1 particles:
Internal regions of MAPI-1
particles were exposed using a focused ion beam.
Although it cannot be
excluded that the FIB also
has an effect on the structure of MAPI-1, the porous
structure is still observable. This is an indication
that the porosity seen in
SEM micrographs is not
only present at the surface
but also in the bulk-phase
of the material.

(d) TGA data of MAPI-1 with pores filled with toluene under argon atmosphere:

The porous MAPI-1 material was compared to the non-porous MAPI-2 material. The TGA
measurement was performed in a way that the elimination of the volatile CH3NH3I
(resp. CH3NH2 + HI) can be observed:
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)*+ ,*+ -./+ → -./2 + )*+ ,*2 ↑ + */ ↑

∆5 = 25.5 %

The non-porous MAPI-2 behaves like other (CH3NH3)PbI3 perovskites reported in the literature (Stoumpos, C. C.; Malliakas, C. D.; Kanatzidis, M. G. Inorganic Chemistry 2013, 52,
9019) with a distinct mass loss step for MAI elimination at T = 337 °C. There are major
differences for MAPI-1. The MAI elimination takes place at much lower temperatures
(T = 269°C) and there is one additional mass loss step (Dm = 7%) starting at T = 110 °C and
with a maximum mass loss rate at 159 °C. The first mass loss is clearly associated with the
evaporation of toluene. The increase of the evaporation temperature of toluene is reasonable, because according to Kelvin-equation (simplified version)
!;×=>

with

?@ABC
2
= E×FG ×
?D
H@ABC

pv = the bulk vapor pressure

ppore = the vapor pressure in a porous host
g = the solid-liquid surface tension
Vm = the molar volume
higher temperatures are required for evaporating a liquid confined to pores with a certain
radius rpore. Because the surface tension of toluene on (CH3NH3)PbI3 and the shape of the
pores are not known, only a rough estimate about the pore-size of MAPI-1 can be made.
However, the effect on toluene can only be explained for pores with sizes below 50 nm.
This estimation is in good agreement to the SEM images shown for MAPI-1 (Fig. 3c).
The second effect which was observed in the TGA-data is that the decomposition step associated with CH3NH3I is shifted to lower temperatures (DT = -68 K). It is well known in TGA
that the position of steps is largely influenced by the Le-Chatelier principle. If the gaseous
products are released more effectively the step will move to lower temperatures. Therefore, the porous nature, which facilitates the formation and removal of CH3NH3I, can also
explain the observed shift.
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(e) TEM indicating the formation of pores:

scalebar @ 100 nm.

TEG
ΔV = 80%
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SI-6.
SEM micrographs of MAPI-2 taken at different magnifications.
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S-7.
PXRD analysis of the aspect ratio for the samples MAPI-2, -3, -4 prepared with increasing
DAI concentration.
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Example for deconvolution.

Correlation of the aspect ratio with DAI concentration.
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Scheme 1. Perovskite nanocrystals with quasi-cubic morphology are obtained for low concentration of the surfactant dodecyl ammonium iodide (DAI). Due to better fit of the I- surface pattern with a dense DAI surface monolayer (grey cylinders) the preferential
adsorption on the (004) surface (shown in blue) leads to main growth along the crystallographic a,b-directions (indicated in orange).

S-8.
Investigation of the nanostructure of the different MAPI-materials.
All MAPI-samples were thoroughly washed with CH2Cl2 until excess, chemically not bound
DAI is removed.
(a) FT-IR measurements:
The IR-spectra (e.g. fingerprint region) of pure DAI (blue), pure (CH3NH3)PbI3 (@ MAPI-(0);
red) are compared to the different MAPI-samples (1-4). The
bands

corresponding

to

(CH3NH3)PbI3 can assigned for
all

MAPI

samples

(1-4),

however, the amount of DAI is
relatively small for MAPI-(1-3).
The Intensity of DAI bands sequentially increase in the sequence (1-3). For MAPI-4 a substantial amount of DAI is present.
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(b) NMR measurements:

The conclusions drawn from FT-IR spectroscopy could be confirmed by

1

H-NMR

spectroscopy. For this purpose, the MAPI samples were quantitatively dissolved in deuterated methanol and conventional liquid-phase NMR spectra were acquired. The spectra
were normalized to the intensity of the peak at d = 2.58 ppm corresponding to the methylammonium cation in MAPI. The amount of DAI in samples MAPI-(1-3) is very small,
whereas it is a major constituent in MAPI-4. A further advantage of NMR spectroscopy is
the possibility to differentiate between the two methyl groups in methyl ammonium (MAI;
d = 2.58 ppm) and DAI (d = 0.93 ppm ppm) which enables some degree of quantification:
The DAI:MAI ratio is low for
MAPI-(1-3) and in agreement to the role of DAI as a
capping agent. Between
MAPI-3 and MAPI-4 the effect of DAI as simple crystal
capper is changing. The
amount of DAI in the material is now significantly
larger caused by incorporated DAI into the material.
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(c) Comparison of samples by X-ray diffraction (PXRD and SAXS).

The PXRD patterns (top figure) of MAPI-2 and MAPI-3 are in good agreement to the signals
expected for the pure perovskite phase (red). The diffraction pattern of MAPI-4 is much
more complex and in particular a signal at low angles (2q = 2.8) is present. The occurrence
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of a low-angle signal only for MAPI-4 was confirmed using
small-angle X-ray scattering analysis (SAXS) as an independent method (bottom figure). There is no small angle
signal for samples MAPI-(1-3), which is consistent with the
assumption that DAI is only a capping agent in these case.
It can be summarized that the diffraction pattern of MAPI4 is very similar to a (DAI)2PbI2 material presented by Billing
et al.256 which consists of one layer of 2-D linked [PbI6] octahedra capped by one layer of DAI on each side:

Unit cell of (DAI)2PbI4
Proposed structure of MAPI-4.

as reported by Billing
et al.256

However, in the case of MAPI-4 all diffraction signals are shifted to smaller angles compared to (DAI)2PbI4 indicating larger lattice constants. According to Braggs equation the
low-angle signal of MAPI-4 corresponds to a periodicity of d = 3.1 nm. This value fits precisely to the d002 value for a material consisting of a bilayer of linked [PbI6] octahedra and
DAI on each surface of this layer, and is also in excellent agreement with the NMR data
presented before.
Because the thickness of the sheets found for MAPI-4 (Fig. 4c; main paper) is in the range
of 300 nm, it can be concluded that » 10 layers are stacked above each other.
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We also found that for a sample prepared with slightly less DAI (MAPI-3b) two diffraction
signals at even lower angles appear in SAXS at q = 1.75 nm-1 (d = 3.60 nm) and q =
1.48 nm-1 (d = 4.24 nm). The difference compared to MAPI-(4) can be assigned to a tri-layer
of linked [PbI6] octahedra (Dd = 0.6 nm) and a tetra-layer (Dd = 1.2 nm) between the two
DAI layers:

Our data indicates that it is possible, to tune the thickness of the intercalated MAPI layers
via a precise adjustment of synthesis conditions, however, this is beyond the scope of the
current manuscript.260

(d) Elemental analysis.
With the structural model described in (c), a relation between structure and composition
can be formulated. If more [PbI6] layers are intercalated, the N:C ratio is expected correlate
directly because of the different amount of N:C ratio in DAI and MAI. Therefore C,H,N-elemental analysis was acquired for all samples, and the N:C ratio is compared to its dependency on the number n of layers containing 3-D linked [PbI6] octahedra:
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It can be concluded that the number of [PbI6] layers capped by dodecyl ammonium is in the
order of 230 - 80 for MAPI-(1-3). This would correspond to a thickness of approximately
690 - 240 nm, which is in good agreement to the dimension of the particle sizes observed
in electron microscopy (Fig. 3, 4).
To summarize, DAI is a capping agent in the case of MAPI-(1-3) materials and gets part of
the crystal structure for MAPI-4.
(e) Kinetic measurement of the formation of MAPI-(4) using UV/Vis spectroscopy:
In-situ UV/Vis spectroscopy
confirms that in comparison
to MAPI-(1-3) (see S-3b) the
formation

mechanism

of

MAPI-(4) is significantly different. When the precursor
is consumed, two distinct
bands at l = 488 nm and 574
nm

arise.

These

bands

indicate, that instead of the
3-D perovskite (CH3NH3)PbI3
a material with substantial
2-D features is formed.260
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S-9.
UV-VIS-NIR absorption spectra for different MAPI-samples.

(a) MAPI-1, (b) MAPI-2, (c) MAPI-3 and (d) MAPI-4

S-10.
Assembly of a preliminary photovoltaic device.
Cross section SEM of a model solid state solar cell with MAPI-2 as sensitizer:
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IV (a) and EQE (b) measurements.

S-11.
Detailed synthesis protocol for the presented samples.

Concentra-

Concentra-

Concen-

Concen-

tion

tion

tration

tration

MAI Precursor

PbI2, Precursor

DAI Precursor

DAI DCM

MAPI-0

100 mM

100 mM

-

MAPI-1

167 mM

100 mM

MAPI-2

263 mM

MAPI-3
MAPI-4

Sample
number

Volume

Volume

Precursor

DCM

-

180 µl

30 mL

35 mM

0,3 mM

180 µl

30 mL

100 mM

135 mM

1,2 mM

180 µl

30 mL

263 mM

100 mM

135 mM

3,0 mM

180 µl

30 mL

263 mM

100 mM

135 mM

9,0 mM

180 µl

30 mL
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S-12.
Results of single crystal x-ray diffraction of the precursor (1).
Crystals of (TEG)2(CH3NH3)PbI3 (1) suitable for single crystal X-Ray diffraction analysis were
grown by gas-diffusion of the anti-solvent methylene chloride into a solution.
X-Ray diffraction analysis was performed at 100 K on a STOE IPDS-II diffractometer
equipped with a graphite monochromated radiation source (Mo-Kα, λ = 0.71073 Å) and an
image plate detection system. Crystals were mounted on a fine glass fiber with silicon
grease. The selection, integration, and averaging procedure of the measured reflex
intensities, the determination of the unit cell dimensions and a least-squares fit of the 2θ
values as well as data reduction, LP-correction and space group determination were
performed using the X-Area software package delivered with the diffractometer [Stoe XRED version 1.3, Data Reduction Programm Darmstadt, Germany, 2005]. A semiempirical
absorption correction was performed. The structure was solved by Patterson methods
(SHELXS-97)[Sheldrick, G. M. SHELXS-97, Program for Crystal Structure Analysis; Universität
Göttingen: Göttingen, 1986.] completed with difference fourier syntheses, and refined with
full-matrix least-square using SHELXL-97 [Sheldrick, G. M. SHELXL-97, Program for Crystal
Structure Refinement; Universität Göttingen: Göttingen, 1997.] minimizing ω(F02 -Fc2)2 .
Weighted R factor (wR2) and the goodness of fit GooF are based on F2. All non-hydrogen
atoms were refined with anisotropic displacement parameters. All hydrogen atoms were
treated in a riding model. However, hydrogen atoms bound to nitrogen (in the methyl ammonium cation) have not been modeled and have not been located in the electron density
map. Therefore the reported sum formula differs by 3 hydrogen atoms from sum formula
of the model. One triethylene glycol molecule is disordered and was refined in two split
positions refining to a 66:34 occupancy.
Table 1. Crystal data and structure refinement for F:_RAY014_teg_prec2.
Identification code

CCDC 998856

Empirical formula

C13 H34 I3 N O8 Pb

Formula weight

920.30

Temperature

100(2) K

Wavelength

0.71073 Å

Crystal system

Orthorhombic

Space group

Pbca

Unit cell dimensions

a = 8.0163(3) Å

a= 90°.

b = 29.8083(16) Å b= 90°.
c = 21.4408(9) Å
Volume

5123.3(4) Å3

g = 90°.
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Z

8

Density (calculated)

2.386 Mg/m3

Absorption coefficient

10.234 mm-1

F(000)

3392

Crystal size

0.500 x 0.020 x 0.020 mm3

Theta range for data collection

1.66 to 27.98°.

Index ranges

-10<=h<=10, -39<=k<=39, -27<=l<=28

Reflections collected

46429

Independent reflections

6149 [R(int) = 0.0613]

Completeness to theta = 27.98°

99.5 %

Absorption correction

Integration

Max. and min. transmission

0.6171 and 0.3052

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

6149 / 0 / 268

Goodness-of-fit on F2

1.031

Final R indices [I>2sigma(I)]

R1 = 0.0311, wR2 = 0.0700

R indices (all data)

R1 = 0.0428, wR2 = 0.0739

Largest diff. peak and hole

1.977 and -2.951 e.Å-3

Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103)
for F:_RAY014_teg_prec2. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.
x

y

z

U(eq)

C(1)

4048(7)

8682(2) -

141(2)

33(1)

C(2)

5170(8)

9063(2)

-320(3)

38(1)

C(3)

7070(14)

9605(3) -

25(5)

32(2)

C(4)

7940(14)

9800(3)

533(5)

32(2)

C(5)

9948(13)

9599(3)

1298(5)

39(3)

C(6)

11081(9)

9248(2)

1496(4)

51(2)

C(7)

5838(8)

3238(2) -

106(3)

39(1)

C(8)

5620(7)

2860(2)

343(2)

33(1)

C(9)

7003(7)

2480(2)

1155(2)

30(1)

C(10)

8664(8)

2421(2)

1449(3)

33(1)

C(11)

10673(7)

2801(2)

2071(2)

30(1)

C(12)

12115(7)

2838(2)

1625(3)

33(1)

C(13)

8788(9)

1063(2)

6844(3)

44(2)

N(1)

8028(6)

1286(1)

6291(2)

33(1)
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O(1)

4865(5)

8349(1)

231(2)

32(1)

O(2)

5846(6)

9266(1)

210(2)

51(1)

O(3)

8958(6)

9460(1)

793(2)

46(1)

O(4)

10378(5)

8808(1)

1559(2)

38(1)

O(5)

7232(6)

3134(2) -

490(2)

47(1)

O(6)

7089(5)

2834(1)

716(2)

27(1)

O(7)

9080(4)

2824(1)

1777(2)

27(1)

O(8)

12067(5)

3254(1)

1292(2)

35(1)

I(1)

-823(1)

1640(1)

3064(1)

24(1)

I(2)

-590(1)

936(1)

1327(1)

33(1)

I(3)

-771(1)

170(1)

3078(1)

28(1)

Pb(1)

1777(1)

894(1)

2511(1)

23(1)

C(14)

10490(20) 9462(5)

953(9)

33(4)

C(15)

6420(30)

9681(6)

295(12)

41(6)

C(16)

8240(30)

9663(7)

289(10)

38(5)

Table 3. Bond lengths [Å] and angles [°] for F:_RAY014_teg_prec2.
C(1)-O(1)

1.433(6)

C(1)-C(2)

1.499(8)

C(2)-O(2)

1.397(7)

C(3)-O(2)

1.496(11)

C(3)-C(4)

1.501(14)

C(4)-O(3)

1.417(10)

C(5)-O(3)

1.406(10)

C(5)-C(6)

1.449(11)

C(6)-C(14)

1.409(19)

C(6)-O(4)

1.433(7)

C(7)-O(5)

1.422(8)

C(7)-C(8)

1.491(8)

C(8)-O(6)

1.426(6)

C(9)-O(6)

1.416(6)

C(9)-C(10)

1.483(8)

C(10)-O(7)

1.431(6)

C(11)-O(7)

1.425(6)

C(11)-C(12)

1.503(8)

C(12)-O(8)

1.434(6)
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C(13)-N(1)

1.489(8)

O(2)-C(15)

1.331(18)

O(3)-C(14)

1.277(18)

O(3)-C(16)

1.37(2)

I(1)-Pb(1)#1

3.1880(4)

I(1)-Pb(1)

3.2700(4)

I(2)-Pb(1)

3.1717(4)

I(2)-Pb(1)#1

3.2690(4)

I(3)-Pb(1)#1

3.1799(4)

I(3)-Pb(1)

3.2103(4)

Pb(1)-I(3)#2

3.1799(4)

Pb(1)-I(1)#2

3.1878(4)

Pb(1)-I(2)#2

3.2690(4)

C(15)-C(16)

1.46(3)

O(1)-C(1)-C(2)

113.2(5)

O(2)-C(2)-C(1)

110.6(5)

O(2)-C(3)-C(4)

107.4(8)

O(3)-C(4)-C(3)

107.7(9)

O(3)-C(5)-C(6)

111.4(7)

C(14)-C(6)-O(4)

111.1(8)

C(14)-C(6)-C(5)

38.9(7)

O(4)-C(6)-C(5)

116.2(6)

O(5)-C(7)-C(8)

107.6(5)

O(6)-C(8)-C(7)

107.9(4)

O(6)-C(9)-C(10)

109.1(4)

O(7)-C(10)-C(9)

108.6(4)

O(7)-C(11)-C(12)

113.9(4)

O(8)-C(12)-C(11)

111.1(4)

C(15)-O(2)-C(2)

130.3(10)

C(15)-O(2)-C(3)

36.2(11)

C(2)-O(2)-C(3)

105.9(5)

C(14)-O(3)-C(16)

127.9(13)

C(14)-O(3)-C(5)

41.2(8)

C(16)-O(3)-C(5)

135.7(11)

C(14)-O(3)-C(4)

131.0(9)

C(16)-O(3)-C(4)

29.4(8)

C(5)-O(3)-C(4)

114.6(7)
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C(9)-O(6)-C(8)

112.0(4)

C(11)-O(7)-C(10)

112.7(4)

Pb(1)#1-I(1)-Pb(1)

76.722(8)

Pb(1)-I(2)-Pb(1)#1

76.960(8)

Pb(1)#1-I(3)-Pb(1)

77.697(8)

I(2)-Pb(1)-I(3)#2

94.559(10)

I(2)-Pb(1)-I(1)#2

91.367(10)

I(3)#2-Pb(1)-I(1)#2

86.945(10)

I(2)-Pb(1)-I(3)

87.106(10)

I(3)#2-Pb(1)-I(3)

95.018(11)

I(1)#2-Pb(1)-I(3)

177.600(10)

I(2)-Pb(1)-I(2)#2

174.296(14)

I(3)#2-Pb(1)-I(2)#2

85.973(10)

I(1)#2-Pb(1)-I(2)#2

82.986(10)

I(3)-Pb(1)-I(2)#2

98.512(10)

I(2)-Pb(1)-I(1)

83.222(9)

I(3)#2-Pb(1)-I(1)

177.773(10)

I(1)#2-Pb(1)-I(1)

92.915(10)

I(3)-Pb(1)-I(1)

85.070(10)

I(2)#2-Pb(1)-I(1)

96.217(9)

O(3)-C(14)-C(6)

122.8(12)

O(2)-C(15)-C(16)

108(2)

O(3)-C(16)-C(15)

115.5(18)

Symmetry transformations used to generate equivalent atoms:
#1 x-1/2,y,-z+1/2 #2 x+1/2,y,-z+1/2
Table 6. Anisotropic displacement parameters (Å2x 103) for F:_RAY014_teg_prec2. The anisotropic
displacement

factor

exponent

-2p2[ h2a*2U11 + ... + 2 h k a* b* U12 ]
U11

U22

U33

U23

U13

U12

C(1)

40(3)

31(3)

27(2)

1(2)

-8(2)

2(2)

C(2)

49(3)

27(3)

37(3)

1(2)

-8(3)

4(3)

C(3)

43(5)

26(4)

27(4)

-3(3)

0(4)

-6(4)

C(4)

45(6)

14(4)

36(5)

0(4)

-12(4) -5(4)

C(5)

48(6)

28(5)

42(6)

-2(4)

-7(5)

C(6)

55(4)

24(3)

74(5)

-1(3)

-30(4) -5(3)

-7(4)

takes

the

form:
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C(7)

54(4)

30(3)

33(3)

0(2)

-12(3) -1(3)

C(8)

31(3)

36(3)

31(3)

0(2)

0(2)

-4(2)

C(9)

43(3)

23(2)

24(2)

4(2)

5(2)

-11(2)

C(10)

49(3)

18(2)

31(3)

-1(2)

-3(2)

0(2)

C(11)

33(3)

28(3)

29(2)

7(2)

-3(2)

2(2)

C(12)

30(3)

29(3)

40(3)

9(2)

1(2)

1(2)

C(13)

45(4)

38(3)

50(4)

-2(3)

-12(3) -3(3)

N(1)

38(3)

20(2)

40(2)

4(2)

9(2)

2(2)

O(1)

38(2)

24(2)

35(2)

4(2)

-6(2)

-2(2)

O(2)

71(3)

26(2)

56(3)

7(2)

-36(2) -14(2)

O(3)

59(3)

26(2)

53(3)

-1(2)

-25(2) 0(2)

O(4)

31(2)

31(2)

52(2)

-2(2)

-3(2)

0(2)

O(5)

66(3)

46(3)

29(2)

9(2)

1(2)

-22(2)

O(6)

32(2)

24(2)

25(2)

5(1)

-1(2)

-6(2)

O(7)

31(2)

23(2)

26(2)

-1(1)

1(2)

-2(1)

O(8)

34(2)

30(2)

40(2)

13(2)

1(2)

-5(2)

I(1)

24(1)

22(1)

25(1)

-1(1)

1(1)

-2(1)

I(2)

26(1)

51(1)

23(1)

4(1)

0(1)

4(1)

I(3)

5(1)

23(1)

36(1)

5(1)

1(1)

0(1)

Pb(1)

18(1)

25(1)

25(1)

2(1)

0(1)

1(1)

C(14)

39(9)

21(8)

38(9)

-3(7)

18(8)

-4(7)

C(15)

52(12) 22(9)

C(16)

63(14) 23(10) 27(10) -6(7)

49(13) 18(8)

-24(11) -5(8)
2(9)

-2(9)

Table 7. Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 103) for
F:_RAY014_teg_prec2.
x

y

z

U(eq

H(1A) 3085

8803

95

39

H(1B) 3613

8539

-524

39

H(2A) 6082

8950

-589

45

H(2B) 4528

9288

-562

45

H(3A) 6485

9844

-259

39

H(3B) 7889

9461

-306

39

H(4A) 8632

10060 407

38

H(4B) 7111

9904

844

38

H(5A) 9218

9684

1652

47

H(5B) 10599 9867

1175

47
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H(6A) 12009 9232

1192

61

H(6B) 11565 9336

1903

61

H(7A) 4823

3273

-365

47

H(7B) 6035

3521

122

47

H(8A) 4633

2914

610

39

H(8B) 5450

2575

114

39

H(9A) 6665

2199

944

36

H(9B) 6162

2551

1478

36

H(10A) 8637

2164

1742

39

H(10B) 9513

2359

1125

39

H(11A) 10760 2513

2298

36

H(11B) 10757 3045

2381

36

H(12A) 13175 2816

1860

39

H(12B) 12074 2586

1325

39

H(13A) 10003 1096

6828

66

H(13B) 8498

743

6842

66

H(13C) 8362

1202

7226

66

H(1)

4223

8129

282

48

H(4)

11108 8615

1476

57

H(5)

7224

3301

-806

70

H(8)

11322 3243

1017

52

H(14A) 10830 9781

984

39

H(14B) 11125 9333

599

39

H(15A) 6015

9801

698

49

H(15B) 6010

9880

-43

49

H(16A) 8601

9502

-92

45

H(16B) 8674

9973

261

45

________________________________________________________________
Symmetry transformations used to generate equivalent atoms:
#1 x-1/2,y,-z+1/2 #2 x+1/2,y,-z+1/2
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8.2 Publication II:
Microwave Induced Crystallization of the Hybrid Perovskite
CH3NH3PbI3 from a Supramolecular Single-Source Precursor,
Chem. Mater. 2016
Tom Kollek, Christian Fischer, Inigo Göttker-Schnetmann, Sebastian Polarz*

Abstract: Hybrid perovskites like CH3NH3PbI3 (MAPI) have been the recent spotlight of
materials science for their outstanding properties as a new class of semiconductors. Their
solution-based synthesis offers versatile processing, but complex chemical interactions of
the organic cation, the coordinating solvent and inorganic component are influencing the
crystal formation, and most likely the optoelectronic properties. Consequently, solid intermediate states can arise to limit the controlled crystallization of defined MAPI morphologies. In particular, the design of desired nanostructures bears major difficulties and hampers of defined single-source precursors owing structure related properties. Here, we introduce a new systematic precursor system based on various oligo-glycols with single-source
characteristics, addressing MAPI pre-organized on the molecular level. Elevated temperature trigger the formation of MAPI starting from a stable ionic liquid precursor. This enables
the unique access for a microwave- assisted synthesis of MAPI scaffolds that reveal a local
photoluminescence enhancement behavior at the outer surface.

Reproduced with permission from ref 219. Copyright 2016 American Chemical Society.
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8.2.1 Record of Contribution
T. Kollek realized the precursor synthesis, materials preparation and characterization.
C. Fischer contributed to the experimental work with kinetic studies on the temperature
induced material preparation. I. Göttker Schnetmann performed SC-XRD measurements
and solved the structures. S. Polarz designed the research and wrote the manuscript. All
authors have given approval to the final version of the manuscript.

8.2.2 Introduction
Perovskites (ABX3) have become one of the most versatile classes of solids in diverse and
highly functional materials.261,262 Whereas oxidic perovskites are well-known since decades, the family of hybrid perovskite materials (HYPE) like CH3NH3PbI3 (MAPI)225 have provoked enormous scientific attention as it was used as absorber material in photovoltaic
devices with liquid electrolyte in 200926 and in 201230, in an all-solid device architecture.
Since then, especially for their unique semiconducting properties and their advanced performance for innovative photovoltaic devices.223 Further promising areas of application
have arisen as LEDs263, lasers264, photodetectors36 and in spintronics.46 As a result, the
search for reliable synthesis routes for HYPE materials including novel nanostructures like
defined nanoparticles and thin films has been proven to be a difficult task, in particular for
MAPI.265 Allocation of unique HYPE nanostructures and insights how such features influence functional properties stands at the beginning, and yet synthesis protocols comprising
defined molecular precursors have not developed. We introduce a new precursor system
with single-source characteristics, addressing MAPI pre-organized on the molecular level.
The formation of the perovskite is induced by temperature tuning the molecular architecture of the precursor to be a stable liquid. This enables unique access to a microwave assisted synthesis of MAPI scaffolds that reveal a local photoluminescence enhancement behavior at the outer surface.
There exists a notable repertoire of synthetic protocols to HYPEs ranging from two-step
procedures to direct crystallization.84,221,266 As nucleation and growth are difficult to control
for such deposition-precipitation from saturated solutions by evaporating of the solvent,
the results are dependent on various experimental parameters which reduces the reproducibility. Conditions like oxygen rich atmosphere,267 humidity or processing temperature,66,268 lead to a mixture of crystal sizes, surface chemistry and morphologies making it
hard to compare material properties.74 Furthermore, the intrinsic chemistry of the best
performing HYPEs like MAPI is delicate to the stoichiometric ratio of the precursor solution
leading to lower dimensional cluster formation, and ion migration in the final perovskite
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phase.76,269 Thus, different crystallization pathways of MAPI occur which are (i) crystallization from supersaturated solution, (ii) dissolution crystallization or (iii) in-situ transformation.197
Several of the mentioned problems needed to be considered earlier for other important
classes of materials, for example metal chalcogenides. One learned the generation and employment of defined precursors bears major benefits and opens new ground for materials
synthesis.270 In particular, the chemical and physical properties of the precursor that can
be tuned by means of molecular architecture and material formation is triggered by stimuli
like reactants or temperature. The special gain in a liquid materials precursor are unique
processing steps,271 for example the possibility of infiltration into templates. Further, if a
distinct compound as a precursor contains all elements needed and its transformation
leads direct to this material the term 'single-source' could be applied.272
Besides the common precursor, like salt solutions of PbI2 and MAI based on coordinating
solvents (e.g. DMF, DMSO), that include several low dimensional intermediate states273,
chemistry of defined precursors for HYPEs is poorly developed and only few papers have
already addressed this topic. In 2015 Zhao et al. published an interesting report about HPbI3
as a precursor compound to replace PbI2 in HYPE synthesis.274 Yang et al. used a complex,
solid precursor comprising dimethylsulfoxide intercalated in a PbI2/ formamidinium
phase.57 Our group introduced a CH3NH3PbI3TEG2 compound (TEG (triethylene glycol),
which transforms into MAPI via adding an anti-solvent and a crystal-to-crystal transformation.218 A defined liquid, single-source precursor system for the synthesis of HYPE
nanostructures does currently not exist and represents a major challenge, we pursuit here.

8.2.3 Results and Discussion
A systematic series of precursor-compounds owing length defined oligo-glycol derivatives
(oGs), as glycol, glycolmonomethylether and glycoldimethylether were evaluated.
MAPbI3oG (MA (methyl ammonium, CH3NH3+; oG (oligo-glycol derivative = diethylene glycol DEG (Þ1), triethylene glycol TEG (Þ2), triethylene glycolmonomethylether TEGOME
(Þ3) and triglyme (Þ4)) was prepared, resulting in solid, crystalline compounds. Experimental details are given in the supporting information section. The structure of the precursor phases was determined from single crystal X-ray diffraction analysis and is summarized
in Fig. S-1a-e with compound (3) as representative shown in Fig. 1a.
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A joint feature in all precursor structures
(1-4) are one-dimensional ([PbI3]-)n chains
formed

by

face-shared

lead

iodide

octahedral . The oGs and the methyl ammonium form a complex cation that surrounds the ([PbI3]-)n chains. The nature of
the oG has a significant influence on the
structure, the symmetry and the physical
properties of the crystalline precursor
phases (see Fig. S-1). For compounds (4),
(3), (1) one oG unit coordinates to one MA
(see also Fig. 1a). As a result the charge of
MA is only partially shielded, and this
causes a strong interaction with the
([PbI3]-)n and leads to high melting points
determined from differential calorimetry
(DSC) measurements given in Fig. S-2
(Tmp(4) = 109 °C, Tmp(3) = 95 °C,
Tmp(1)= 85°C). The oG-based precursor
show the structural motif of CsNiBr3 with Figure 1. (a) Photographic image of a solidan increased cation size comprising of MA+ precursor (3) and an excerpt of its structure
and the glycol respectively (tolerance determined from single crystal X-ray diffraction. (b) Photographic image of the liquid prefactor>1).53 The structural resemblance cursor (5) and proposed structure of the liq(e.g. face-centered symmetry) between (3) uid. (c) Unit cell of MAPI. oG depicted in grey
mode'; MA depicted in red 'stick mode';
as a representative and the target perov- 'stick
Pb2+ @ black spheres; I- @ blue spheres; [PbI6]
skite MAPI is shown in Fig. 1a, c.
depicted as green polyhedral. Reproduced
When TEG is used as an alternative oG, an with permission from ref 219. Copyright 2016
American Chemical Society.
important deviation arises (see Fig. S-1c),
as now two oG entities coordinate to one MA and effectively shield the charges. The melting point decreases significantly to Tmp(2) = 67 °C. Assuming predominantly electrostatic
interactions, the data indicate (agreeing with Coulomb law) a qualitative correlation between Tmp and the cation to anion distance. The average distance d(N-Pb) can be extracted
from single crystal data showing an increase of 150% from 4.9 Å for (1) to 7.5 Å for (2).
Therefore, further decrease of the melting point is expected, if the distance between MA
and ([PbI3]-)n can be enlarged. This can be realized for instance by using a steric more demanding oG compared to TEG. For tripropylene glycol (TPG), compound (5), crystallization
does not occur anymore, as proven by DSC (see also Fig. S-3a). This novel precursor is liquid
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at room temperature (see Fig. 1b). UV-VIS data (given in Fig. S-3b) of the liquid precursor
phase (5) reveals an absorption maximum at λmax(5) = 397 nm. This is between the characteristic wavelength for zero dimensional PbI64- (λmax = 372 nm) clusters and one dimensional
([PbI3]-)n chains (λmax= 460 nm).275 Thus, λmax(5) fits to isolated, but rather short ([PbI3]-)n
chains dispersed in TPG coordinating to MA (Fig. 1b). ATR FT-IR spectra given in Fig. S-3c
proves the presence of MA and the strong similarity to the used solvent tripropylene glycol
as further mark of a liquid behavior.
An important feature of all precursor presented here is the ability for the direct formation
of MAPI induced by temperature. Comparable to a “masked” perovskite phase with CsNiBr3
structure, that transforms to MAPI via an irreversible phase transition without evaporating
the glycol. Below a critical temperature, the precursor state is stable. Although all precursors were explored regarding the T-induced formation of MAPI (for compound (3) see data
given in Fig. S-4), our focus here lies on the liquid system (5). The transformation is studied
in detail using in situ UV/VIS spectroscopy and powder X-ray diffraction (PXRD) given in
Fig. 2.

Figure 2. In situ investigations to the formation of MAPI from the liquid precursor phase (5).
(a) UV/VIS data; bottom window @ spectrum of the unreacted precursor; top window @
spectrum after complete conversion; middle window @ temporal evolution map of UV/VIS
data, absorption values brightness encoded. (b) Temperature dependency conducted from
UV/VIS kinetic data (λ= 700 nm) while heating up from room temperature to T1= 125 °C,
T2= 100 °C and T3= 75 °C. (c) PXRD kinetic data of MAPI crystallization on a Si substrate at
T3= 75 °C with t1= 0 min, t2= 10 min, t3= 30 min, t4= 45 min and t5= 60 min. SEM micrographs of MAPI thin film section grown on silicon (d), truncated cubic morphology grown in
solution (e), scale bars ≅ 5 µm respectively. Reproduced with permission from ref 219.
Copyright 2016 American Chemical Society.
The formation of MAPI (Egap = 1.52 eV; lgap = 815 nm) is traced by optical spectroscopy,
because the precursor phase (see above) does not absorb in this region (Fig. 2a). At a temperature of T = 75 °C a first signal characteristic for MAPI can be observed after 35 min,
followed by complete conversion of the precursor until 100 min. The kinetics of this crystallization process, including the nucleation and growth is adjusted with temperature
(Fig. 2b). The emerging MAPI phase is confirmed unambiguously by PXRD measurements
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shown in Fig. 2c. With prolonged heat treatment, the amorphous halo at 2θ= 22°, caused
by the short-range order (Fig. 1b), disappears and only the signals characteristic for
CH3NH3PbI3 become visible.
The crystallization of MAPI crystallization can be either initiated from homogeneous solution or heterogeneously in the presence of a substrate like silicon; the latter tracked by
PXRD (Fig. 2c). In the early crystallization stage, the signals with c-component are much
weaker than expected which indicates a preferential growth in (a,b)-direction, parallel to
the substrate. Thus, a thin coating of crystalline MAPI with lateral extension of 50-100 µm
(Fig. 2d) can be obtained. The generation of extended, monodomain films is an important
aspect for all applications of HYPEs in optoelectronic devices.276 With prolonged crystallization a significant change in orientation is observed, as the (112) signal at 2θ= 19.9° and
related planes are increasing (see Fig. 2c, S-5a). The change in crystallization direction perpendicular to the substrate becomes clear, when the structural resemblance of the glycol
precursor and the MAPI phase were considered (S-5b). Thus the liquid precursor can direct
the crystal growth like a crystallization capper.277 The unique properties of the new, liquid
precursor phase allows further possibilities to produce refined surface patterns. As proof
of concept, we show that lines of MAPI nanoparticles can be written on silicon substrates
by spatially resolved excitation with a laser beam (see Fig. S-6).
Homogeneous nucleation and bulk growth in solution is observed by conventional light
microscopy (see Fig. S-7a and video) leading to various crystal shapes (hexagonal, cubic,
truncated cubes; Fig. 2e and Fig. S-7b). There are only few large crystals indicating the precursor phase (5) enables a slow nucleation rate with a limited number of critical nuclei.
With prolonged time of crystallization, truncated cubic shapes grow to cubic bulk crystals,
which agrees with a Volmer-Weber growth mechanism.268 It can be expected that higher
nucleation rates can be reached, if the increase of temperature is accelerated. Therefore,
microwave radiation applied to the liquid precursor (5) is suitable to form MAPI. Microwave
synthesis can be used to generate a wide range of inorganic materials as recently reviewed
by Niederberger et al.,278 but it has yet not been used for the preparation of HYPE materials
by now. Our results are shown in Fig. 3 and further information is given in Fig. S-8.
Considering the reaction parameters a major advantage in the use of microwaves is a related La-Mer crystallization behavior241 including a short nucleation period and a prolonged
growth period (Fig. S-8a). Using microwaves as thermal initiator the crystallization is taking
place within minutes. PXRD data (Fig. 3a) clearly prove the formation of crystalline MAPbI3.
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As expected, the number of
formed particles increased
(Fig. 3c) compared to the
conventional-thermal treatment described before. Obviously, the crystalline perovskite

particles

display

a

unique morphology. Crystals
started to dissolve preferentially starting from the center
of the (100) surfaces of the
initial, cubic particles (Fig. 3c;
Fig. S-8b). The edges and cor- Figure 3. Data for microwave-assisted synthesis (Pmw=
ners of the particles remain 700 W) of MAPI from the liquid precursor phase (5).
(a) PXRD and (b) confocal fluorescence microscopy microstable. Therefore, the micrograph of hollow cubic particles with corresponding photowave synthesis appears as a luminescence intensity profile, scale bar ≅ 5 µm. SEM phopromising route towards the tographs of resulting MAPI morphologies (c) scale bar ≅
generation of hollow HYPE 20 µm, (d) scale bar ≅ 5 µm. Reproduced with permission
from ref 219. Copyright 2016 American Chemical Society.
nanostructures. The dissolution does not occur, when the power of the applied microwaves is lower (Pmw = 25 W); see
data given in Fig. S-8b, resulting in compact particles. The applied microwave power is crucial to the MAPI crystallization, and dissolution process as shown in S-8c. With low microwave power (Pmw < 50 W) crystallization is favored even for extended heating protocols
(see S-8d). It is noteworthy, that some of the particles deviate from the cubic shape. For a
crystalline system with (pseudo)-cubic symmetry (like perovskites) cubic shapes (reflecting
(100) surfaces and symmetry equivalents) and octahedral shapes (reflecting (111) surfaces)
are expected. A tetrahedral shape like shown in Fig. 3d is unexpected, because it represent
a variation of crystal 'Tracht'.258
Confocal fluorescence microscopy is a powerful tool to examine surface characteristics of
hybrid perovskite films and the local distribution of defects in optoelectronic devices.279
The obtained particles are an ideal model to identify morphology-related photoluminescence properties that is regarded as a crucial parameter in device optimizations. The cubic
scaffold particles (Fig. 3b) reveal a significant enhancement in photoluminescence intensity
at the outer [001] crystal edges and corners compared to the etched (001) surface and their
respected inner edges and corners. As surface defects generally result in trap-assisted, nonradiative recombination, we conclude the surface chemistry of inner and outer edges is
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different and leads to a local variation of photoluminescence intensity. Such a local photoluminescence enhancement is only observed for the hollow particles but not for the compact (see Fig. S-8e), and could be of further interest in light-emitting and lasing applications.

8.2.4 Conclusion
We showed that the development of a liquid single-source precursor together with its
thermo-sensitive property opens a great potential in the synthesis of unique MAPI materials. For this manipulation on the molecular scale, a deeper understanding of solvent
interactions in liquid and solid precursors needed to be considered. We therefore provide
a suitable model system, to study the influence of oligo-glycols (by varying, chain length,
coordinating and side groups) on the precursor level and the final MAPI phase. It can be
imagined, that the reactivity as well as the direction of crystallization can be manipulated
which could open up new pathways for different morphologies of the MAPI phase. With
the liquid precursor different structures can be coated or be infiltrated, which then are
thermally converted into a HYPE coating afterwards. Aerosol processes relying on liquid
precursors will be possible as well. The preparation of the liquid precursor is simple, enables easy up-scaling and is based on non-hazardous solvents which could be an important
aspect for the application of hybrid perovskites in industrial context. Last but not least, a
proof of concept for the spatially resolved MAPI formation using a focused laser has been
presented, and is worth pursuing.

8.2.5 Experimental Section and Supporting Information
Experimental Section
All chemicals were purchased at Sigma Aldrich. Solvents were dried prior to use with common procedures. PbI2, Methylammonium iodide (MAI) and all used high boiling glycols like
Diethylene Glycol (DEG), Triethylen Glycol (TEG) or Tripropylene Glycol (TPG) dried under
Vaccuum at 60°C over night prior to use. TEGOME and Triglyme was dried with LiAlH4 and
distilled prior to use. Methylammonium iodide was synthesized with a common literature
known procedure using Methylamine in EtOH and aqueous hydrogen iodide (not stabilized), followed by recrystallization from EtOH/Et2O for purification.228
Silicon Substrates were cleaned by several steps: water/surfactant, acetone and isopropanol (p.A.) supported by ultrasonification for 5 minutes in each step. All substrates
were oxygen-plasma treated prior to use.
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Synthesis of crystalline oligo-Glycole (oG) based precursors (1-4). In a typical synthesis,
equimolar MAI (0.1 mmol, 15.9 mg) and PbI2 (0.1 mmol, 46.1 mg) were dissolved in the
desired oligo-glycol (previously dried). The crystalline oG Precursor product crystallizes out
over time. MAPbI3(oG)x (x= 1, 2) crystals were isolated by centrifugation and washed with
cold Et2O. Single crystals of each compound were obtained by diffusion of an antisolvent
(either Et2O or Dichloromethane) in a diluted OG solution containing PbI2 and MAI.
Synthesis of liquid precursor (5) based on Tripropylene glycol (TPG). MAI (169 mg,
1.06 mmol) was dissolved in TPG (500 µL, 510 mg, 2.66 mmol) at 50 °C. After complete
dissolution, PbI2 (163 mg, 0.35 mmol) was added to obtain a clear yellowish liquid precursor
solution. For crystallization experiments and microwave synthesis, 0.5 mL of the precursor
solution was diluted with 3.5 mL TPG.
Microwave synthesis. In a typical synthesis, 2.5 ml of the liquid precursor (5) were used in
the reaction (10 mL vials). For all experiments the internal IR-thermometer and the rubythermometer were used. For experimental monitoring of applied parameters see also
S-7a. Cooling was realized with pressurized air. Isolation of MAPI material was realized by
centrifugation (2000 rpm, 2 minutes) followed by washing with dry Toluene (2.5 mL). The
experiments in S-8c and S-8d were conducted with 2 mL precursor solution instead of
2.5 mL to reduce the cooling duration after synthesis. The synthesis was performed with a
“Monowave 300” micro wave synthesis reactor from Anton Paar.
Laser interference patterning was performed with a pulsed Laser experimental setup.280
Experiments were conducted with liquid precursor (5) on Si-substrates (1x1 cm2). 40 µl of
the diluted precursor solution (5) was spin coated at 15 rps for 10 s and 5 rps for 5 s. The
laser interference patterning experiments were performed with a pulsed Nd:YAG laser
(100 pulses, λ= 532 nm, laser peak fluence of 10 J/cm2). Excess of liquid precursor solution
was washed away carefully with 500 µl dry Et2O.
Crystallization kinetic experiment in solution (in-situ UV/VIS). Experiments were performed on a Cary 50 equipped with a probe (slit 1 mm) in ambient air, heating up the liquid
precursor solution (5) to the desired temperature while collecting UV-Vis spectra.
Crystallization kinetic experiment on Si-Substrates (PXRD kinetics, SEM investigations).
Crystallization on Si-substrates was performed with precursor (5). 40 µl of the solution was
spin coated (15 rps for 10 s and 5 rps for 5 s) on Si-substrates (1x1 cm2). Spin coated substrates were transferred on the hotplate and treated for 15-60 minutes at 75°C in ambient
air. PXRD measurements were performed on a Bruker AXS D8 advance diffractometer with
a Cu-Kα source.
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Single crystal x-ray data was collected on STOE IPDS-II with graphite monochromator and
a Mo-Ka x-ray source. Novel crystal structures have been deposited at the Crystallographic
Data Centre.
SEM micrographs were taken on a Zeiss Crossbeam 1540XB equipped with InLens and SE2
detector with an acceleration Voltage of 1-2 kV to prevent damage of MAPI caused by the
electron beam.
DSC measurements were performed with a Netzsch DSC 204 F1 Phoenix.
Fluorescence microscopy was performed on a TCS SP5 confocal laser scanning microscope
(Leica) using an oil immersion objective lens (63 x, 1.4 NA, HCX PLAPO, Leica) with a laser
excitation of 514 nm, collecting wavelengths from 700-800 nm.
Supporting Information
Reproduced with permission from ref 219. Copyright 2016 American Chemical Society.
S-1. Additional data for precursor compounds MAPbI3OG.
(a) Systematic series of compounds.
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(b) Structure determination of compound (1) MAPbI3(DEG)/ CCDC 1447265.

CH3NH3PbI3DEG crystallizes in the space group P212121. One dimensional (PbI3-)∞ chains
along crystallographic x-axis are embedded in CH3NH3+ (MA+) and diethylene glycol (DEG).
MA+ is coordinated by one DEG molecule resulting in an ineffective shielding against the
negatively charged (PbI3-)∞ chain indicated by the red arrow. The average distance d(N-Pb)
as an comparable coulomb force parameter with other OG-based precursors is 4.9 Å.

(c) Structure determination of compound (2) MAPbI3(TEG)2.

The crystal structure of this compound is published by us elsewhere.218 CH3NH3PbI3TEG2
crystallizes in the space group Pbca. One dimensional (PbI3-)-chains along crystallographic
x-axis are embedded in CH3NH3+ (MA+) and triethylene glycol (TEG). MA+ is coordinated by
two TEG molecules in a cryptand like fashion resulting in an effective shielding against the
negatively charged (PbI3-)-chain indicated by the green arrow. The average distance
d(N-Pb) as an comparable coulomb force parameter with other OG-based precursors is
7.5 Å.
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(d) Structure determination of compound (3) MAPbI3(TEGOME)/ CCDC 1557266.

CH3NH3PbI3TEGOME crystallizes in the space group Pnam. One dimensional (PbI3-)∞ chains
along crystallographic x-axis are embedded in CH3NH3+ (MA+) and triethylene glycol
methylether (TEGOME). MA+ is coordinated by one TEGOME molecule resulting in an ineffective shielding against the negatively charged (PbI3-)∞ chain indicated by the red arrow.
A mirror plane is indicated to define the two possible coordinating isomers. The average
distance d(N-Pb) as an comparable coulomb force parameter with other OG-based precursors is 5.0 Å.

(e) Structure determination of compound (4) MAPbI3(triglyme)/ CCDC 1447264.

CH3NH3PbI3(triglyme) crystallizes in the space group Pbca. One dimensional (PbI3-)∞ chains
along crystallographic x-axis are embedded in CH3NH3+ (MA+) and triethylene glycol
dimethylether (triglyme). MA+ is coordinated by one triglyme molecule resulting in an ineffective shielding against the negatively charged (PbI3-)∞ chain indicated by the red arrow.
The average distance d(N-Pb) as an comparable coulomb force parameter with other OGbased precursors is 4.9 Å.

97

8 Publications and Contribution

S-2. DSC measurements of various OG based, solid precursors.

Influence of ether-groups and coordination on the melting point of TEG (black), DEG
(green), TEGOME (blue) and Triglyme (red). Ether groups enhance crystallinity due to
stronger hydrogen bond acceptor character of the coordinated ammonium. Effective
shielding is only feasible by two times coordination leading to decrease in melting point for
TEG (black).
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S-3. Summarized analytical data for the RT-liquid precursor phase (5).
(a) DSC.

DSC measurements of the liquid precursor phase with a sweep from room temperature (RT) up to 75 °C (1) and cooling back down to RT (2) with a final heating up to
(3) to check reproducibility. No crystallization is visible in the heating (1), (3) or cooling step (2) showing the liquid character.

(b) UV-VIS.

UV-Vis measurement of
the

liquid

precursor

phase showing an absorption

maximum

(λmax= 397 nm).
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(c) ATR-FT IR Spectroscopy.
ATR FT-IR spectra of
(a) solid MAI, (b)
tripropylene glycol
and (c) the liquid
TPG

precursor

phase. Highlighted
area
1000

from
-1

cm

νstretch(C-N)

800for
and

νrocking(N-H) proofing the presence of
MA+ by an absorption enhancement
in the liquid precursor spectra (c) compared to TPG (b). Region of 3250- 3600 cm-1 for
νstretch(N-H) and νstretch(O-H) shows a shift to lower wavenumbers for the liquid precursors
(c) compared to TPG (b) indicating a coordination of TPG to MA+.
S-4. Conversion of the crystalline precursor phase (3) into MAPI.
(a) PXRD.

Conversion of the crystalline precursor MAPbI3TEGOME in the bottom line to the desired
perovskite phase MAPbI3 (MAPI).
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S-5. Crystallization mechanism from precursor (5) on Si substrates derived from XRD
measurements.
(a) PXRD signal evolution of MAPbI3 on Si substrate.

(a) Time dependent intensity of (110) reflex derived from XRD measurements indicating
the crystallization lateral to the substrate blue squares. The evolution of (112) reflex shows
the change in orientation for the crystallization perpendicular to the substrate favored by
the glycol based precursors. (b) Shows the connection of the PbI3-network in the MAPbI3
phase with indicated (110) and the (112) lattice planes, perpendicular to the substrate (MA+
was removed in the crystal structure for clarity).
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(b) Structural similarity of glycol based precursors and MAPbI3.

General structural feature of glycol based precursors and the tetragonal MAPbI3 phase
(MA+ and glycol compounds are removed for clarity).
(a) In the glycol based precursor, one dimensional face shared PbI3- chains are oriented
along the x-axis in a cubic face centered structure. The face centered symmetry is indicated
with black dots. The PbI3- chains are oriented parallel to the substrate ((001) plane perpendicular to the substrate). Links of PbI6 octahedron were colored to compare the similarity
of precursor and MAPbI3 phase. (b) Tetragonal MAPbI3 phase with (112) lattice plane perpendicular to the substrate. The cubic phase centered symmetry is indicated by black dots.
The (112) plane indicates the structural similarity of one dimensional corner shared PbI3chains, parallel to the substrate.
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S-6. Laser-induced crystallization of MAPI from precursor (5) on Si substrates.

SEM photographs (SE2 and
InLens

detection)

of

a

silicon wafer exposed to a
focused laser beam with
crystallized MAPI domains
from liquid precursor solution (5). (a) scalebar ≅ 20
µm, (b) scalebar ≅ 10 µm.

S-7. Temperature induced conversion of the liquid precursor phase (5) into MAPI.
(a) Microscopy.

Screenshots of in-situ MAPI crystallization by an optical microscope from liquid precursor
solution at different times while heating up from room temperature to 100 °C. Crystallization is visible after 10 min exceeding ramping temperature of 75 °C. Highlighted is a MAPI
crystal starting to grow in a non cubic shape. The morphology changes to cube like structures with proceeding crystallization time. A short movie of crystallization is provided in SI
data.

103

8 Publications and Contribution

Overview of various observed morphologies for MAPI crystallized from liquid precursor solution.
(b) SEM.

SEM images of observed morphologies at different crystallization stages by heating up the
liquid precursor solution on a Si substrate at 75 °C. (a) Scale bar ≅ 200 nm, (b) scale bar ≅
5 µm and (c) scale bar ≅ 40 µm.
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S-8. Microwave induced particle synthesis of MAPI with the liquid precursor phase (5).
(a) Microwave reaction conditions.
Monitored

reaction

conditions in microwave synthesis of MAPI
materials from liquid
TPG precursor by IR and
Ruby sensor. (a) Applied max power of
700 W and (b) limited
heating power of max
25 W.

(b) SEM.

SEM photograph of MAPI-700W. (a) after reaction scale bar ≅ 10 µm, (b) after Toluene
washing, scale bar ≅ 10 µm, (c) after Toluene washing, scale bar ≅ 5 µm and MAPI-25W.
MAPI-25W (d) after reaction, (e) after Toluene washing, scale bar ≅ 10 µm, (f) after Toluene
washing, scale bar ≅ 5 µm.
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(c) Morphological evolution – Influence of microwave radiation power.

(a) Monitored reaction conditions in microwave synthesis of MAPI materials from liquid
TPG precursor by IR (solid line) and Ruby sensor (dotted line) with different applied microwave power of P50= 50 W in blue, P30= 30 W in red and P10= 10 W in black. SEM micrographs
of representative crystal morphologies obtained with the synthesis protocol (b) P50 showing hollow cubes (c) P30 showing dense cubes and (d) P10 showing truncated cube structures
with a scale bar ≅ 5 µm respectively.
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(d) Morphological evolution– Influence of microwave reaction time at constant power
(p=15 W).

(a) Monitored reaction conditions in microwave synthesis of MAPI materials from liquid
TPG precursor by IR (solid line) and Ruby sensor (dotted line) with constant power (15 W)
and different temperature holding time of thold,0=0 min in blue, of thold,1=1 min in red, and
of thold,5=5 min in black. SEM micrographs of representative crystal morphologies that show
a growth from a truncated cube like shape to a cube like shape with rounded edges and
corners obtained with the synthesis protocol (b) thold,0 (c) thold,1 and (d) thold,5; scale bar ≅
10 µm respectively.
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(e) Confocal fluorescence microscopy.

Confocal fluorescence microscopy micrograph of densed cubic particles MAPI-25W with
corresponding photoluminescence intensity profile, scale bar ≅ 5 µm.
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8.3 Publication III:
Thiophene Functionalized Hybrid Perovskite Micro-Rods and
their Application in Photodetector Devices for Investigating
Charge Transport Through Interfaces in Particle-Based
Materials, ACS Appl. Mater. Interfaces 2016
Tom Kollek, Daniel Wurmbrand, Susanne T. Birkhold, Eugen Zimmermann, Julian Kalb,
Lukas Schmidt-Mende, Sebastian Polarz*

Reproduced with permission from ref 224. Copyright 2017 American Chemical Society.
Abstract: Particle-based semiconductor materials are promising constituents of future technologies. They are described by unique features resulting from the combination of discrete
nanoparticle characteristics and the emergence of cooperative phenomena based on longrange interaction within their superstructure. (Nano)particles of outstanding quality with
regards to size and shape can be prepared via colloidal synthesis using appropriate capping
agents. The classical capping agents are electrically insulating, which impedes particle-particle electronic communication. Consequently, there exists a high demand for realizing
charge transport through interfaces especially for semiconductors of relevance like hybrid
perovskites (HYPEs), e.g., CH3NH3PbI3 (MAPI) as one of the most prominent representatives.
Of particular interest are crystals in the micrometer range, as they possess synergistic advantages of single-crystalline bulk properties, shape control as well as the possibility of being functionalized. Here we provide a synthetic strategy towards thiophene-functionalized
single-crystalline MAPI microrods originating from the single-source precursor
CH3NH3PbI3TEG2 (TEG = Triethylene glycol). In the dark, the microrods show enhanced
charge transport characteristics of holes over two orders of magnitude compared to micro-
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scale cuboids with insulating alkyl surface modifiers and non-functionalized random sized
particles. In large-area prototype photodetector devices (2.21 cm2), the thiophene
functionalization improves the response times due to the interparticle charge transport
(tON = 190 ms, tOFF = 430 ms) compared to alkyl-functionalized particles (tON = 1055 ms,
tOFF = 60 ms), at similar responsivities of 0.65 mA W-1 and 0.71 mA W-1, respectively. Further,
the surface functionalization and crystal grains on the micrometer scale improve the device
stability. Therefore, this study provides clear evidence for the interplay and importance of
crystal size, shape and surface modification of MAPI crystals, which is of major importance
in every optoelectronic device.

8.3.1 Record of Contribution
S. Polarz., T. Kollek, L. Schmidt-Mende and S. Birkhold conceived and designed the experiments. T. Kollek performed the material synthesis, characterization and I-V measurements.
D. Wurmbrand performed the synthesis of precursor molecules. S. Polarz designed the research. S. Birkhold, E. Zimmermann and J. Kalb helped to evaluate the I-V and PESA measurements. L. Schmidt-Mende supervised the I-V-and PESA measurements. T. Kollek and
S. Polarz wrote the manuscript. All authors have given approval to the final version of the
manuscript.

8.3.2 Introduction
During the last decade enormous progress has been made in the controlled synthesis of
colloidal dispersions of nanoparticles.281 In particular for Au and CdSe numerous routines
have been developed for the preparation of high quality samples.282-285 As particle morphology is an obvious factor determining the aggregation of nanoparticles and the formation of superstructures258,286,287, monodispersity in size and shape control became of
recent interest.288,289 The resulting particle-based materials possess the features of the individual nanocrystals and additional properties may emerge, as there is communication
between the particles, namely electronic communication.281,284,290,291 One major drawback
of this system is the insulating character of the capping agents commonly applied in colloidal synthesis.292
A unique semiconductor material receiving significant attention in current research is the
family of hybrid perovskites (HYPEs), e.g. CH3NH3PbI3 (MAPI). This is not only because of
breakthrough results reported for solid-state solar cells.31 Their extraordinary semiconducting properties including long carrier lifetimes combined with a low-cost device fabrication, boost the interest in fundamental studies as well as applications in an industrial con-
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text. Now, this class of new semiconductors is in the focus of research in the field of optoelectronic devices (e.g. LEDs, lasers, photodetectors) and beyond.223 Huge potential exists
also in artificial synapes,293 as ferroelectric materials in spintronics,46 or memory devices.44
The easy processing from liquid solutions is the major advantage of HYPEs compared to
common all-inorganic semiconductors. There already exists a huge variety of strategies to
process thin films of MAPI, ranging from direct to multiple step deposition in solution.226,276,294 Based on these approaches, several MAPI particle syntheses have been established to produce controlled crystal sizes ranging from the nanoscale to single crystals
with dimensions exceeding millimeters. The latter can be produced via a seed growth crystallization295 or from lead cluster in coordinating solvent mixtures of DMF/DMSO at elevated temperatures. These materials show excellent stability in devices owing to little surface areas with respect to the bulk.36 By growing single crystals of MAPI, the bulk properties
can be effectively directed, e.g., its temperature stability.296 As this approach lacks of precise control of morphology and surface chemistry, the MAPI semiconducting properties and
degradation pathways are affected due to moisture or oxygen.297 Ligands owing a head
group, which can selectively interact with the crystal surface, offer the possibility to achieve
shape and size control in nanocrystal synthesis. This approach was successfully transferred
on HYPE materials by using specific ligands.153 In particular for MAPI nanocrystals, the functionalization with capping ligands is mandatory to obtain colloidal and chemical stability.154
However, in high performance solar cell devices, these ligands need to be removed due to
their insulating nature. Additionally, their small particle size is evolving surface defects and
grain boundaries, which have to be considered for their application in optoelectronic devices.298
Discrepancies in crystal quality, shape and interfaces are widely known to have notable
influence on semiconducting properties in almost every material. For HYPE, tremendous
impact on the performance in optoelectronic devices is observed due to these fabrication
issues based on different charge transport characteristics and reduced stability under working conditions.299 Thus, new approaches towards single-crystalline HYPE materials with
controlled surfaces and functionalization are highly required to identify loss mechanism
like surface trap states which decrease device performance.300

111

8 Publications and Contribution

Combining the advantages of stability of single-crystallinity with the functionality and
shape control by ligands during synthesis, functionalized MAPI crystals on the micro-scale
have a great potential for device applications. As already proven by a one-step approach,
Tsai et al. impressively showed a significant enhancement in device stability of functionalized 2D Ruddlesden-Popper perovskite phases with large single-crystalline grains.301 Further, functionalization of MAPI surfaces lead to improved moisture stability which was
shown by Yang et al. on polycrystalline films.119 However, as functionalization was done
post-preparative, the exchange reaction on the surface is very delicate to degradation.
Additionally, the shape plays an important role in microcrystals as proven by different lasing properties of MAPbBr3 microcavities.196 State of the art procedures are characterized
by insulating crystallization inhibitors that are unsuitable for optoelectronic devices. Thus,
a general approach to functionalized microcrystals with various organic entities is required.
With our unique access to different MAPI crystals in quality, shape and functionalization,
we show within this work that we are able to manipulate the charge transport properties
of MAPI significantly. Thus, we provide evidence for superior MAPI material properties applicable for optoelectronic devices.
Herein, we present the controlled synthesis and characterization of MAPI micro-rods carrying thiophene entities on the surface. Thereby, crystal size and functionalization are crucial parameters to control charge transport characteristics due to reduction of surface trap
states. Furthermore, we compare the material properties of thiophene functionalized crystals with random sized MAPI crystals as well as functionalized microcrystals carrying insulating alkyl chains. In particle-based photodetectors, the functionalized microcrystals with
thiophene entities show superior charge transport characteristics for holes with an enhancement over two orders of magnitude, fast responsiveness, and enhanced stability under working conditions.
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8.3.3 Results and Discussion
Crystal synthesis and functionalization using a tailor-made capping agent. An overview
of the synthetic strategy is given in Figure 1. The functionalized microcrystals of MAPbI3
were synthesized according to our previously reported procedure from the triethyleneglycole (TEG) based single-source precursor MAPbI3TEG2.218

Figure 1. Schematic mechanism of the conversion from the single-source precursor [A]
MAPbI3TEG2 to [B] MAPbI3 microcrystals. 1D-chains of PbI3- surrounded by MA+ and TEG
are converted to MAPbI3 at the presence of CH2Cl2 and the capping agent of either (4-Hexylthiophen-2-yl)methylammoniumiodide (4HTAI) [C] or dodecylammonium iodide (DAI) [D]
to rodlike and cubic morphologies, scale bars ≅ 500 nm. Reproduced with permission from
ref 224. Copyright 2017 American Chemical Society.
The crystallization of MAPbI3TEG2 [A] to MAPbI3 [B] is induced by injecting the former into
dichloromethane as an antisolvent. Dichloromethane slowly dissolves the TEG while releasing MA+ molecules, inducing the controlled crystallization with PbI3- chains to form MAPI
crystals. The conversion kinetics is delicate to the solubility of TEG in DCM and changes as
a function of temperature, concentration of precursors and PbI2/MAI ratio. The latter is
important, as higher MAI content leads to shorter polymeric PbI3-chains.74 This enhances
conversion to form smaller MAPI crystals but prevents the crystallization of a solid
MAPbI3TEG2 intermediate phase in the reaction. As crystals in the micrometer range are
desired, low concentration of precursor in combination with low conversion temperatures
(20°C) are needed. If the antisolvent contains the desired capping agent, the morphology
and surface characteristics of the final microcrystal can be manipulated. As alkyl
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ammonium chains like dodecylammonium iodide (DAI = [D]) are readily used as capping
agents to form cube to plate-like crystals,218 we report here the synthesis and usage of the
new capping agent (4-hexylthiophen-2-yl)methylammonium iodide (4HTAI = [C]) which was
inspired by a bridging oligothiophene derivative of Mitzi et al.116 Thiophenes are further
well known to interact with the MAPI crystal surface to decrease surface traps states by
electronic passivation of under-coordinated Pb.121 Two requirements are needed to control
the crystallization of MAPI microcrystals in our approach: Carrying at least one suitable
head group like NH3+ which is able to interact with the MAPI surface, and the solubility in
the antisolvent. For 4HTAI, the head group NH3+ for coordination with the thiophene Lewis
base, and the hexylgroup for the solubility in dichloromethane are fulfilling these requirements.
Thiophene functionalized MAPI-[C] crystal synthesis. The tailor-made thiophene based
capping agent 4HTAI was characterized unambiguously by NMR spectroscopy, ESI-MS, and
elemental analysis (see experimental section and supporting information Fig. S-1 and S-2).
To evaluate the influence of the new capping agent on the synthesis of hybrid perovskite
particles, we performed a systematic series of 4HTAI-functionalized MAPI crystals by varying the concentration of the capping agent in CH2Cl2 from 0 to 4 mM named as MAPI-C0 to
MAPI-C4, respectively. A detailed synthetic protocol is given in the experimental section
and in the supporting information Table S1. The time dependent conversion from
MAPbI3TEG2 [A] to MAPbI3 [B] can be traced by UV-Vis kinetics, given in Figure 2a for
MAPI-C4 as a representative.

Figure 2. Kinetic studies of the conversion from MAPbI3TEG2 to MAPbI3 in the presence of
4HTAI. (a) UV-Vis spectral evolution of MAPI-C4 with a single spectra of t = 0 s. (b) Absorption trace at 380 nm for MAPI-C2, C3 and C4 derived from UV-Vis kinetic studies. (c) Spectral photoluminescence evolution at λexc = 450 nm of C-2 at t = 0 s in black, t = 75 s in orange,
and t = 600 s blue with indicated shift in the emission maximum from 755 nm to 776 nm.
SEM image of (d) MAPI-C1 showing rounded cubic morphologies and (e) MAPI-C4 showing
rod-like and cubic morphologies, scale bars ≅ 2 μm. Reproduced with permission from ref
224. Copyright 2017 American Chemical Society.
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[A] has a characteristic absorption band at 380 nm which can be assigned to one dimensional chains of PbI3-. The surface plot of UV-Vis data shows the decrease of the signal and
an increase of scattering over time, indicating the consumption of precursor to form [B].
By increasing the concentration of 4HTAI during the synthesis, the decrease of the absorption trace at 380 nm seen in Figure 2b is prolonged from t2 = 200 s for C2 to t4 = 1000 s for
C4. It should be mentioned, that for MAPI-C0 and MAPI-C1 the timescale of conversion was
too short to detect, as scattering effects of particles were dominating. The UV-Vis kinetic
clearly indicates that the consumption of [A] and hitherto the crystallization to [B] is much
slower due to interaction of MAPI crystals with increasing capping agent concentration of
4HTAI. As the formation of MAPI cannot be traced with the UV-Vis setup due to significant
scattering, photoluminescence spectra of the conversion were recorded for MAPI-C2 as a
representative in Figure 2c. The study reveals a distinct photoluminescence signal at
751 nm in the early stage conversion that can be assigned to low dimensional MAPI nanoparticles due to the quantum confinement effect. Over time, a significant redshift to
775 nm indicates the crystallization to bigger MAPI crystals which is originating from a formation mechanism by oriented attachment of nanoparticles.302
Alkyl functionalized MAPI-[D] crystal synthesis. This formation mechanism clearly differs
to the alkyl capping ligand DAI [D] as several high-energy photoluminescence peaks are
observed during the conversion (see supporting information Figure S3). These distinct
bands can be assigned to atomic thin layers of DA2PbI4(MA)n-1PbnI3n+1 with
n = 1 - 4, which confirms a layered growth to bigger MAPI instead. In case of 4HTAI, we
conclude that these low dimensional sheets cannot be stabilized due to the bulky thiophene ring combined with the short methylene spacer to the head group NH3+.
Structural and morphological characterization of MAPI crystals. Thus, 4HTAI has a significant influence on the morphology, which is shown in Figure 2d and 2e for MAPI-C1 and
MAPI-C4 microcrystals, respectively. With low capping agent concentration, undefined
particles with rounded edges and corners are obtained which results from the instant
consumption of MAPbI3TEG2. For higher concentration of 4HTAI the crystallization time is
prolonged due to the interaction of 4HTAI and the MAPI surface, which results in rod-like
cuboids with sharp crystal edges and corners, and particle sizes between 1-2 µm.
To evaluate the interaction of 4HTAI with the crystal structure of MAPI, powder x-ray diffraction analysis was performed for MAPI-C0 to MAPI-C4 (see supporting information
Figure S4). All samples prove the successful formation of MAPI [B] from the single-source
precursor [A]. Further, Figure 3a shows the correlation of the aspect ratio with increasing
capping agent 4HTAI, which was derived from the intensity ratios of I002/I110 as well as
I004/I220 of deconvoluted XRD data, depicted in green triangles and squares, respectively.
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Figure 3. XRD-Data analysis of the systematic series MAPI-C1 to MAPI-C4. (a) Aspect ratio
calculated from I(002)/I(110) and I(004)/I(220) in green triangles and squares, respectively.
Black stars indicate the aspect ratio depicted from representative SEM images. (b) Calculation of the pseudo-cubic lattice parameters c* and a* from 2Θ(004) and 2Θ(220) given in green
squares and triangles respectively. The distortion c*/a* is shown in black stars. Analysis of a
single microrod of MAPI-C4 in (c) TEM, scale bar ≅ 250 nm, with (d) its electron diffraction
with indexed reflexes, scale bar ≅ 5 nm-1 and (e) SEM micrograph, scale bar ≅ 500 nm. Reproduced with permission from ref 224. Copyright 2017 American Chemical Society.
The aspect ratio increases, which agrees well with the evaluation of lengths and heights of
microcrystals from representative SEM images indicated in black stars of MAPI-C1 to MAPIC4 (see supporting information Figure S5). Thus, 4HTAI interacts preferentially on (h00) and
(0k0) MAPI surfaces which induces crystallization in the [00l]-direction.
Further, this finding of selective surface interaction of the capping agent 4HTAI is
strengthened by calculating the pseudo-cubic lattice parameters a* and c* and the distortion a*/c* for the MAPI-C series from PXRD data (see Figure 3b). The experimentally determined pseudo cubic lattice distortion in single crystals is reported with a value of 0.6% at
ambient conditions.231 Here, distortions of 0.9% to 1.0% are determined, which are reasonable values for microcrystals due to their higher surface area. A clear trend is observed, as
the distortion of the perovskite structure rises from 0.9% to 1.0% with increasing 4HTAI
concentration. As the distortion is expected to be more pronounced with increasing 4HTAI
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adsorbed on the surface, this clearly proves an interaction of capping agent with the MAPI
crystal surface. It should be further noted, that a* is affected more by distortion than c*
which further supports the finding of an interaction of 4HTAI on (h00) and (0k0) MAPI surfaces. Derived from single crystal data, the space demand of possible coordination sites on
(h00), (0k0) and (00l) surfaces is limited by d(I-I) of neighbored PbI6 octahedrons (see supporting information Figure S6). Due to a slightly tetragonal distortion of MAPI in c-direction
at room temperature, (h00) and (0k0) sites reveal prolonged distances of d1(I-I) = 0.89 nm
and d2(I-I) = 0.74 nm, whereas on (00l) surfaces a smaller distance of d3(I-I) = 0.63 nm are
found. Thus, the bulky nature of the thiophene ring attached to the short methylene chain
of NH3+ in 4HTAI results in a preferred coordination along (h00) and (0k0) surfaces leading
to rod-like MAPI microcrystals.
For further evaluation, MAPI-C4 microrods were investigated by TEM (Figure 3c) and electron diffraction analysis (Figure 3d). These single microrods had a representative aspect
ratio of a,b/c = 2 and dimensions of 1 µm in a,b-direction and 2 µm in c-direction. Electron
diffraction of a single microrod, revealed a single-crystalline pattern with signals of MAPI.
The indexed crystal planes (114) and (228) possess a high c-content, as expected for elongated microcrystals along the c-axis of the perovskite.
Optoelectronic properties of functionalized MAPI crystals. To investigate possible changes
in electronic properties by functionalization, UV-Vis spectra of the solid material were
measured in an integrating sphere and subsequently evaluated by Kubelka Munk method
to determine the bandgap energy (see supporting information Figure S7). Additionally,
photoelectron spectroscopy measurements in air (PESA) were conducted to determine the
valence band maximum (see supporting information Figure S8). A summary of energy levels
containing valence band, conduction band, and determined bandgap for the given samples
is shown in Figure 4a.
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Figure 4. (a) Bandgap of MAPI-C0 to MAPI-C4 with indicated valence band (VB)
and conduction band (CB) derived from photoelectron spectroscopy measurements in air (PESA). The band gap is indicated for MAPI-0 derived from the
Kubelka-Munk evaluation from UV-Vis spectra in the integrating sphere. (b) I-V
measurements in the dark of 4HTAI capped MAPI-C4, uncapped MAPI-C0 and
dodecylammonium capped MAPI-D particles based devices on Pt conductor
paths with indicated Ohmic region in the respective color code for each sample.
(c) SEM micrographs showing the device architecture of particle based photodetectors for MAPI-C4 with Pt conductor paths on Al2O3, scale bar ≅ 30 µm. Reproduced with permission from ref 224. Copyright 2017 American Chemical Society.
Regardless of the capper concentration, a bandgap of 1.52 eV is determined which is in
good agreement with the bandgap of single-crystalline perovskite known from literature.203
This is an important finding, as surface modification or water adsorption may influence the
band gap by inducing lattice distortions.206 Additionally, the functionalization with 4HTAI
does not change the energy of the valence band maximum. Values between -5.37 eV to
-5.30 eV are depicted within the row MAPI-C0 to MAPI-C4, which is in the range of resolution limit of the PESA device (approx. 0.05 eV). For charge transport properties, however,
the nature of the functionalization moiety (e.g. insulting, electron rich and coordinative, no
functionalization) affects the interparticle conductivity and therefore is important for every
optoelectronic device comprising grain boundaries. Hence, we investigated three different
samples as model system to evaluate an ideal MAPI structure and functionality for enhanced charge transport properties. We compare single-crystalline microrods (MAPI-C4),
cuboids (MAPI-D), and a polycrystalline reference (MAPI-C0), carrying the thiophene
(4HTAI), insulating dodecyl ammonium iodide (DAI), and no ammonium entity, respec-

8 Publications and Contribution

118

tively. For MAPI-D, which carries insulating dodecylammonium iodide chains, single-crystalline cuboids with one µm in size were obtained (see supporting information Figure S9
and S10). A comparison to MAPI-C0 and C4 shows a 10 meV increased electronic bandgap
of 1.53 eV and approximately 150 meV increased valence band of -5.5 eV. (see supporting
information Figure S10 and S11). This could originate from the degree of surface functionalization, which was determined next.
Quantification of MAPI crystals’ surface functionalization. To quantify the degree of
surface functionalization, the presented samples were dissolved in MeOD and investigated
by high-resolution 1H-NMR (see supporting information Figure S12, S13 and S14). For the
specific NMR-signals of the capping agent and MA+, a ratio of 4HTA+:MA+, and DA+:MA+ was
calculated to 1:980, and 1:100, respectively. The higher functionalization degree may originate from the possible dense packing on the surface and ability to arrange to bilayers by
Van der Waals attraction.218 The higher functionalization degree in MAPI-D can also influence the bandgap and the valence band maximum, as discussed earlier. Further, 1H-NMR
studies show that all samples contain residue similar contents of triethylene glycol (TEG) to
MA+ ratios of MA+/TEG = 245, 400, and 320 for (MAPI-C4, MAPI-D, and MAPI-C0 respectively. This originates from the precursor CH3NH3PbI3TEG2 because glycols like TEG can also
interact with MAPI crystal surfaces by inducing a directed crystallization or their
preferential hydrogen bonding character towards MA+.219 Perovskite microcrystals are
functionalized with either insulating, thiophene or bare triethylene glycol entities, which
could influence the charge transport properties in optoelectronic devices significantly.
Device performance of particle-based photodetectors. Next, a film of 20 µm thickness
which consists of either MAPI-C4, MAPI-D or MAPI-C0 particles was assembled on a sensor
grid consisting of a Pt-finger structure with an average electrode distance of 33.5 µm (see
Figure 4c and supporting information Figure S15).
Charge transport properties of MAPI morpholgies in the dark. To evaluate charge
transport properties in the dark, I-V measurements were conducted under inert atmosphere (see Figure 4b and supporting information Figure S16). With this “holes only” device
setup, an Ohmic response is observed in the indicated colored regime for all three samples.303 From the slope in the Ohmic regime, resistances for particle-based photodetectors
of 0.1 GΩ, 0.4 GΩ, and 10 GΩ are estimated for MAPI-C4, MAPI-C0, and MAPI-D respectively. As MAPI-D microcrystals carry substantial amount of insulating dodecyl-chains,
higher voltages are necessary to overcome the energetic barrier for charge injection at the
electrodes and initiate a charge transfer between adjacent microcrystals (see supporting
information Figure S17).304 This interparticle conductivity can be significantly enhanced in
MAPI-C0 as there is no isolating barrier and further of two order of magnitude in MAPI-C4
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microcrystals, in which 4HTAI thiophene molecules are adsorbed on the surface. Thus, a
decrease of the interparticle distance in MAPI-C4 and MAPI-D crystals could lead to an improvement in conductivity. Assuming that both capping agents interact with the containing
ammonium headgroup in the A-site of the perovskite structure, almost similar interparticle
distances are expected (C10 vs. C12 for MAPI-C4 and MAPI-D, respectively). On the contrary, an enhancement in interparticle charge transport could be either caused by the conductive nature of the thiophene itself, or by a passivation of surface trap states of MAPI,
e.g. by coordinating with its sulfur atom, as revealed by a photoluminescence
measurements, which will be published elsewhere.
Performance of particle-based photodetectors. We found that the performance and stability of particle-based photodetectors is crucial to the surface functionalization and particle size. Therefore, photodetectors of MAPI-C4, MAPI-D, and MAPI-C0 with an average film
thickness of 20 µm were investigated under illumination of a blue LED (λ = 460 nm, intensity
= 40 mW/cm2) from the top and a bias of 3V. By illumination, photo-generated charge carriers on the surface need to be transported through the MAPI-crystal grains and injected
into the electrodes (see supporting information Figure S18). The on/off performances of
the particle-based photodetectors are summarized in Figure 5.

Figure 5. Time dependent photo-response by illuminating “On” and “Off” with blue LED
(λ = 460 nm, I = 40 mW/cm2) at a bias voltage of 3 V and magnification of the 2nd turn
(on/off) with indicated change in signal to noise ratio. (a) MAPI-C4 shows a decrease of 11%
in the first 7 sweeps, (b) MAPI-D an increase of 8% and (c) MAPI-C0 a decrease of 52%.
Reproduced with permission from ref 224. Copyright 2017 American Chemical Society.
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Functionalized microcrystals MAPI-C4 (Fig. 4a) and MAPI-D (Fig. 4b) show both a high current response of about 60 nA, while MAPI-C0 polycrystalline detectors (Fig. 4c) reach a
maximum of 30 nA. As all devices have same thicknesses (20 µm) the collected charge
carrier densities under illumination are improved for functionalized microcrystals (MAPI-D
and MAPI-C4). We attribute this observation to less crystal interfaces in microcrystal based
detectors for MAPI-D and MAPI-C4, as a result of increased crystal size. Further, the functionalization may attribute to a beneficial passivation of surface trap states.
A key value for photodetectors is the responsivity, which takes the active are of the detector into account. In our devices, large areas of 2.21 cm2 lead to 0.65 mA W-1 for
MAPI-C4, 0.71 mA W-1 for MAPI-D and 0.33 mA W-1 for MAPI-C0. Although the values are
below reported literature values for MAPI photodetectors (factor 100 for responsivity), we
would like to note that device areas are generally in the sub-micrometer range
(10-2 µm2).305 Here, prototype photodetectors are assembled with regard of analyzing crystal surfaces and their passivation in this particle-based devices. While thick films are not
beneficial for the performance, charge transport across several crystal surfaces becomes
more important as their number gets increased through the device thickness.
Different functionalities in MAPI crystals are expected to change charge carrier dynamics
through the particle based detectors, as functional groups at the surface can act as
additional barrier layer between grain boundaries. Therefore, response times of the
presented photodetectors can reveal charge transport kinetics in particle-based devices,
dependent on the carrying functionality of MAPI crystals. Rise- and decay times of the photocurrent are extracted from the 2nd on/off turn of all photodetectors (see supporting information Figure S19).
Photodetectors based on MAPI-C0 crystals show response times in tens of milliseconds
(tON = 61 ms, tOFF = 69 ms) compared to slower response times of MAPI-C4 (tON = 190 ms,
tOFF = 430 ms) and MAPI-D (tON = 1055 ms, tOFF = 60 ms) ones. As response times are on time
scales of 60-70 ms for MAPI-C0 and 60-1000 ms for functionalized MAPI crystals, we conclude that the organic capping agent has a significant influence on the charge carrier
transport dynamics across particle interfaces.306 Photo-generated charges are only generated at the surface of MAPI (penetration depth of 460nm illumination is below 200 nm
from the top) and need to be separated by the external bias voltage (see supporting information, Figure. S18).207 The charges need to move down to the bottom of the electrodes
across several crystal surfaces. Alkyl-functionalized crystals (MAPI-D) show much slower
ON-times as thiophene-functionalized particles (MAPI-C4). This, we attribute to a higher
energetic barrier generated by the dodecyl chain. However, upon illumination the accumulation of photo-generated charges within each crystal may influence the conductivity.
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Hence, charge transfer across crystal surfaces can be favored due to a build-up of an internal electric field within each crystal. This may also lead to similar photocurrents of around
60 mA for alkyl- and thiophene functionalized microcrystals, as the conductivity across interfaces is enhanced. Under dark conditions, this barrier cannot be overcome anymore, in
particular for MAPI-D crystals where OFF-times are much shorter as for MAPI-C4. If there
is no organic barrier like in MAPI-C0, response times are much shorter and in the range of
literature values.307
In summary, our results show that functionalization (conductive, isulating) influences the
interparticle resistance in the dark, as well as the photo-generated charge carrier kinetics
under illumination.
Stability of particle-based photodetectors. Furthermore, MAPI-C0 particles show a significantly lower stability compared to functionalized microcrystals as the current decreases by
more than 50% within the first two minutes. This finding can be directly related to the small
crystalline size, which results in high areas of unfunctionalized surfaces towards degradation reactions. Experiments were conducted under inert atmosphere, hence, degradation
due to moisture can be excluded. Additionally, ion migration has to be considered under
bias conditions, especially due to the different grain boundaries and crystal quality.298,308
Ion migration is observed clearly in MAPI-C0 (polycrystalline sample) indicated by a drift in
the baseline.
Thus, crystal quality and size play a major role for the stability under illuminating
conditions. Similar to these improved electronic properties, spectroscopic investigations
revealed superior trap state passivation by thiophene cappers, which will be published
elsewhere.

8.3.4 Conclusion
In summary, we successfully applied the designed thiophene capping agent (4-Hexylthiophen-2-yl)methylammonium iodide (4HTAI) [C] in the synthesis of MAPI microcrystals from
the single-source precursor CH3NH3PbI3TEG2. We found that single-crystalline microrods
can be synthesized due to the sterical demanding molecule architecture, which leads to a
preferential functionalization of (h00) and (0k0) MAPI surfaces. The charge transport characteristics were characterized by I-V measurements in the dark, revealing an enhanced conductivity of two orders of magnitude for holes in thiophene functionalized devices compared to random sized unfunctionalized particles MAPI-C0 and dodecyl functionalized micro-scale cuboids MAPI-D. In large-area photodetector prototype devices (2.21 cm2), the
thiophene functionalization improves the response times due to the interparticle charge
transport (tON = 190 ms, tOFF = 430 ms) compared to alkyl-functionalized particles
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(tON = 1055 ms, tOFF = 60 ms), at similar responsivities of 0.65 mA W-1 and 0.71 mA W-1,
respectively. Further, the surface functionalization and crystal grains on the micrometer
scale improve the device stability. This study supports the importance of functionalizing
MAPI to reduce surface defects in order to enhance charge transport properties and stability in optoelectronic devices.

8.3.5 Experimental Section and Supporting Information
Experimental Section

Chart 1. Synthesis strategy of (4-Hexylthiophen-2-yl)methylammonium iodide (4HTAI).
Synthesis of 4-Hexylthiophen-2-yl)methylammonium iodide (4HTAI) capping agent [C]. In
Chart 1, the followed synthetic strategy towards the tailor made capping agent
4-Hexylthiophen-2-yl)methylammonium iodide (4HTAI) is described in six synthetic steps.
Experimental details of the adapted synthesis protocols can be extracted from the experimental details section in the supporting information. Briefly, 3-Hexylthiophene [2] was
synthesized according to Kou et al.309 and followed by the synthesis to 4-Hexylthiophene2-carbaldehyde [3] according to Jung et al.310 4-Hexylthiophene-2-carbonitrile [5] was
synthesized next following the procedure of Li et al.311 Finally, (4-Hexylthiophen-2yl)methylammonium iodide [7] was synthesized in two further steps by hydration of [5]
followed by acid-base reaction of [6].
Synthesis of Dodecylammonium iodide (DAI) [D] was published elsewhere.218
Synthesis of triethylene glycol (TEG) precursor solution and material synthesis. For the
synthesis of the TEG precursor solution, 10 mL triethylene glycol and 1.0 mmol lead(II) iodide were degassed under stirring for three hours at 60 °C. After cooling down to room
temperature, methylammonium iodide (MAI, 2.63 mmol) was dissolved yielding a yellow,
clear solution. An excess of MAI is added (1.63 eq) to prevent instant crystallization of
MAPbI3TEG2 and enhance precipitation kinetics. The appropriate amount of DAI or 4HTAI
was dissolved in 200 µL of the TEG precursor solution (see S-2). The precursor solution
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crystallizes out over time, yielding MAPbI3TEG2 crystals in TEG. The solution is then heated
up to 60°C and cooled down to room temperature to prior to material synthesis. The precursor solution (200 µL) is rapidly injected into 30 mL of CH2Cl2 containing DAI or 4HTAI as
capping agent under vigorous stirring at 20 °C. The temperature, concentration and ratio
of precursor should be checked carefully, as the conversion kinetic are delicate to reaction
parameters. The concentration of capping agent depends on the targeted sample with:
0 mM (MAPI-C0), 1 mM 4HTAI (MAPI-C1), 2 mM 4HTAI (MAPI-C2), 3 mM 4HTAI (MAPI-C3),
4 mM 4HTAI (MAPI-C4) and 1.2 mM DAI (MAPI-D). The clear yellow solution turns black
indicating the transformation of the TEG precursor to the product. After 60 min of stirring
the black precipitate is centrifuged for 5 min at 6000 RPM. After washing three times with
5 mL CH2Cl2 the samples were dried in vacuum and stored under argon atmosphere.
Analytical Methods. Crystallization kinetic experiment in solution (in-situ UV/Vis- and fluorescence spectroscopy). UV Vis kinetic experiments were performed on a Cary 50
equipped with a probe (slit 1 mm) in dichloromethane. Photoluminescence spectra were
acquired on a FluoTime 300 from Picoquant equipped with a laser λexc = 450 nm. PXRD
measurements were performed on a Bruker D8 Discover XRD with a Cu-Kα source
(Collimator of 0.5 mm) and LYNXEYE XE Detector. SEM micrographs were taken on a Zeiss
Crossbeam 1540XB equipped with InLens and SE2 detector with an acceleration Voltage of
1-2 kV to prevent damage of MAPI caused by the electron beam. NMR-spectra were
acquired on a Bruker Avance III 400 spectrometer. 1H-NMR spectra for the determination
of Functionalization were acquired on a Bruker Avance III 600 MHz spectrometer. Solid UVVis spectra for bandgap evaluation were acquired on an Agilent Cary 5000 UV-Vis-NIR spectrometer, equipped with an integrating sphere. PESA measurements were conducted on a
Riken Keiki AC-2 photoelectron spectrometer. The error in the ionization energies determined from the PESA measurements on a given sample was 0.05 eV. (HR)-TEM images were
acquired on a JEOL, JEM 2200FS at an accelerating voltage of 200 kV. I-V measurements
were performed in the dark under nitrogen atmosphere. Sensor substrates were used from
the company “Umweltsensortechnik”, with an active area of 1.80 cm x 1.23 cm = 2.21 cm2
and an average distance of 33.5 µm conducting strings, see also in the supporting information Figure S15. Photodetector measurements were conducted under nitrogen atmosphere at 3V bias, with a blue LED (λ = 460 nm) and an intensity of 40 mW/cm2.

8 Publications and Contribution

124

Supporting Information
Reproduced with permission from ref 224. Copyright 2017 American Chemical Society.
All chemicals were purchased at Sigma Aldrich. Solvents were dried prior to use with common procedures. Methylammonium iodide was synthesized with a common literature
known procedure using Methylamine in EtOH and aqueous hydrogen iodide (not stabilized), followed by recrystallization from EtOH/Et2O for purification. PbI2 was dried in
vacuum at 60 °C for 12 hours prior to use.

Synthesis of 3-Hexylthiophene [2]. To a solution of Mg (10.21 g, 0.42 mol) in 175 mL of dry
ether, 1-bromohexane (34.7 g, 0.21 mol) was slowly added at 0° C under N2 atmosphere.
The solution was then heated to reflux for 2 h. The prepared Grignard reagent was added
into a one-necked flask containing 3-bromothiophene (17.1 g, 0.105 mol) and Ni(dppp)Cl2
(0.38 g, 0.7 mmol) in 175 mL of dry ether, and the reaction was stirred overnight at room
temperature. After completing the reaction cycle, the solution was purged into cold water
and three times extracted with 100 mL of ether. The combined organic phase was washed
with water, dried over anhydrous MgSO4, filtered, and concentrated. The purification step
was carried out via silica column chromatography, using hexane as eluent. After concentration, (15.1 g) 3-hexylthiophene was obtained as colorless oil (0.09 mol, yield 85%).
1

H NMR (δ, CDCl3): 7.21 (m, 1H), 6.90 (m, 2H), 2.61 (t, 2H), 1.61 (m, 2H), 1.29 (m, 6H), 0.87

(t, 3H).
13

C NMR (δ, CDCl3): 143.2; 128.2; 125.0; 119.7; 31.7; 30.6; 30.3; 29.0; 22.6; 14.1.

Synthesis of 4-Hexylthiophene-2-carbaldehyde [3]. To a diethyl ether (400 mL) solution of
3-Hexylthiophene (15.1 g), 47.5 mL of a tert-Butyllithium solution (1.9 M in Hexane) was
added drop wise at -78 °C under a nitrogen atmosphere. After 2 h stirring at -78 °C, 9.0 mL
anhydrous DMF were added to the solution, and the mixture was stirred another 2 h at
-78 °C and 20 h at ambient temperature. It was hydrolyzed with 50 mL of a saturated aqueous ammonium chloride solution followed by the addition of 200 mL diethyl ether. The
organic Layer was washed several times with 200 mL of water and dried over magnesium
sulfate. The solvent was removed under vacuum. Purification of 4-Hexylthiophene-2carbaldeyde was achieved by distillation at reduced pressure at 82 °C.
1

H-NMR (400 MHz, CDCl3) δ (ppm) = 9.86 (s, 1H, COH), 7.59 (d, 1H, CH), 7.36 (d, 1H, CH),

2.63 (t, 2H, CH2), 1.62 (m, 2H, CH2), 1.30 (m, 6H, CH2), 0.88 (t, 3H, CH3).
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Synthesis of 4-Hexylthiophene-2-carbonitrile [5]. A solution mixture of 13.3 g 4-hexylthiophene-2-carbaldehyde and 7.5 g hydroxylamine hydrochloride salt in 70 mL of a 1:1-mixture of ethanol and pyridine was stirred at 100 °C overnight. Then the solvent was removed
under vacuum. The residue was dissolved in 120 mL chloroform and the solution was
washed three times with 80 mL distilled water and dried over magnesium sulfate. The solvent was removed under vacuum, and the waxy residue was dissolved in 40 mL acetic anhydride containing 0.25 g potassium acetate and then refluxed overnight. After addition of
100 mL water, the mixture was extracted three times with 60 mL hexane. The organic phase
was washed with 100 mL of a 5% aqueous sodium hydroxide solution and several times
with water, dried over anhydrous magnesium sulfate before the solvent was removed under vacuum. The yellow liquid residue was purified by distillation under reduced pressure
at 100 °C.
1

H-NMR (400 MHz, CDCl3) δ (ppm) = 7.43 (d, 1H, CH), 7.18 (d, 1H, CH), 2.60 (t, 2H, CH2),

1.59 (m, 2H, CH2), 1.29 (m, 6H, CH2), 0.87 (t, 3H, CH3).
13

C-NMR (400MHz, CDCl3): 144.1; 138.2; 127.4; 114.4; 109.3; 31.4; 30.2; 29.9; 28.7; 22.5;

14.0.

Synthesis of (4-Hexylthiophen-2-yl)methylammonium iodide [7]. To a solution of 7.5 g
4-Hexylthiophene-2-carbonitrile in 400 mL diethyl ether, 4.45 g Lithium aluminum hydride
was slowly added at 0 °C. After stirring at ambient temperature overnight, the mixture was
hydrolyzed by addition of 50 mL of water at 0 °C. The organic phase was dried over anhydrous magnesium sulfate and the solvent was removed under vacuum. The residue was
solved in 150 mL 1,4-dioxane and 5,2 mL HI (57 wt%, 77,0 mmol) was added dropwise under
vigorous stirring at RT. After stirring for 12 h, the solvent was removed under vacuum at
60 °C. The raw product was washed with Et2O, recrystallized in EtOH/Et2O and dried at
60 °C under vacuum yielding a white powder.
1

H-NMR (400 MHz, DMSO-d6) δ (ppm) = 8.11 (s, 3H, NH3+), 7.18 (s, 1H, CH), 7.06

(s, 1H, CH), 4.19 (s, 2H, CH2), 2.53 (t, 2H, CH2), 1.54 (m, 2H, CH2), 1.27 (m, 6H, CH2), 0.86
(t, 3H, CH3).
13

C NMR (400MHz, CDCl3): 143.1; 135.4; 130.6; 122.3; 37.6; 31.5; 30.4; 30.1; 28.8; 22.5;

14.4.
Elemental analysis (C11H20NSI): Calc: C = 40.62, N = 4.31, H = 6.20, S = 9.86,
Exp: C = 40.49,
N = 4.40, H = 6.15, S = 9.0. ESI-MS: m/z = [M-NH3]+ 181.1 u., 182.1 u, 183.1 u.
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Table S1. Detailed synthesis protocol of MAPI samples.
Sample
number
MAPI-C0

Capper

CPrecursor

CPrecursor

CPrecursor

CCH2Cl2

(MAI)

(PbI2)

(Capper)

(Capper)

-

-

-

MAPI-C1
MAPI-C2
MAPI-C3

VCH2Cl2

200 μL

30 mL

1 mM
4HTAI

MAPI-C4
MAPI-D

VPrecursor

263 mM

100 mM

2 mM
135 mM

3 mM
4 mM

DAI

1.2 mM

Figure S1. 1H –NMR of (4-hexylthiophen-2-yl)methylammonium iodide 4HTAI.

1

H-NMR (400 MHz, DMSO-d6) δ (ppm) = 8.11 (s, 3H, NH3+), 7.18 (s, 1H, CH), 7.06 (s, 1H, CH),

4.19 (s, 2H, CH2), 2.53 (t, 2H, CH2), 1.54 (m, 2H, CH2), 1.27 (m, 6H, CH2), 0.86 (t, 3H, CH3).
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Figure S2. ESI-MS of (4-hexylthiophen-2-yl)methylammonium iodide 4HTAI.

ESI-MS measurement (black) shows a
main signal at 181.1 u, 182.1 u and
183.1 u (positive mode) which corresponds to the compound 4-HTAI
(C11H20NSI) with the loss of an Ammonia group. Simulated signals are in red
bars. [M-NH3]+ 181.1 u, 182.1 u,
183.1 u.

Figure S3. Photoluminescence kinetic of MAPI-D microcrystal synthesis.
In-situ

photolumines-

cence spectra acquired at
λexc = 450 nm with time
evolving from black to
grey. Spectra are acquired
every 80 seconds. Clearly
visible are the low dimensional emission maxima of
MAPbI3

capped

by

dodecylammonium. Emission maxima at 580 nm,
616 nm and 650 nm, and
674 nm can be assigned to
distinct low dimensional Ruddelsden-Popper layers of DA2PbI4(MA)n-1PbnI3n+1 with n =1, 2,
3 and 4, respectively. Over time, the fluorescence of MAPbI3 arises (n∞ =770 nm), while low
dimensional emission signals disappear. This clearly proves a layer by layer growth using
dodecylammonium iodide (DAI) as capping agent as published earlier (see reference 218).
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Figure S4. PXRD of the MAPI-C0 to MAPI-C4 series.

(a) Powder x-ray diffraction analysis of MAPI-C0 to MAPI-C4 with reference pattern.
(b) Gaussian fit function (purple) of the (004) signal in grey and (220) signal in orange.
Figure S5. SEM micrographs of the MAPI-C0 to MAPI-C4 series.
SEM micrographs of (a) MAPI-C1, (b)
MAPI-C2, (c) MAPI-C3, (d) MAPI-C4
and (e) MAPI-C0, scale bars ≅ 2 μm
respectively.
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Figure S6. Possible MAPbI3 crystal coordination.

Dimensions of possible coordination sites for capping agents at
(001) lattice surface in yellow
and (010) lattice surface in blue.

Figure S7. Solid UV/Vis analysis in the integrating sphere and Kubelka Munk evaluation
of MAPI-C4.

(a) Diffuse reflectance spectra of MAPI-C4 is shown as a representative example of the
MAPI-C series. (b) Kubelka Munk analysis was performed to determine the band gap. The
band gap for the MAPI-C series is 1.52 eV.
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Figure S8. Photo-electron spectroscopy in air (PESA) of MAPI-C4.

Valence band analysis derived
from PESA measurements with
MAPI-C4

as

an

example

(-5.30 eV). VBM of MAPI-C0
(-5.32 eV), MAPI-C1 (-5.37 eV),
MAPIC-2 (-5.33 eV), and MAPI-C3
(-5.31 eV).

Figure S9. XRD analysis of MAPI-D.

PXRD of sample
MAPI-D with indexed reference
pattern.
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Figure S10. SEM analysis of MAPI-D.

SEM micrographs of MAPI-D showing the cuboid morphology, scale bars ≅ 2 μm.

Figure S10. Solid UV/Vis analysis in the integrating sphere and Kubelka Munk evaluation
of MAPI-D.

(a) Diffuse reflection spectra of MAPI-D. (b) Kubelka Munk analysis was performed to determine the band gap of 1.53 eV.
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Figure S11. Photo-electron spectroscopy in air (PESA) of MAPI-D.

Valence band analysis derived from PESA measurements of MAPI-D giving a
value of -5.47 eV.

Figure S12. Quantification of surface functionalization for MAPI-C4.
By comparing the integral ratio of the assigned signals the
degree of functionalization
was performed. For 4HTA+ the
signals of the hexyl end group
(cyan) and aromatic thiophene protons (yellow) and
for MA+ (grey) were integrated. It should be mentioned, that also TEG (triethylene glycol) was found to be
present on the surface. Ratios
per

molecule
+

+

are

4HTA :MA :TEG = 1: 980 : 4.
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Figure S13. Quantification of surface
functionalization for MAPI-D.

The degree of functionalization with Dodecylammonium (DA+) was performed by
comparing the integral of the dodecylchain in cyan with the methylammonium
signal (MA+) in grey. It should be mentioned, that also TEG (triethylene glycol)
was found to be present on the surface.
Ratio DA+:MA+:TEG = 1:100:0.25.

Figure S14. Quantification of surface functionalization for MAPI-C0.

The degree of functionalization of TEG (Triethylene glycol) was evaluated by comparing its
integral in purple with the methyl ammonium
signal (MA+) in grey. Ratio MA+:TEG = 320:1.
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Figure S15. SEM micrograph of a sensor grid.

Sensor grids used from the company “Umweltsensortechnik” for I-V investigations, with an
active area of 18.0 mm x 12.3 mm = 221 mm2 and Pt conductor paths on Al2O3. The average
distance of conductor paths is 33.5 µm. Scale bar 200 µm.
Figure S16. I-V measurements in the dark for particle based MAPI materials.

Dark I-V measurements of
4HTAI capped MAPI-C4
(black), uncapped MAPIC0 (blue) and dodecylammonium

capped

MAPI-D (red) particles.
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Figure S17. Energetic barriers in (functionalized) MAPI interfaces.

(a) Schematic image of proposed interfaces in MAPI. On the left unfunctionalized surfaces
(MAPI-C0), middle thiophene-functionalized (MAPI-C4) and right alkyl-chain functionalized
(MAPI-D) MAPI surfaces, with the organic headgroup (NH3+) sitting in the A site of the perovskite structure. (b) Qualitative description of the energetic levels of valence band (VB)
and conduction band (CB) of MAPI. On the left surface states with unknown energy levels
for MAPI-C0, on the middle the interface of thiophene HOMO-LUMO and on the right alkyl
HOMO-LUMO transition.
Figure S18. Schematic image of charge carrier pathways in particle based photodetectors.
Illustrative cross-section in particle-based photodetectors with an average conductor path
distance of 35 µm and a thickness of 20 µm. (i) In the dark, the charge transport across
grain boundaries occurs between the electrodes with an average distance of 35 µm due
to the electric field of the applied voltage. (ii) Under illumination with light ON/light OFF
experiments,

photo-gener-

ated charges at the MAPI surface are extracted to the electrodes to generate the signal.
Therefore, a constant bias is
applied to generate a potential, which separates electrons
(e-) and holes (h+) to the injecting electrodes.
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Figure S19. Response-times determination of particle based photodetectors.

Response time of the 2nd ON/OFF sweep by illumination with a blue LED (λ = 460 nm,
I = 40 mW/cm2) at a bias of 3 V in particle based photodetectors depicted in cyan bars.
“ON” and “OFF” was defined as above 90 % and below 10 % threshold of the total photocurrent, respectively. (a) MAPI-C4 with tON = 190 ms, tOFF = 430 ms, (b) MAPI-D with
tON = 1055 ms, tOFF = 60 ms and (c) MAPI-C0 with tON = 61 ms, tOFF = 69 ms.
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8.4 Publication IV:
Facet-Controlled Preparation of Hybrid Perovskite
Microcrystals in the Gas Phase and the Remarkable Effect on
Optoelectronic Properties, CrystEngComm 2017
Tom Kollek and Sebastian Polarz*

Abstract: Within only a few years, hybrid perovskites have become one of the most intriguing semiconductors in different light-harvesting and light-emitting applications. Their optimization for targeting technological implementation can only be achieved if one gathers
knowledge of fundamental material properties and how they are influenced by factors like
the composition, particle size, and shape. Shaping hybrid perovskite particles is not only
difficult, capping agents binding to crystal surfaces might influence the intrinsic properties
as well. We present a new aerosol-assisted crystallization with a liquid single-source precursor for making shaped CH3NH3PbBr3 crystals with "naked facets". The formation of microcrystals with either predominant (001) facet or the less favorable (011) facet is achieved.
We were able to assemble the particles with a defined orientation on a substrate to investigate the facet influence on the optical properties. There is not only pronounced influence on the lifetime of
photo-generated charge carriers, but
we also find a shift in photoluminescence energy, and, using confocal fluorescence

spectroscopy,

a

facet-

dependent local enhancement of
fluorescence

features.

Our

study

demonstrates that particle shape is an
important tool to modify the properties of hybrid perovskites for optoelectronic applications.
Reproduced with permission from ref 220.
Copyright 2017 The Royal Society of Chemistry.

8 Publications and Contribution

138

8.4.1 Record of Contribution
S. Polarz and T. Kollek conceived and designed the experiments. T. Kollek performed the
material synthesis and characterization. B. Weibert conducted the single crystal X-ray
analysis, T. Kollek solved and refined the structure. M. Winterhalder conducted the confocal fluorescence microscopy analysis. T. Kollek and S. Polarz wrote the manuscript. All
authors have given approval to the final version of the manuscript.

8.4.2 Introduction
Technologies based on semiconductors have entered many areas of everyday life. No matter if a designated application is in photovoltaics, light emission, photocatalysis or photodetection, the coupling of light with the propagation of charge carriers represents the common link. Therefore, large interest exists in understanding and controlling optoelectronic
properties of semiconductor materials. Scientists have gathered profound insights from
their research on materials like silicon (Si), II/VI compounds like cadmium selenide (CdSe),
III/V compounds like gallium nitride (GaN), or titania (TiO2). Whereas the mentioned materials are established since several decades, very recently a new semiconductor class moved
into the center of enormous research activities, so-called hybrid perovskites (HYPEs) like
MAPbX3 (MA = CH3NH3+, X = I-, Br-, Cl-) as a representative example. A non-negligible factor
that governs the hype about HYPEs is the easy preparation from salt solutions following a
precipitation scheme. However, one has also learned in the meantime that HYPEs are very
complex solids, and the generation of nano-architectures, e.g. defined particles poses some
major difficulties.124
In addition to composition and size, outstanding physical properties may also depend on
crystal morphology.258,312,313 A typical case was published by Huang and co-workers, who
showed a shape-property relationship for the semiconductor Cu2O.314 Single cubic particles
or octahedrons lead to drastic changes in electrical conductivity and photocatalytic activity.
The shape of a crystal correlates to the type and abundance of facets, and the latter is a
consequence of the sequence and absolute values in the energy of the respective surface.
Because surface energies alter significantly due to adsorption, the most common way to
influence crystal shape is the use of capping agents. Although there exist many approaches
for the crystallization of MAPbX3, the control in particle orientation, shape, and size is still
challenging.35 One also has to consider the variety of cluster chemistry involved during precipitation from mixed salt solutions of PbX2 and MAX in solvents like dimethylsulfoxide
(DMSO), dimethylformamide (DMF) or ɣ-butyrolactone (GBL).74 The clusters influence crystallization pathways which lead to a mixture of MAPbX3 morphology formations in size and
shape.79 Therefore, delicate processing is mandatory to obtain defined single crystals 203,204
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or to grow them in spatially defined space.186 With these methods, crystallization along the
crystallographic family of directions <100> (@ directions [100], [-100], [010], [0-10], [001],
[00-1]) is usually achieved which ultimately lead to cubic particles in the case of MAPbBr3.
Only a few examples can be found in literature, where a control along a different family of
crystallization directions is achieved in hybrid perovskites. Cho et al. presented an excellent
work of well-oriented MAPbI3 films along the <110>-direction, which lead to an anisotropic
charge carrier transport.137 Zhu and co-workers recently published a versatile topotactic
attachment approach for oriented hybrid perovskite films which revealed a significant enhancement in carrier mobility by reducing traps densities compared to the state of the art
polycrystalline films.315 Thus, the investigation of crystal orientation and facets represent
an important issue in current research on hybrid perovskites.316
By utilizing capping-agents, the chemical nature of the interface changes which bears the
disadvantage to identify the origin of the physical effects. The shape and, thus, facet control
via routes avoiding any capping agent represents a challenging task. The capping agent
cannot be simply omitted because in the liquid phase it is also responsible for the colloidal
stabilization of the growing crystal in the dispersion.152,196,317 The production of shapedefined crystals by an aerosol method represents an attractive alternative because the particles are separated in the gas-phase, which prevents Ostwald-ripening and grants omission
of a capping agent. From our work on the gas-phase synthesis of various ZnO nanostructures, we know that salts as precursors are very unfavorable compared to molecular singlesource precursors.215,216,318,319 We established in 2015 for the first time a single-source
precursor system for the preparation of porous single crystals of MAPbI3 using an anti-solvent method.218 By changing the molecular architecture of the precursor, we finally
succeeded in shifting the melting point below room temperature,219 which opened the synthetic pathway of a thermally activated formation of MAPbI3. The availability of a singlesource precursor, liquid in nature and the thermal reaction pathway open up the possibility
for the gas-phase preparation of HYPEs.
Here, we describe the generation of a new single-source precursor for the bromine system
MAPbBr3 which has an intrinsically enhanced photostability compared to the iodine system, nicely documented by Katz and coworkers.320 Then, we utilize the precursor in an
aerosol-assisted process, and the resulting HYPE particles are characterized with a focus on
crystal shape. Finally, optical properties are determined under consideration of the facets
of the crystals.
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8.4.3 Results and Discussion
The liquid single-source precursor for MAPbBr3. The precursor [1] was synthesized by reacting PbBr2 and MABr in triethylene glycol (TEG). Further details are given in the Supporting Information. According to differential scanning calorimetry (DSC), the melting point of
the compound is slightly above room temperature, between at » 35 - 40°C (see supporting
information, Figure S-1). Single crystals could be grown from the melt and were analyzed
by X-ray diffraction methods. The resolved structure is shown in Fig. 1.

Figure 1. Conversion sequence of the single-source precursor to the perovskite via the
melt. Chemical equation (a), structural transition (b) and optical microscopy data
(c; scale bar @ 25 µm). The structure of the precursor [1] was determined from X-ray
diffraction single crystal analysis. PbBr3- is depicted in orange octahedrons, TEG and MA+
are shown in gray and blue/gray stick model, respectively. Reproduced with permission
from ref 220. Copyright 2017 The Royal Society of Chemistry.
Each Pb2+ is coordinated by six Br-. The face-sharing of the octahedra leads to
([PbBr3]-)- chains arranged in a hexagonal packing. Each MA cation is coordinated by two
TEG units, and this leads to a large and weakly interacting counter ion. The solid-state arrangement of [1] can be seen as an analog of the CsNiBr3 structure, which is known for
perovskites if the size of the cation is too large to fit into the cuboctahedron void of the
inorganic network.53 The weak interaction between MA+ and [PbBr3]-∞ is documented by
the large average Pb-N distance (6.827(2) Å) and an expanded cell volume of
V= 4768.7(6) Å3, and it is the key for the low melting point.
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Melting of [1] into a homogeneous liquid was observed by optical microscopy (see Fig. 1c).
We assume the melt [2] consists of short, randomly oriented [PbBr3]-n chains and MATEG2+.
The melt is stable at temperatures between 35 - 65°C. At 70°C the formation of MAPbBr3
[3] is initiated, which can be seen from the forming crystals. Presumably, at this temperature the weak binding energy between TEG and MA+ is overcome, free MA+ exists leading
to the crystallization of the perovskite. The rate of MAPbBr3 formation can be adjusted via
the temperature, and at 120 °C complete conversion takes only several seconds as proven
by in-situ powder X-ray diffraction (PXRD) shown in supporting information, Figure S-2. The
concentration of the cation also has a significant influence on the reaction rate which is an
important observation (see supporting information, Figure S-3). The rate is slowest for the
exact, equimolar ratio of MA+ to PbBr3-. HYPE generation accelerates when MA+ excess is
present. Kinetic information can be acquired from time-dependent UV/Vis measurements
recorded at fixed wavelength of λ= 500 nm, which traces the crystallization of MAPbBr3
(Egap, Bulk = 2.21 eV Þ l = 551 nm). A reasonable hypothesis for the described effect is a
stronger fragmentation towards shorter chains because additional MA+ can stabilize the
terminal polymeric end group(s) with [PbBr4]2- character. Shorter [PbBr3]-n chains will react
faster to the product [3]. Hints for this model can be obtained from UV/Vis data (see supporting information, Figure S-4), because the absorption shoulder between 270- 300 nm in
the spectrum of the precursor melt [2] is indicative of the number of such terminal
groups.74 The decrease of the absorption for an excess of MA+ is, thus, in agreement with
shortening of the [PbBr3]-n chains.
Particle synthesis in the gas-phase. The procedure used for the generation of MAPbBr3
particles is represented in Scheme 1.

Scheme 1. Set-up for the generation of hybrid perovskite particles in the gas phase.
Reproduced with permission from ref 220. Copyright 2017 The Royal Society of Chemistry.
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A spray of the precursor in its liquid state is passed through a tubular oven with nitrogen
as a carrier gas; further details are given in the supporting information. Conversion into
MAPbBr3 is achieved at T = 150°C in the hot zone. It is important to note crystallization of
[3] is a consequence of the direct thermal reaction and not caused by the evaporation of
any solvent (b.p.(TEG) = 285 °C). The moderate temperatures and short duration in the heat
prevent the material to degrade, which usually occurs above 200°C in thin film architecture.82 The particles are collected on a substrate (e.g. glass, silicon) or a filter system and
were analyzed without any further processing. One sample was produced applying the
equimolar amount of MA+ (sample denoted as MAPBr-110), and for accelerating the perovskite formation kinetics (see the previous section) a 0.3 mol excess of MA+ was used
(sample MAPBr-100). In Figure 2 PXRD measurements are shown for both samples which
both consist of phase pure MAPbBr3.
Obviously, there must be a major difference in crystal growth considering the intensity variation of the signal set which either corresponds to the lattice plane (011), (022) for MAPBr110 (blue) or (001), (002) for MAPBr-100 (red). These findings can be explained by different
crystal orientations (see Figure 2b). As we only observe one set of patterns in each sample,
we can conclude that the vast majority of crystals exhibit either (110) or (100) lattice planes
perpendicular to the substrate. Scanning electron microscopy (SEM) images shown in Fig. 3
confirm the PXRD results on the defined orientation of the particles.

Figure 2. (a) PXRD of MAPBr-110 (blue) and MAPBr-100 (red) by the aerosol
assisted gas-phase synthesis on silicon substrates. (b) Sketch of crystal dependent orientation of MAPbBr3 inorganic network in <100> and <110>-direction on
a substrate, respectively. Lattice planes are indexed perpendicular to the substrate. Reproduced with permission from ref 220. Copyright 2017 The Royal Society of Chemistry.
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The orientation seems to
depend on the shape of
the crystals, which obviously is different for
MAPBr-110 compared to
MAPBr-100 (Figure 3a,b).
Because the size of the
particles is in the micrometer range, it is very
easy to determine the
shape of individual crystals. A detailed facet
analysis is shown in
Fig. 3c,d. The particles in
the MAPBr-110 sample
are characterized by a
hexagonal facet pointing
upward with lattice angles

of

α≅110° and

β≅125°. By additionally
considering the PXRD
data, we can assign the
(010) plane in the top
view of the MAPBr-110 Figure 3. Morphology and facet analysis of particles in sample
microcrystal which is in MAPBr-110 (a,c,e) and sample MAPBr-100 (b,d,f). SEM micrographs of particle ensemble, scale bar ≅ 5 µm (top images), one
good agreement with the
single crystal scale bar ≅ 500 nm (medium images), and structheoretically expected ture of the main surface (bottom image). The angles and lattice
lattice angles of α≅110° planes corresponding to the facets are labeled by Greek letters
and Miller indices with color coding. Reproduced with permisand β≅125° derived
sion from ref 220. Copyright 2017 The Royal Society of
from single crystal X-ray Chemistry.
data (see supporting information, Figure S-5). Thus, the tangent crystal planes are (011), (110), (010), and their
symmetry equivalents. The abundance of the (110)-surface type is high.
The situation changes for the MAPBr-100 microcrystals (Figure 3b,d). Here, the morphology
consists of a dominant ratio of (100)-facets and symmetry equivalents. Because we have
not used a capping agent during the preparation of the particles, we can assume that the
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naked surfaces correspond directly to the respective lattice planes. Thus, MAPBr-110 particles are terminated by edges of PbBr3- octahedrons (see Figure 3e) or corners of PbBr3octahedrons (Figure 3f) in the case of MAPBr-100. One has to note that the surface of the
(100)-facets and equivalents appear to be rough, compared to (110)-facets (see supporting
information, Figure S-6). This observation confirms previously reported studies about anisotropic moisture degradation in MAPbI3 due to the easy access of the MA+ in the channels
of the inorganic network.70 We observe etched particle surfaces only along the <100>direction as well, which further confirms a moisture instability of specific facets in MAPBr
perovskites.
The latter conclusion is supported by a more detailed reconsideration of the PXRD measurements. We observe a shift of the peak position in MAPBr-110 of ∆2θ110(°)= 0.0215(4)
and MAPBr-100 of ∆2θ100(°)=0.0057(4) which indicates an expansion of the unit cell of 0.3%
and 0.12 %, respectively (see supporting information, Figure S-7). The expansion of the
weak, ionic lattice may be induced due to the formation of different MAPBr-surfaces. The
(110)-surfaces differ from (100)-surfaces in the MA+ coordination and termination of the
inorganic (PbBr3-) network. In the MAPBr-100 material, the MA+ is much easier accessible
due to the corner termination PbBr3- octahedrons. The structural difference could lead to
a smaller surface distortion for the case of the MAPBr-110 material with edge terminated
surfaces. Thus, a coordination of remaining TEG molecules via hydrogen bonding to an MA+
terminated surface which results in a surface distortion is possible.321
Shape-property correlations. The synthesized MAPBr3 particles in the micrometer range
with well-oriented crystals along the <110>- or <100>-direction represent ideal model
systems to investigate how the shape (and exposed crystal facets) influences the optical
properties of the semiconductor. UV-Vis-spectroscopy in combination with photoluminescence (PL) studies can be a powerful tool to investigate bulk and surface related features
in hybrid perovskite single crystals like MAPbBr3.72 As distortion or defects on the surface
are known to mask the bulk properties in the single crystal, we expect a pronounced effect
in micrometer-sized particles. In Figure 4(a) UV-Vis spectra in diffuse reflexion, as well as
PL emission spectra for excitation at λ= 485 nm, are plotted for MAPBr-110 in blue, and
MAPbBr-100 in red.
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Figure 4. Optical characterization of MAPBr-110 (blue) and MAPBr-100 (red). (a) Combined
UV-Vis-(dotted line) and PL-spectra (solid line) with PL emission maxima at
λexc485nm= 543.6 nm (blue) and λexc485nm= 547.4 nm (red). (b) Corresponding PL-lifetime
measurements at emission maxima of with the IRF (gray). (c) Schematic crystal orientation
with indicated relative surface defects and band gaps of surface and bulk.
Reproduced with permission from ref 220. Copyright 2017 The Royal Society of Chemistry.
By Kubelka Munk-analysis of diffuse reflectance spectra (see supporting information, Figure S-8) we find comparable band gaps of 2.26 eV and 2.25 eV for MAPBr-110 and MAPBr100, which are in accordance to microcrystalline MAPBr particles.322 As UV-Vis spectra are
dominated by the bulk properties of MAPBr, we further conducted steady-state PL measurements at λexc= 485 nm with an intensity of ≈ 2 µJ/cm2 to excite charge carriers close to
the surface.323 Thus, we can differentiate between the influence of crystal surfaces in
MAPBr-110 and MAPBr-100 due to the well-defined crystal orientation and morphology. In
particular, MAPBr-110 shows a blue-shifted PL emission maximum of λexc485nm= 543.6 nm
with increased broadening compared to λexc485nm= 547.4 nm for MAPBr-100.
As hybrid perovskites like MAPbBr3322 and MAPbI3324 are well known to show a linear
dependence of the band gap emission with crystallite size, we counted 200 individual particles which were collected on a filter paper to take the particle size distributions into account (see supporting information Figure S-9). For MAPBr-110 a particle size distribution of
874 ± 454 nm is obtained which is slightly broader than 752 ± 277 nm of MAPBr-100. Thus,
the PL maximum correlates linearly on crystal sizes between <1 µm and 500 µm as shown
by Zhang et al. for MAPBr3.322 The presented particle size distributions in this study range
from 400 nm to 2.5 microns for both samples which accordingly corresponds to a negligible
shift of <1 nm in band gap emission.
Additionally, we performed wavelength dependent fluorescence microscopy on individual
particles with varying size (see supporting information, Figure S-10). Thereby, particles
show a blue-shift in band gap emission of approximately 5 nm between MAPBr-110 to
MAPBr-100 samples independent of particle size which is consistent with the findings from
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steady state fluorescence spectroscopy measurements (see Figure 4a). Therefore, we conclude that the blue-shift originates from the shape with its abundant facets and not by the
size.
A crystal-surface dependent band gap derived from PL measurements can be calculated to
2.28 eV (MAPBr-110) and 2.26 eV (MAPBr-100). The band gaps are increased, compared to
the bulk MAPbBr3 (2.21 eV325) which is known to relate to surface distortion (lattice expansion) as well as surface reconstruction in single crystals.72 Here, the effect is even more
pronounced due to microcrystalline particles. The blue-shift in the PL emission spectrum
follows the trend, which was observed in PXRD data. As the unit cell-volume of MAPBr-110
is slightly increased compared to MAPBr-100 we can expect a change in the electronic properties due to less orbital overlaps (see supporting information, Figure S-7). Further, considering the distortion of (PbBr3-) octahedrons is changing the energy levels at the surface and
thus, widens the optical band gap of MAPbBr3.206
The broadening of the PL emission peak in MAPBr-110 most likely originates from a side
product of the favorable <100> oriented MAPbBr3 crystals, which is in good agreement with
the XRD data (Figure 2a). In contrary to MAPBr-110, we find no further orientation in the
MAPBr-100 sample which results in a narrow PL emission peak attributed to the pure
crystal orientation of <100>.
Time-dependent fluorescence measurements in Figure 4b reveal shorter charge carrier recombination dynamics of MAPBr-110 (blue) compared to MAPBr-100 (red). As the total
contributions of bulk and surface to PL are not known, and the charge carrier recombination is affected by charge carrier diffusion into the bulk, photo-recycling, and surface
defects, a (bi)exponential fit was not conducted.210,323 However, based on similar absorption coefficient in MAPBr-110 and MAPBr-100, we assume similar excitation depths and
can compare the lifetimes on a qualitative basis. We observe much shorter charge carrier
lifetimes at MAPBr-110 compared to MAPBr-100 which indicates higher trap densities or
lower energy trap states at <110>- oriented particle surfaces (see Figure 4c).
To resolve local facet dependent fluorescence features which evolve from the difference in
shape and crystal orientation, we performed confocal fluorescence spectroscopy images at
the same laser excitation of 488 nm with a fluorescence detection window of 510 nm to
600 nm in Fig. 5.
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For MAPBr-110, we observe a homogeneous fluorescence of individual particles, as displayed in Figure 5a. In contrast, MAPBr-100
show local fluorescence enhancements at the edges and corners of
the cubic (010) facet independent
of the particle size (see Figure 5b).
The investigation is a further hint of
a local shape dependent (facet dependent) fluorescence property in
MAPBr3 crystals with different orientations. We need to note that excitation
Figure 5. Confocal fluorescence images at 488 nm laser excitation and a detection window of 510-600 nm
of (a) MAPBr-110 and (b) MAPBr-100 with an enlarged micrograph of individual particles, scale
bar ≅ 10 µm. Reproduced with permission from ref
220. Copyright 2017 The Royal Society of Chemistry.

laser

powers

of

P10%= 7.3 µW (MAPBr-110) and
P6%= 3.2 µW (MAPBr-100) were
used to image a similar brightness
which is a clear hint for different
fluorescence quantum yields.

8.4.4 Conclusion
In summary, we have presented a new, aerosol-assisted method for the preparation of defined MAPbBr3 micrometer-sized crystals. The development of a liquid precursor with single-source properties was crucial for adopting this approach. The advantage of the gasphase method is that particles of different crystal habit and, thus, various surface characteristics were accessible. Meanwhile, no capping agent was used in this approach. Samples
with oriented particles on silicon substrates were acquired, and this allowed to deduce the
influence of the surface structure of single MAPbBr3 crystals. Two systems, one with predominant (110) surfaces and one with (100) surfaces were compared to each other. The
particles possessing a high fraction of (100) surfaces show altered optoelectronic features
like significantly enhanced exciton lifetimes and a shape dependent locally enhanced photoluminescence intensity. In agreement with reports in the literature on other
morphologies of the hybrid perovskite materials in the micrometer range,85,326,327 particle
size leads to only small deviations concerning the band-gap energy (DE » 10 nm). In contrast
to charge carrier lifetimes, which are affected significantly by different morpholgies
(Dt » 70-100%). Our work provides evidence how important, well-defined crystal morphologies and orientation are in the field of hybrid perovskite semiconductors.

8 Publications and Contribution

148

8.4.5 Experimental Section and Supporting Information
Experimental Section
Precursor synthesis and aerosol treatment. In a typical synthesis procedure, the precursor
with an equivalent stoichiometric ratio of PbBr2:MABr (1:1) was produced by subsequently
dissolving 550.5 mg PbBr2 (1.5 mmol) and 168.0 mg MABr (1.5 mmol) 5 mL dry Triethylene
glycol (TEG) to yield the transparent liquid. The precursor with excess PbBr2:MABr (1:1.3)
synthesized accordingly. Both precursors were kept under dry conditions in a nitrogen atmosphere. The solid precursor MAPbBr3TEG2 crystallizes out over time but can be dissolved
at elevated temperatures of 35 °C. For the aerosol synthesis, 5 mL of the precursor solution
were used to generate MAPBr-110 (1:1/PbBr2:MABr) or MAPBr-100 (1:1.3/PbBr2:MABr)
materials, respectively. Therefore, the precursor solution was kept under a nitrogen atmosphere at 35 °C in a reservoir vessel equipped with a suction tube to the aerosol reactor (TSI
Inc., model 3076). A constant volumetric nitrogen flow of 2.0 L/min was applied to carry
the generated droplets through a tubular oven (length: 65 cm; diameter 2.6 cm) at
T= 150 °C. Orange MAPbBr3 crystals were collected on various substrates (e.g. Si, glass) or
with a filter system and analyzed without further purification.
Single crystal X-ray analysis. MAPbBr3TEG2 [1] was recrystallized from the melt, mounted
in inert oil and transferred to the cold gas stream of the diffractometer. The crystal structure is deposited on the Cambridge Crystallographic Structural Database (CCSD) with the
number 1538521. Single crystal X-ray data was collected on STOE IPDS-II with a graphite
monochromator and a Mo-K∂ x-ray source. Crystal data. C13H34Br3NO8Pb, M = 779.33,
orthorhombic, a = 7.7705(5), b= 21.1114(15), c = 29.069(2) Å, U = 4768.7(6) Å3, T =
173 K, space group -P2bc2ac (no.61), Z = 8, 20078 reflections measured, 4977 unique
(Rint = 0.0475), which were used in all calculations. The final wR(F2) was 0.1340 (all
data).
Supporting Information
Reproduced with permission from ref 220. Copyright 2017 The Royal Society of Chemistry.
Precursor synthesis and aerosol treatment. In a typical synthesis procedure, the precursor
with an equivalent stoichiometric ratio of PbBr2:MABr (1:1) MAPbBr3TEG2-eq was produced
by subsequently dissolving 550.5 mg PbBr2 (1.5 mmol) and 168.0 mg MABr (1.5 mmol) 5 mL
dry Triethelhylene glycol (TEG) to yield the transparent liquid. For MAPbBr3TEG2-ex a molar
ratio of PbBr2:MABr (1:1.3) was utilized, respectively. Both precursors were kept under dry
conditions in a nitrogen atmosphere. The solid precursor MAPbBr3TEG2 crystallizes out over
time but can be dissolved at elevated temperatures of 35 °C. For the aerosol synthesis, 5 mL
of the precursor solution MAPbBr3TEG2-eq or MAPbBr3TEG2-ex were used to generate
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MAPBr-110 or MAPBr-100 materials, respectively. Therefore, the precursor solution was
kept under a nitrogen atmosphere at 35 °C in a reservoir vessel equipped with a suction
tube to the aerosol reactor (TSI Inc., model 3076). A constant volumetric nitrogen flow of
2.0 L/min was applied to carry the generated droplets through a tubular oven (length: 65
cm; diameter 2.6 cm) at T= 150 °C. Orange MAPbBr3 crystals were collected on various
substrates (e.g. Si, glass) or with a filter system and analyzed without further purification.
Single crystal X-ray analysis. MAPbBr3TEG2 (1) was recrystallized from the melt, mounted
in inert oil and transferred to the cold gas stream of the diffractometer. The crystal structure is deposited on the Cambridge Crystallographic Structural Database (CCSD) with the
number 1538521. Single crystal X-ray data was collected on STOE IPDS-II with a graphite
monochromator and a Mo-K∂ x-ray source. Crystal data. C13H34Br3NO8Pb, M = 779.33, orthorhombic, a = 7.7705(5), b= 21.1114(15), c = 29.069(2) Å, U = 4768.7(6) Å3, T = 173 K,
space group -P2bc2ac (no.61), Z = 8, 20078 reflections measured, 4977 unique (Rint = 0.0475),
which were used in all calculations. The final wR(F2) was 0.1340 (all data). CCSD number is
1538521.
Aerosol-synthesis. In a typical synthesis, a 0.3 M solution of PbBr2 and MABr in TEG (dry)
was used for the aerosol process. The clear transparent precursor solution was kept at 35°C
to prevent the crystallization of solid MAPbBr3TEG2. The MAPbBr3 microcrystals were
synthesized by a set-up of an aerosol reactor (TSI Inc., model 3076) at a volumetric flow of
2.0 L/min, followed by an oven (length: 65 cm; diameter 2.6 cm) at T=150 °C. Crystals were
collected on various substrates (e.g. Si, glass) or with a filter system.
Additional analytics. In-situ UV/VIS experiments were performed on a Cary 50 equipped
with a probe (slit 1 mm). DSC measurements were performed with a Netzsch DSC 204 F1
Phoenix. Powder X-ray diffraction analysis (PXRD) was performed on a Bruker AXS D8
advance diffractometer with a CU-Kα source with a Lynxeye XE detector. UV-Vis were
acquired on an Agilent Cary 5000 UV-Vis-NIR spectrometer, equipped with an integrated
sphere. SEM micrographs were taken on a Zeiss Crossbeam 1540XB equipped with InLens
and SE2 detector with an acceleration Voltage of 1-2 kV to prevent damage of MAPbBr3
caused by the electron beam. Steady state and fluorescence lifetime measurements were
performed on a FluoTime 300 from Picoquant equipped with a laser λexc = 485 nm
(P= 0.62 mW, F= 40 kHz, Pρ≈ 0.08 W/cm2, Eρ≈ 2 µJ/cm2). Fluorescence microscopy was
performed on a TCS SP5 confocal laser scanning microscope (Leica) using an oil immersion
objective lens (63 x, 1.4 NA, HCX PLAPO, Leica) with an laser excitation of 488 nm
(CW, P6%= 3.2 µW, P10%= 7.3 µW, Pρ,6%≈ 0.84 W/cm2, Pρ,10%≈ 1.9 W/cm2) collecting
wavelengths from 510-600 nm. Wavelength dependent fluorescence microscopy studies
were performed with a detection window of 10 nm from 500-600 nm.
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Figure S-1. Differential Scanning Calorimetry Measurement of the crystalline precursor
MAPbBr3TEG2.

The precursor MAPbBr3TEG2
shows a broad melting range
between 20-50°C with a maximum (Tm= 41.6°C). The enthalpy
of fusion is ΔHfus= 23.38 J/g.

Figure S-2. PXRD kinetic of the conversion from MAPbBr3TEG2 to MAPbBr3.

The conversion of the crystalline precursor MAPbBr3TEG2 (Prec) to the melt (t= 0s) and further conversion at T= 120°C for t= 5 s, 10 s and 60 s. MAPbBr3 reference pattern is indicated
by orange bars.
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Figure S-3 UV-Vis conversion study of precursor melt with equimolar (MABr:PbBr2=1:1)
and the excess ratio of MABr (MABr:PbBr2=1.3:1).

UV-Vis trace at λ= 500 nm for
the conversion to MAPBr precursor melt in the equimolar
ratio (squares) and excess of
MABr (triangles) while heating
up the precursor from 35°C to
70°C (12°C/min heating rate).

Figure S-4. UV-Vis of precursor melt with equimolar (MABr:PbBr2=1:1) and the excess ratio of MABr (MABr:PbBr2=1.3:1).

UV-Vis spectra of the
precursor melt in the
equimolar ratio (black)
and excess of MABr
(red) with indicated decrease in absorption
tail which is related to
long

polymeric
n-

(PbBr3)n chains.

1D
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Figure S-5. Extracted lattice angles of <110> and <100>-oriented MAPbBr3 from single
crystal X-ray data.
Theoretical lattice angles α
and β of MAPbBr3 in (a) <110>
orientation with α 110° and
β 125° and (b) <100> orientation with α 90° and β 135°.
Methyl ammonium cations
were removed for clarity.

Figure S-6. SEM micrograph of MAPBr with rough surface.
SEM micrograph of
MAPBr-100 microcrystals showing (a)
rough

(100)-sur-

face as a top view,
(b) etched surface
along <100> and
(c) start of the etching in the center of
the cubic MAPBr3,
scale bar ≅ 1 µm.
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Figure S-7. Detailed PXRD analysis of MAPBr-110 and MAPBr-100.

Gauss fit in black and indicated MAPbBr3 reference signals in gray bars for the (a) (011)signal of MAPBr-110 and (b) (001)-signal in MAPBr-100 microcrystals. (c) Table of derived
unit cell parameters for <110> and <100> oriented microcrystals.

Figure S-8. Kubelka Munk evaluation of MAPBr-110 and MAPBr-100 from diffuse reflectance UV-Vis spectra.

Bandgap evaluation of
MAPBr-110
Egap,<110>(eV)= 2.26 in blue
and MAPBr-100
Egap,<100>(eV)= 2.25 in red.
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Figure S-9. Particle size distribution analysis of MAPBr-110 and MAPBr-100 derived from
SEM micrographs (particles were collected on a filter paper in the aerosol process).

SEM micrograph of randomly oriented particles for the evaluation of the size distribution
from the aerosol process of (a) MAPBr-110 and (b) MAPBr-100, scale bar ≅ 2 µm. (c) Particle
size distribution evaluated from SEM micrographs by counting 200 individual particles of
MAPBr-110 (874 nm± 454 nm) in blue and MAPBr-100 (752 nm ± 277nm) in red.
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Figure S-10. Wavelength dependent confocal fluorescence spectroscopy analysis at
488 nm laser excitation with a wavelength detection window of 10 nm.

Wavelength dependent stack of confocal spectroscopy images of (a) individual MAPBr-110
particles indicated by blue numbers with particle sizes from 430 nm to 1000 nm and
(b) individual MAPbBr-100 particles indicated by red numbers with particle sizes from
750 nm to 1760 nm, scale bar 2 µm. (c) Emission spectra of single particles derived from
confocal fluorescence images of MAPBr-110 in blue symbols and MAPBr-100 in red symbols
with the Gaussian fit of the highlighted particles in (a) and (b) with similar sizes 1 (blue) and
3 (red), respectively. A blue-shift of approximately 5-7 nm can be extracted which is in good
agreement with the shift in emission maxima derived from steady state fluorescence data.
Due to the resolution limit of 10 nm wavelength detection window the emission maxima
are only estimations. (d) Table of emission maxima derived by a Gaussian fit in correlation
to the particle size from single particle emission spectra. In the range of the particle size
distribution, the effect of the size on the emission spectra in MAPBr3 is negligible.
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Conclusion and Outlook

The presented thesis gives insights into new synthesis pathways of the versatile hybrid
semiconductors MAPbX3 with (MA= CH3NH3+, X=Br, I) starting from tailor-made
compounds. In contrast to literature known procedures, which mainly apply precipitation
methods based on salt mixtures of PbX2 and MAX, we established a new single-source precursor system (SSP). The SSP consist of all needed elements for the material conversion in
the correct stoichiometry, pre-organized on a molecular level. Therefore, a general strategy
for manipulating hybrid perovskites (HYPEs) is presented, as the knowledge of the
structural geometry as well as precisely adjusting the underlying forces (Coulomb, van der
Waals, hydrogen bonding) decide over the material properties. In each of our four
publications, a unique SSP was established to control the conversion from the molecular
level to the macroscopic material with MAPbX3 as an example. Within this summary,
differences in the supramolecular assembly of the SSP are discussed first and how the
change in the structure affects the crystallization behavior to MAPbX3. Then, various reaction pathways from the SSPs are presented to build defined MAPbX3 particles, with the
focus on the morphology which can influence the semiconducting properties. Finally, the
impact of surface active agents on the physical properties of MAPbX3 and further in optoelectronic devices is presented.
Let’s focus und the analysis of new SSP for MAPbX3. In Chapter 8.1 we present the first oligo
glycol containing SSP with the stoichiometry MAPbI3TEG2 (TEG=Triethylene-glycol), which
was synthesized and characterized by single-crystal X-ray analysis in 2015. From the supramolecular arrangement, it became apparent that the interactions in the network have a
severe impact on the physical properties like the melting point. The molecular arrangement
of the SSP consists of one-dimensional PbI3-chains built from face-shared lead iodide
octahedra. These chains are oriented along one crystallographic axis by building a hexagonal closed packing. The complex surrounding consists of the MA cations (H-bond donor)
which are coordinated by two TEG entities (H-bond acceptor) in a cryptand like fashion
which results in a relatively low melting point of 67 °C. We found that the structure of the
SSP changes by varying the glycol. As a liquid SSP at room temperature would be beneficial
for the processing in coatings and would open up new synthetic pathways, we tackled this
aim in Chapter 8.2. Therefore, a systematic study of SSPs by the influence of oligo-glycols
(oG) is reported. For diethylene glycol, triethylene glycol monomethyl ether and triethylene
dimethyl ether only one oG entity coordinate to the MA cation. The coordination of one
glycol unit causes a tiny change in the structure with a decisive impact on the physical
properties. Now, the charges of the MA+ and PbI3- are only partially shielded. As a result,
the Coulomb interaction increases and crystalline solids with relatively high melting points
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between 109 °C to 85 °C are formed. Hence, to create a liquid SSP the sterically demand of
the glycol needed to be increased which was finally realized by the use of tri-propylene
glycol. With that knowledge of SSP chemistry for MAPbI3 on the molecular level, we were
able to transfer this approach in Chapter 8.4 on the Br-System MAPbBr3 as well. To form a
similar compound, the complete shielding of charges of MA+ and PbI3- is necessary. We,
therefore, applied a Triethylene-glycol (TEG) to obtain a liquefiable SSP at room temperature with a melting point between 20-42 °C.
One special feature which all the liquid SSP have in common is the ability of a direct conversion into the perovskite-phase via temperature. This property opened a pathway to new
synthesis techniques as the crystal formation can be induced from a homogeneous phase
(homogeneous nucleation). Different SSP conversion approaches to form MAPbX3 materials were investigated within this thesis and are described as follows:
In Chapter 8.2 we found that via inducing the crystal growth of MAPbI3 from a heated substrate coated with the SSP, an exotic crystallization direction along the (112)-crystal plane
can be temporally observed before the common (100) crystallization direction occurred. To
the best of our knowledge, this was the first time of observing the (112)-crystallization direction for MAPbI3. We related this finding to the unique interaction of the released glycol
from the SSP during the crystallization of the perovskite phase. This observation opened
the way for a further fine tuning of the perovskite crystal morphology by accelerating the
removal of the glycol. Therefore, we investigated the influence of microwave radiation on
the crystallization of the perovskite phase in Chapter 8.2. With this first report of a microwave synthesis for MAPI3, exotic morphologies like hollow cubic scaffolds or trigonal prism
were accessible. Especially, the last morphology was unexpected, as it deviated from the
originated pseudo-cubic system of perovskites (cubic or octahedral structures) and
therefore represent another variation of crystal “Tracht”. Via confocal fluorescence
microscopy, we provide experimental results that the morphology significantly impacts the
fluorescence properties. In hollow scaffolds, local fluorescence enhancement features
were observed at the inner edges and corners, compared to the outer surface. In contrast,
in dense cubic morphologies, a constant fluorescence intensity was detected in the whole
crystal.
In Chapter 8.4, we developed a gas phase synthesis with the liquid precursor MAPbBr3TEG2.
To the best of our knowledge, we describe the first aerosol synthesis for MAPBr3 by implementing the glycol-based thermosensitive SSP. In contrast to state of the art methods, defined crystal morphologies with different crystal orientation can be produced without the
use of any additional crystallization directing agent (capping agent). Capping agents are
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well known to influence the surface chemistry, which results in a change of the optoelectronic properties due to coordination (additional electron density) or distortion of the perovskite lattice. Our approach was especially beneficial to invest how the morphology with
its abundant “capping agent free” facets impact the semiconducting properties. By variation of crystallization kinetics during the aerosol synthesis, microcrystalline perovskites
with either dominant (001) or less favorable (011) crystal surfaces can be synthesized.
Additionally, we were able to assemble the crystals in a specific crystal orientation, which
opened up the possibility to invest the influence of different crystal orientation on the optoelectronic properties. Indeed, we found not only differences in charge carrier lifetimes,
but also a shift in photoluminescence energy. The change in photoluminescence energy
could be even confirmed on the single-particle level by confocal fluorescence spectroscopy.
Furthermore, local fluorescence enhancements of individual particles were only observed
in crystals oriented along the <001> crystallization direction. This study demonstrated a
versatile model system of micrometer-sized crystal with different morphologies and crystal
orientation, to investigate properties at the single-particle level.
Another successful method to induce the crystallization of the established oligo-glycols
(oG) based SSP with the general formula MAPbX3(oG)1-2 is the use of an antisolvent. This
antisolvent (e.g. CH2Cl2) can selectively dissolve the oG which induces the formation of
MAPbX3. Multiple approaches were established within this thesis to control the crystallization on the nanometer scale with oG based SSP which is now described described in more
detail:
In Chapter 8.1, we report the first porous MAPbI3 single crystals synthesized from the established SSP compound MAPbI3TEG2 (TEG= triethylene glycol). The approach was later
highlighted in Chemical Society Reviews by Zhao et al. in the controlled nanomaterials synthesis section.223 The generation of porosity is related to a special self-templating effect of
the supramolecular structure in the SSP which was discussed above. The structural arrangement resembles a solidified melt of MAPbI3 in TEG close the eutectic point. While the conversion of the SSP, which is induced by adding an antisolvent, a macroscopic phase separation does not occur. Instead, a micro-phase separation (or nanophase-separation) which is
also known as spinodal demixing emerge. The transformation is accompanied by the dissolution of a significant amount of TEG molecules by the antisolvent. Thereby, the volume of
the unit cell decreases by over 80 % (Vu (MAPbI3TEG2) = 5123 Å3 ®Vu (MAPbI3) = 997 Å3)
which generates the nanoporosity via a solid crystal-to-crystal transformation from the SSP
to the perovskite phase. This building mechanism is well understood from the synthesis of
porous glasses by applying silica sol-gel chemistry with oligo-glycol compounds as a
demixing agent. Here, this mechanism was observed for the first time in HYPE materials
attributed to the supramolecular structure and the Triethylene glycol as a demixing unit.
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However, the porosity was not beneficial to the stability, as MAPbI3 have an inherent moisture instability. Due to the high surface generated by the porosity, the structural
decomposition was accelerated proven by thermogravimetric measurements.
Therefore, we investigated if our synthesis approach from SSP is suitable for introducing
structure-giving additives (capping agents) to manipulate the crystal surface with the
intention to improve the stability. To successfully manipulate the HYPE surface with our
approach, we defined the following requirements for the capping agent:
Ø Carrying at least one suitable headgroup like NH3+ which can interact with the crystal
surface of MAPbX3
Ø Solubility of the capping agent in the applied antisolvent (here CH2Cl2)
In this paragraph, the use of capping agents in our SSP approach is presented and the application of MAPbX3 particles in optoelectronic devices is highlighted. In Chapter 8.1 we
describe as a model system the use of dodecyl ammonium iodide (DAI) which fulfills all the
requirements stated above. By increasing the DAI concentration in the antisolvent assisted
conversion of the SSP, defined cubic structures to highly anisotropic layered morphologies
of MAPbI3 could be synthesized. At high concentration, DAI coordinates selectively at the
(001) crystal plane of MAPbI3 and becomes an integral part of the structure by Van der
Waals interaction between the sheet-like compounds. The formed layered structures are
also known as Ruddlesden Popper phases similar to traditional inorganic perovskite compounds. These hybrid superstructures can be described as an assembly of atomically thin
perovskite layers which were cut along one crystallographic direction of the perovskite unit
cell. At low concentration of DAI in the applied synthesis, surface functionalization of the
bulk-perovskite is achieved. With first working prototype solar cells devices based on functionalized cubic MAPbI3 crystals, we proved that the crystals are capable of acting as a light
harvester. Low device characteristics (Isc= 2.90 mA/cm2, Voc= 0,77 V, FF= 30 %, efficiency = 0.68%) compared to state of the art solar cells were attributed to irregular film
formation and the insulating nature of the applied capping agent DAI. The latter motivated
us to design a tailor-made capping agent to overcome the insulating character of commonly
used surface ligands.
Chapter 8.3 tackled the search for a conductive capping agent (while fulfilling the stated
requirements above) with the synthesis of a hexylthiophene-derivative named 4-HTAI
(4-hexylthiophene-2-yl)methane ammonium iodide). By using 4-HTAI in the particle
synthesis, we were able to produce functionalized rod-like microcrystals of MAPbI3. To investigate how the charge transport properties of the MAPbI3 crystals are affected by surface functionalization (insulating, conductive) via the capping agent, particle based photodetectors were found to be ideal model devices. Therefore, we compared three different
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samples, the conductive 4-HTAI microcrystalline rods, insulating DAI microcrystalline cubes
(first published in Chapter 8.1) and a polydisperse reference sample without functionalization. The conductive 4-HTAI surface functionalization was found to increase the
interparticle conductivity by two orders of magnitude. Originating from Current-Voltage
(I-V) measurements over a fixed conductor path distances, we could estimate ohmic resistances from the particle ensembles starting from 0.1 GΩ (conductive), 0.4 GΩ (reference)
to 10 GΩ (insulating). Furthermore, we observed an improved durability and a faster
response time in photodetector devices based on the conductive functionalization
(tON= 190 ms, tOFF= 430 ms) compared to the insulating functionalization (tON= 1055 ms,
tOFFs= 60 ms). Thus, functionalized microcrystals are beneficial for stability and performance
in optoelectronic devices which justified the use of a surface functionalization for MAPbI3
materials. The established system was further investigated by our collaborators from the
physics department at the University of Konstanz (Schmidt-Mende group) who could show
that the surface functionalization with the conductive 4-HTAI capping agent is beneficial
for reducing surface trap states in MAPbI3.328
This work discusses a new class of oligo-glycol based SSP with either liquid or solid nature
which can be transformed to various MAPbX3 morphologies. Especially the direct-mediated
synthesis methods (originated by the liquid SSP) paved the way to induce the crystallization
via external triggers like temperature, microwave radiation or an antisolvent. The shape
(with its abundant facets) turned out to be an important parameter to tune the optoelectronic properties of these semiconductors. Further, the stability and performance of the
perovskite materials in devices could be improved by selective surface functionalization.
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range). For instance, apolar oligo-thiophene or oligo-phenylene-ethynylene derivatives
with an ammonium entity are promising candidates to overcome inherent drawbacks of
MAPbX3 like moisture instability or ion conductivity by passivating the surface.
The long-term view, which the Snaith-group addresses as well, is the toxicity of lead. Although this was not part of this work, the replacement of lead by less toxic elements by
retaining the semiconducting properties is currently the Holy Grail for the successful future
implementation of HYPEs in technological applications. As elemental lead is mimicking Ca,
Zn or Fe and built lead phosphates in human bones upon long exposure330 Sn-based HYPEs
are often stated to be less harmful. However, similar toxicities of Sn and Pb can be expected
for human beings as recently revealed in a study on zebrafish331 which have approximately
85 % of the human genetics.332 The interested reader is addressed to several extensive theoretical333 and experimental329,334-336 perspectives, which discusses the current state of the
art and future challenges of lead-free HYPE materials. Among the structural diversity, halide double HYPEs like MA2AgBiBr6337 could be promising candidates with comparable band
gaps and carrier lifetimes. Additionally, enhanced stabilities compared to their lead counterparts are ideal starting points.338 Potentially, the established controlled synthesis approaches with oligo-glycol SSPs presented in this thesis are transferable to double HYPEs
as well. The “masked perovskite” phase which originates from a cryptand-like coordination
of the organic cation MA+ is also an integral part of the emerging material class of halide
double HYPES.
The hype about HYPEs just started with an extensive research on solar cell applications, but
by combining the best of both worlds: The Organic (chromophoric, luminescent,
conducting, polarizable, polymerizable) and the Inorganic (high mobility, thermally stable,
magnetic, ferroelectric, conducting, superconducting) new HYPEs with applications in the
optoelectronic, magnetic and dielectric, semiconducting and charge storage materials will
give plenty of room for future research in all natural science disciplines.98

10 Zusammenfassung und Ausblick

162

10 Zusammenfassung und Ausblick
Die vorliegende Arbeit gewährt Einblicke in innovative Synthesewege des vielseitig einsetzbaren, hybriden Halbleitermaterials des Typs MAPbX3 (MA= CH3NH3+, X= Br, I). Grundlage
des Erfolges sind die in dieser Arbeit diskutierten Möglichkeiten, Ausgangsverbindungen
für gezielte Anwendungsbereiche maßzuschneidern. Im Gegensatz zu literaturbekannten
Verfahren, die überwiegend auf Fällungsreaktionen aus einer Salzlösung von PbX3 und MAX
basieren, haben wir ein neues Einkomponenten Vorläufer-System (SSP= engl. für singlesource precursor) entwickelt und etabliert. Der SSP setzt sich aus allen Elementen, die für
die Materialsynthese benötigt werden, zusammen. Darüber hinaus besitzt der SSP alle notwendigen Komponenten, die in der richtigen Stöchiometrie auf molekularer Größenskala
vororganisiert sind. Mit diesem SSP-System wird eine allgemeine Synthesestrategie vorgestellt, die einen gezielten Aufbau von Materialeigenschaften von hybriden Perowskiten
(HYPEs) realisierbar macht. Dabei wird das Wissen des Strukturaufbaus, als auch die genaue
Anpassung der zu Grunde liegenden Kräfte (Coulomb, van der Waal, Wasserstoffbrücken)
ausgenutzt.
Jede unserer vier Publikationen beschreibt ein einzigartiges SSP-System, mit dem beispielhaft die Synthese von MAPbX3 Materialien vorgestellt wird: Der Aufbau kann von der molekularen Ebene bis hin zum makroskopischen Material kontrolliert werden. In diesem Kapitel werden zunächst die Unterschiede in der supramolekularen Anordnung der SSP zusammengefasst und wie sich die strukturellen Unterschiede auf das Kristallisationsverhalten von MAPbX3 auswirken. Anschließend werden unterschiedliche Ansätze von Reaktionswegen diskutiert, die definierte MAPbX3 Partikel erzeugen. Dabei liegt der Fokus auf der
resultierenden Morphologie, die einen großen Einfluss auf die Halbleitereigenschaften haben kann. Am Ende werden neben dem Einfluss von oberflächenaktiven Agenzien auf die
physikalischen Eigenschaften von MAPbX3 auch die daraus resultierenden Materialeigenschaften in der Anwendung der Optoelektronik beleuchtet.
Wenden wir uns nun der Charakterisierung von neuen SSP für MAPbX3 zu. In Kapitel 8.1
stellen wir den ersten bekannten oligo-Glykol SSP mit der Stöchiometrie MAPbI3TEG2
(TEG= Triethylenglycol) vor, der im Jahr 2015 synthetisiert wurde und per Einkristall-Röntgenstrukturanalyse eindeutig charakterisiert wurde. Wir haben erkannt, dass ausgehend
von der supramolekularen Anordnung der einzelnen Komponenten die Wechselwirkung innerhalb des Netzwerks einen starken Einfluss auf die physikalischen Eigenschaften wie den
Schmelzpunkt hat. Die molekulare Anordnung des SSP setzt sich aus eindimensionalen PbI3Ketten zusammen, die aus flächenverknüpften Bleiiodid-Oktaedern aufgebaut sind. Die
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Ketten sind alle entlang einer kristallografischen Achse angeordnet was zu einer hexagonalen Packung führt. Umgeben von diesen Ketten befinden sich MA-Kationen (H-Brücken Donor), die über zwei TEG Einheiten (H-Brücken Akzeptor) in einer Kryptand-artigen Koordination verknüpft sind. Wir konnten feststellen, dass diese Anordnung zu einem relativ niedrigen Schmelzpunkt von 67 °C führt und dass die Struktur des SSP variiert, je nachdem welche Art Glykol zum Einsatz kommt.
Im Hinblick auf die Verarbeitung wie Perowskit-Beschichtungen, ist ein bei Raumtemperatur flüssiger SSP von Vorteil. Diese Eigenschaft würde gänzlich neue Synthesewege- und
Möglichkeiten eröffnen. In Kapitel 8.2 wird genau dieser Ansatz untersucht und diskutiert
indem eine systematische Studie über den Einfluss des oligo-Glykols (oG) im SSP-System
durchgeführt wird. Verwendet man Diethylenglykol, Triethylenglykolmonomethylether
oder Triethylenglykoldimethylether so koordiniert nur eine oG-Einheit an das MA-Kation.
Die Koordination von nur einer Glykol-Kette ruft nur eine kleine Änderung in der Struktur
hervor, jedoch hat genau diese Änderung einen großen Einfluss auf die physikalischen Eigenschaften des SSP: Es kommt nur zu einer partiellen Abschirmung der Ladung von MA+
und PbI3-. Die Folge ist eine Verstärkung der Coulomb-Wechselwirkung zwischen MA+ und
PbI3- was zu kristallinen Strukturen mit relativ hohen Schmelzpunkten von 85 °C bis 109 °C
führt. Folglich konnten wir schließen, dass über die Erhöhung des sterischen Anspruchs innerhalb des Glykols ein flüssiger SSP hergestellt werden kann. Dies wurde schließlich mit
der Verwendung von Tripropylenglykol erfolgreich gezeigt. Mit diesem Wissen über die SSP
Chemie auf molekularer Ebene, gelang es uns schließlich in Kapitel 8.4, diese Strategie auf
das Br-System MAPbBr3 zu übertragen. Um eine vergleichbare Verbindung zu erhalten, die
leicht schmelzbar ist, ist eine vollständige Abschirmung der Ladungen von MA+ und PbI3nötig. Hier verwendeten wir Triethylenglykol, das den Schmelzpunkt des resultierenden
SSPs auf 20-40 °C herabsetzt.
Eine besondere Eigenschaft, die alle flüssigen SSPs besitzen, ist die Möglichkeit einer direkten Temperatur-induzierten Umwandlung in die Perowskit-Phase. Diese Eigenschaft eröffnete neue Synthesewege, da die Kristallisation nun aus einer homogenen Phase erfolgen
konnte (homogene Nukleation). Unterschiedliche Umwandlungsstrategien zu MAPbX3 Materialien wurden untersucht, die im Folgenden beschrieben werden: In Kapitel 8.2 wird diskutiert, wie das Kristallwachstum des SSPs zu MAPbI3 über ein geheiztes und zuvor beschichtetes Substrat erfolgt. Dabei kristallisiert das Perowskit zunächst temporär entlang
der (112)-Kristallebene, bevor die reguläre Kristallisationsrichtung entlang der (100)-Kristallebene beobachtet wird. Zum ersten Mal konnte damit die Kristallisation entlang der
(112)-Kristallrichtung in MAPbI3 beobachtet werden. Diese Beobachtung ist auf die einzigartige Wechselwirkung des Glykols während der Umwandlung des SSP zur Perowskitphase
zurückzuführen. Genau diese Erkenntnis ermöglichte es uns die Morphologie des
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Perowskits noch gezielter einzustellen, indem das Herauslösen des Glykols noch schneller
umgesetzt wird. In diesem Zusammenhang haben wir in Kapitel 8.2 den Einfluss von Mikrowellenbestrahlung auf die Kristallisation der Perowskitphase näher untersucht. Dieser
innovative Ansatz der Mikrowellensynthese für MAPbI3 ermöglichte uns, exotische Kristallmorphologien zugänglich zu machen, wie kubische Gerüststrukturen oder hohle trigonale
Prismen. Besonders die letzte Morphologie trat unerwartet auf, da die Symmetrie des zu
Grunde liegenden pseudo-kubischen Systems trigonaler Prismen von Perowskiten
(kubische oder oktaedrische Strukturen) abweicht und dadurch eine Variation der KristallTracht darstellt. Um den Einfluss der Morphologie auf die optischen Eigenschaften eines
einzelnen Partikels detailliert zu untersuchen, wurde die konfokale Fluoreszenzmikroskopie eingesetzt. Diese Methode ermöglichte uns, in Abhängigkeit der Partikelmorphologie
deutliche Unterschiede im Emissionsverhalten zu detektieren. In hohlen Gerüststrukturen
wird eine lokale Fluoreszenzverstärkung an den inneren Kanten und Ecken im Vergleich zu
der äußeren Oberfläche des Partikels beobachtet. Im Gegensatz dazu, zeigen Partikel mit
einer dichten kubischen Morphologie eine konstante Fluoreszenzintensitätsverteilung über
den gesamten Kristall.
In Kapitel 8.4 stellen wir eine Gasphasensynthese vor, die mit dem flüssigen Vorläufer
MAPbBr3TEG2 realisiert wurde. Damit beschreiben wir erstmals eine Aerosol-Synthese von
MAPbBr3 mit Hilfe eines Temperatur-sensitiven SSP. Im Gegensatz zu den gängigen Synthesewegen werden über den Aerosol-Prozess definierte Kristallmorphologien mit unterschiedlichen Kristallorientierungen erhalten; und das ohne den Einsatz von kristallisationssteuernden Agenzien (Kristallisations-Inhibitoren)! Der Nachteil solcher KristallisationsInhibitoren liegt in der Einflussnahme auf die Oberflächenchemie, was zu einer Veränderung der optoelektronischen Eigenschaften führen kann: Entweder wird durch dessen
Koordination dem Material zusätzliche Elektronendichte zugeführt oder eine Verzerrung
der Perowskit-Kristallstruktur verursacht. Um den bloßen Einfluss der Morphologie auf die
resultierenden Halbleiter-Eigenschaften zu untersuchen, stellt unser soeben beschriebenes
System eine ideale Möglichkeit dar, ohne die Einflussnahme der Kristallisations-Inhibitoren
berücksichtigen zu müssen. Durch die Steuerung der Reaktionskinetiken in der AerosolSynthese wurden Mikrokristalle hergestellt, die entweder einen großen Anteil an (001)Oberflächen oder weniger stabile (011)-Oberflächen besitzen. Zusätzlich war es uns möglich, die Kristalle in einer einheitlichen Orientierung anzuordnen um diesen Parameter
ebenfalls in Hinblick auf die optoelektronischen Eigenschaften zu untersuchen. Tatsächlich
zeigen sich nicht nur Unterschiede in Ladungsträger-Lebenszeiten, sondern auch eine Verschiebung der Photolumineszenz-Energie. Letzteres konnte auch über konfokale Fluoreszenz-Mikroskopie an einzelnen Partikeln bestätigt werden. Außerdem wurden lokale Fluo-
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reszenzverstärkungen an einzelnen Partikeln nur im Falle der (001)-Orientierung beobachtet. Mit der von uns entwickelten Aerosol-Methode wurde ein vielseitiges Model-System
aufgebaut, dass Mikrometer große Kristalle mit unterschiedlicher Morphologie und Kristallorientierung zugänglich macht und welche es ermöglichen, die daraus resultierenden
Eigenschaften auf dem Einzel-Partikel-Level gezielt untersuchen zu können.
Eine weitere erfolgreiche Methode die Kristallisation von MAPbX3 aus den etablierten
oligo-Glykol (oG) haltigen SSPs (mit der allgemeinen Stöchiometrie MAPbX3(oG)1-2) zu steuern, ist über den Einsatz eines Antisolvents. Ein Antisolvents wie beispielsweise CH2Cl2
ermöglichen es, selektiv oG aus der SSP Struktur herauszulösen und induzieren dadurch die
Bildung von MAPbX3. Verschiedene Strategien wurden im Rahmen dieser Arbeit realisiert,
um die Kristallisationskontrolle auf der Nanometerskala mittels oG-basierten SSPs, zu kontrollieren. Diese werden im Folgenden näher beschrieben:
In Kapitel 8.1 wird die erste erfolgreiche Synthese von porösen MAPbI3 Einkristallen, die
über die Einkomponentenvorstufe MAPbI3TEG2 (TEG= Triethylenglykol) hergestellt wurde,
diskutiert. Die Bedeutung dieser Errungenschaft ist unumstritten und findet deshalb Erwähnung in dem Übersichtsartikel von Zhao und Zhu erschienen in dem Journal Chemical
Society Reviews im Kapitel der kontrollierten Nanomaterialsynthese.223 Die Einführung der
Porosität ist dabei auf einen einzigartigen Selbst-Templatierungs-Mechanismus über die
Supramolekulare Anordnung des SSP zurückzuführen (siehe oben). Die strukturelle Anordnung gleicht einer erstarrten Schmelze aus MAPbI3 in TEG nahe dem eutektischen Punkt.
Die Umwandlung des SSPs wir durch die Zugabe des Antisolvents initiiert. Überraschenderweise kommt es nicht zu einer makroskopischen Phasenseparation; stattdessen tritt eine
Mikrophasenseparation ein (oder eine Nanophasenseparation), die auch als spinodale Entmischung bezeichnet wird. Diese Umwandlung ist mit der Freisetzung einer signifikanten
Menge an TEG verbunden, die aus dem SSP durch Zugabe des Antisolvent herausgelöst
wird. Zusätzlich kommt es bei der Kristall-Kristall (vom SSP zur Perowskit-Phase) Umwandlung zu einer enormen Volumenverkleinerung von über 80 % (Vu (MAPbI3TEG2) = 5123 Å3
®Vu (MAPbI3) = 997 Å3). Dieses Phänomen ist letztendlich dafür verantwortlich, dass Porosität erzeugt wird. Der hier beschriebene Bildungsmechanismus ähnelt sehr dem Bildungsmechanismus bei der Synthese von porösen Gläsern bei dem ebenfalls oligo-Glykol
Komponenten als Entmischungsagenzien während des Sol-Gel Verfahrens eingesetzt werden. Für HYPE Materialien wurde dieser Mechanismus von uns zum ersten Mal beschrieben, was auf die spezielle Kombination aus der supramolekularen Struktur des SSP und der
Triethylenglykol Einheit als Entmischungs-Derivat zurückzuführen ist. Leider wirkte sich die
erzeugte Porosität nachteilig auf die Stabilität des Materials aus: Aufgrund der hohen Oberfläche, die durch die Umwandlung generiert wurde, konnte eine stark beschleunigte Zersetzung über thermogravimetrische Messung nachgewiesen werden, da MAPbI3 intrinsisch
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nicht stabil gegenüber Feuchtigkeit ist. Um die Stabilität gegenüber Feuchtigkeit zu erhöhen, wurde anschließend untersucht, ob mittels strukturdirigierenden Additiven
(Kristallisations-Inhibitoren) die Kristallflächen während der Synthese gezielt funktionalisiert werden können. Folgende Voraussetzungen wurden als essentielle Eigenschaften des
Kristallisations-Inhibitors definiert:
Ø Der Kristallisations-Inhibitor muss mindestens eine passende Kopfgruppe wie NH3+ tragen, die mit der Kristalloberfläche von MAPbX3 wechselwirken kann
Ø Die Löslichkeit des Kristallisations-Inhibitors muss in dem verwendeten Antisolvents
gegeben sein (hier CH2Cl2)
In Kapitel 8.1 wird die Verwendung von Dodekylammoniumiodid (DAI) als Modell-System
eines Kristallisations-Inhibitors, der die oben genannten Bedingungen erfüllt, beschrieben.
Mit steigender Konzentration an DAI in der Antisolvent induzierten Synthese konnten kubische Strukturen bis hin zu stark anisotropen schichtartigen Morpholgien aus MAPbI3 erhalten werden. Grund hierfür ist folgender: Bei hohen Konzentrationen bindet DAI selektiv
an die (001)-Kristallfläche von MAPbI3 und wird ein Teil der kristallinen Struktur, indem
einzelne Perowskit-Schichten über van der Waals Wechselwirkungen miteinander verbunden sind. Die gebildeten Strukturen sind auch unter dem Namen der Ruddelsden Popper
Phasen von rein anorganischen Perowskiten bekannt. Diese hybriden Überstrukturen können über eine Anordnung von atomar dünnen Schichten beschrieben werden, die entlang
einer definierten Kristallrichtung aus der Perowskit-Einheitszelle herausgeschnitten werden. Im Gegensatz dazu kommt es bei niedrigen DAI Konzentrationen nur zu einer Oberflächenfunktionalisierung der Perowskit-Bulkphase. Um die Eigenschaften der synthetisierten
Materialien im optoelektronischen Anwendungsbereich zu testen, wurden Prototypen für
Solarzellen aufgebaut. Mit den aus funktionalisierten MAPbI3 Partikeln hergestellten Solarzellen, konnten wir zeigen, dass die Kristalle als ladungsträgergenerierender Absorber funktionieren. Niedrige Leistungszahlen (Isc= 2.90 mA/cm2, Voc= 0,77 V, FF= 30 %,
Effizienz = 0.68%) im Vergleich zu gängigen Solarzellen aus MAPbI3 wurden auf eine inhomogene Filmbildung und die isolierende Funktionalisierung durch DAI zurückgeführt. Letzteres motivierte uns, einen maßgeschneiderten Kristallisations-Inhibitor zu synthetisieren
um den grundlegenden isolierenden Charakter gängiger Liganden zu vermeiden.
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In Kapitel 8.3 wird die erfolgreiche Synthese eines leitfähigen Kristallisations-Inhibitors basierend auf einem Hexylthiophen-Derivat beschrieben, das die oben genannten
Voraussetzungen für die anschließende Synthese erfüllt. Mit dem Einsatz von 4-HTAI (4hexylthiophen-2-yl)methylammoniumiodid) war es uns möglich, funktionalisierte stäbchenartige Mikrokristalle aus MAPbI3 zu synthetisieren. Um den Effekt der Oberflächenfunktionalisierung (isolierend, leitfähig) durch den Kristallisations-Inhibitor zu untersuchen,
haben sich partikelbasierte Photodetektoren als ideales Modellsystem etabliert. Partikel
aus leitfähigen 4-HTAI mikrokristalline Stäbchen, isolierende DAI mikrokristalline Würfel
(erstmalig in Kapitel 8.1 publiziert) und eine polydisperse Referenz ohne Funktionalisierung
wurden hergestellt und miteinander verglichen. Die Materialien mit der leitfähigen 4-HTAI
Funktionalisierung wiesen eine über zwei Größenordnungen zunehmende Leitfähigkeit
auf. Ausgehend von den Strom-Spannungsmessungen über definierte Elektrodenabstände
wurden die ohmschen Wiederstände der Detektoren mit 0.1 GΩ (leitfähig), 0.4 GΩ (Referenz) und 10 GΩ (isolierend) abgeleitet. Zusätzlich zeigen die Photodetektoren aus leitfähigen Partikeln verbesserte Haltbarkeiten und eine schnellere Antwortzeit (tON= 190 ms,
tOFF= 430 ms), verglichen mit den isolierenden Partikeln (tON= 1055 ms, tOFFs= 60 ms). Damit
konnte gezeigt werden, dass funktionalisierte Mikrokristalle in optoelektronischen Anwendungen von Vorteil sind, was deren Stabilität und Leistung betrifft. Dies stellt ein starkes
Argument für die Verwendung von Oberflächenfunktionalisierungen in MAPbI3 Materialien
dar und bot die Grundlage für detaillierte physikalische Untersuchungen im Bereich der
Optoelektronik. Im Rahmen einer weiteren Veröffentlichung von unseren Kollaborationspartnern aus der Physik an der Universität Konstanz (AG Schmidt-Mende) wurde gezeigt,
dass die Oberflächenfunktionalisierung mit dem leitfähigen Kristallisations-Inhibitor 4-HTAI
zu einer Verringerung von Oberflächen-Fallenzuständen in MAPbI3 führt.328
Zusammenfassend lässt sich festhalten: Die vorliegende Arbeit beschreibt neue oligoGlykol basierte SSP, die entweder flüssig oder fest vorliegen und über unterschiedliche Ansätze in MAPbX3 mit gezielten Morphologien überführt werden können. Besonders die direkte Umwandlungsmethode über flüssige Vorstufen ergab neue Syntheseverfahren, die
über externe Auslöser wie die Temperatur, Mikrowellenstrahlung oder einem Antisolvent
gesteuert werden können. Es stellte sich heraus, dass die Morphologien und deren
resultierenden Kristalloberflächen ein wichtiger Parameter ist, um die optoelektronischen
Eigenschaften von Halbleitern zu steuern. Außerdem konnte die Stabilität und Leistung der
hybriden Perowskitmaterialien über gezielte Oberflächenfunktionalisierungen verbessert
werden.
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Mit zwei großen Herausforderungen sieht man
sich in der Zukunft konfrontiert, die auch kürzlich

“The current certified record effi-

von der Snaith-Gruppe, einer der führenden Ex-

ciency of 22.1% makes perovskites

perten auf dem Gebiet der hybriden Perowskit

the first solution-processable tech-

(HYPE) Forschung für Anwendungen in Solarzellen

nology to outperform multicrystal-

genannt wurden (siehe Zitat rechts):329 Die Ver-

line and thin-film silicon. For this

besserung der Stabilität durch eine dichte Schutz-

technology to be deployed on a

hülle (entweder organisch oder anorganisch), die

large scale, the two main chal-

definierte HYPE Kristalle auskleidet, ist unabding-

lenges that need to be addressed

bar. Mit unserer Untersuchung zu leitfähigen Kris-

are the material stability and the

tallisationsinhibitoren im SSP Ansatz, haben wir

toxicity of lead. In particular, while

erste Weichen für eine universell-einsetzbare Me-

lead is allowed in photovoltaic

thode der Oberflächenfunktionalisierung entwi-

modules, it would be desirable to

ckelt, die sich genau auf diese Problematik anwen-

find alternatives which retain the

den lässt. Kristalle im Mikrometerbereich bieten

unique optoelectronic properties

zudem eine höhere Stabilität als Nanomaterialien.

of lead halide perovskites.”

Zum Beispiel sind apolare oligo-thiophene oder

(F. Giustino, H. Snaith, 2016)330

oligo-phenylene-ethynylen Derivate mit Ammoniumgruppen vielversprechende Kristallisationsinhibitoren. Über Oberflächenpassivierung
könnten die Nachteile von reinem MAbPX3, wie die Instabilität gegenüber Feuchtigkeit oder
Ionenleitfähigkeit unterbunden werden.
Längerfristig betrachtet müssen alternative Materialien zu den bestehenden Blei-basierten
HYPEs erforscht werden, was ebenfalls von Snaith-Gruppe in dem Zitat angesprochen wird.
Um HYPEs erfolgreich in zukünftigen Technologien zu implementieren, stellt der Austausch
von Blei mit weniger toxischen Elementen unter Erhalt der Halbleitereigenschaften den
Heiligen Gral dar. Weil elementares Blei Elemente wie Calcium, Zink oder Eisen im menschlichen Körper nachahmt und schließlich Bleiphosphat-Ablagerungen in menschlichen Knochen bildet330, werden Sn-basierte HYPEs in der Literatur oft als weniger giftig angesehen.
Jedoch kann von einer ähnlichen Toxizität zwischen Sn und Pb ausgegangen werden, was
kürzlich in einer Studie von Zebrafischen331 herausgefunden wurde, deren Erbgut zu 85 %
mit der Humangenetik übereinstimmt.332 Der interessierte Leser wird auf mehrere umfangreiche theoretische und experimentelle wissenschaftliche Werke verwiesen, die den derzeitigen Stand der Technik und zukünftige Herausforderungen von bleifreien HYPEs zusammenfassen. Eine vielversprechende Alternative in diesem Zusammenhang stellen halogene
doppel-HYPEs wie beispielsweise MA2AgBiBr6337 dar, da diese vergleichbare Bandlücken,
Ladungsträgerdichten und Lebenszeiten aufweisen. Außerdem zeigen sie verbesserten Stabilitäten im Vergleich zu den Blei-HYPEs. Die in dieser Arbeit vorgestellte Syntheseroute der
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oligo-Glykol SSPs lässt sich möglicherweise ohne Schwierigkeiten auf die Synthese der doppel-HYPE Familie übertragen: Die „maskierte Perowskit-Phase“, die auf der Kryptand-artigen Koordination der Glykol-Einheiten an das Kation MA+ beruht, stellt nämlich auch ein
Bestandteil in den doppel-HYPEs dar.
Der Hype über HYPEs hat erst vor wenigen Jahren mit der Erkenntnis ihres Potentials in der
Solarzellentechnologie richtig begonnen, was sich zu einem unerwartet breiten Forschungsfeld entwickelte. Das Geheimnis des HYPE-Erfolges liegt in der Kombination aus
dem besten zweier Welten: Der Organik (chromophor, lumineszierend, leitend, polarisierbar, polymerisierbar) und der Anorganik (hohe Mobilität, temperaturstabil, magnetisch,
ferroelektrisch, leitend, supraleitend). Diese äußerst erfolgreiche Symbiose wird zukünftig
neue HYPEs mit Anwendungen in der Optoelektronik, Magnetismus und Dielektrika, Halbleitern und Ladungsspeicherung hervorbringen, die sehr viel Raum für kreative Forschungsanstrengungen in allen naturwissenschaftlichen Forschungsbereichen unterstützen
werden. 98
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11.1 Abbreviations
°C

degree Celsius

1D

one-dimensional

2D

two-dimensional

3D

three-dimensional

4HTAI

(4-Hexylthiophen-2-yl)methylammoniumiodide

Å

1 Ångström = 10 nm

AcOEt

ethyl ethanoate

ATR FT-IR

attenuated total reflectance Fourier-transformed infrared spectroscopy

CB

conduction band

cm

centimetre

DAI

dodecyl ammonium iodide

DEG

diethylene glycol

Diglyme

diethylene glycol dimethylehter

DMF

dimethylformamide

DMSO

dimethylsulfoxide

DSC

dynamic scanning calometry

DSSC

dye sensitized solar cell

ED

electron diffraction

e.g.

exempli. Gratia

et al.

et alii

EQE

external quantum efficiency

FFT

fast Fourier transform

FIB

focused ion beam

GBL

ɣ-butyrolactone

g

gram

h

hour

HOMO

highest occupied molecular orbital

HR-TEM

high resoution transmission electron microscopy

HYPE

hybrid perovskite

L

litre
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LED

light-emitting diode

LUMO

lowest unoccupied molecular orbital

MAI

methylammonium iodide

MAPBr

methylammonium lead(II) bromide CH3NH3PbBr3

MAPI

methylammnonium lead(II) iodide CH3NH3PbI3

min

minute

MOF

metal-organic frameworks

MOP

metal-organic perovskite

oG

oligo-glycol

PESA

photon electron spectroscopy in air

PL

photoluminescence

POLMIC

polarized light microscopy

PV

photovoltaic

PXRD

powder X-ray diffraction

REN21

renewable energy policy network for the 21st century

RPM

rounds per minute

RPP

ruddelsden popper perovskites

SAXS

small-angle X-ray scattering

SEM

scanning electron microscopy

Spiro-OMeTAD

2,2',7,7'-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene

SSP

single-source precursor

TEG

triethylene glycol

TEGOME

triethylene glycol monomethylether

TEM

transmission electron microscopy

TGA

thermogravimetric analysis

TPG

tripropylene glycol

Triglyme

triethylene glycol dimethylether

UV-VIS-NIR

ultraviolet-visible-near infrared

VB

valence band
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Porous and Shape-Anisotropic Single Crystals of the Semiconductor
Perovskite CH3NH3PbI3 from a Single-Source Precursor**
Tom Kollek, Dominik Gruber, Julia Gehring, Eugen Zimmermann, Lukas Schmidt-Mende, and
Sebastian Polarz*
Abstract: Significant progress in solar-cell research is currently
made by the development of metal–organic perovskites
(MOPs) owing to their superior properties, such as high
absorption coefficients and effective transport of photogenerated charges. As for other semiconductors, it is expected that
the properties of MOPs may be significantly improved by
a defined nanostructure. However, their chemical sensitivity
(e.g., towards hydrolysis) prohibits the application of methods
already known for the synthesis of other nanomaterials. A new
and general method for the synthesis of various (CH3NH3)PbI3
nanostructures from a novel single-source precursor is presented. Nanoporous MOP single crystals are obtained by
a crystal-to-crystal transformation that is accompanied by
spinodal demixing of the triethylene glycol containing precursor structure. Selective binding of a capping agent can be
used to tune the particle shape of the MOP nanocrystals.

A new class of perovskites comprising organic and inorganic

constituents was introduced by Mitzi and co-workers in
1999,[1] with (CH3NH3)PbI3 (MAPI) as a representative
example. It took several years until the enormous potential
of metal–organic perovskites (MOPs) for novel applications,
mainly for solar cells, was revealed.[2] The superior performance of MOPs such as MAPI results from a unique
combination of optical and semiconducting properties. The
high absorption coefficient and ambivalent character, which
enables the conduction of both electrons and holes, opened
a new field of solid-state absorbers, which are used in highperformance solar cells with efficiencies of more than
16 %.[2b,c] Owing to further increases in efficiency, MOPs are
also explored in numerous fields beyond photovoltaics and
optoelectronics.[3]
Nanostructuration is of enormous importance for almost
any semiconductor.[4] One of the most intriguing examples
was published recently by Snaith et al. for a different, highly
functional semiconductor.[5] The authors described porous
titania single crystals and their remarkable properties for
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optoelectronic applications. Consequently, structuration on
the nano- and mesoscale is also highly desirable for MOPs.[2c]
Attempts were made to form thin films or mesostructured
devices using nanoparticles as a template.[2a–c] Unfortunately,
crystallization by solution–precipitation methods is often
difficult to be controlled as it leads to large morphological
variations.[2b] Furthermore, MOPs are relatively labile compounds in comparison to stable oxides such as TiO2. This
requires cautious handling and renders the synthesis of
defined nanostructures more difficult. The CH3NH3I constituent rapidly photodecomposes into CH3NH2 and HI, leaving
behind PbI2, when traces of water are present.[6] More
importantly, the high solubility of MAPI in polar solvents
poses major difficulties regarding the direct transfer of
established nanostructuration methods.[7]
Successful methods for the synthesis of refined
(CH3NH3)PbI3 nanostructures are missing, and a material
similar to the described TiO2 porous single crystal or to
microporous crystals such as metal–organic frameworks
(MOFs) is currently out of reach.[8] As a facile new concept
towards MAPI nanostructures we present a special compound with single-source precursor properties (Figure 1).
The novel precursor is key for controlling particle
nucleation and further growth up to the micrometer scale.
The structure of the precursor phase was clarified by singlecrystal X-ray diffraction analysis (Figure 1). The crystal
structure of the new organolead perovskite has an orthorhombic unit cell with a relative composition of
(CH3NH3)PbI3(TEG)2 (1; TEG = triethylene glycol). Pb2+ is
coordinated by six iodide ions in octahedral geometry ([PbI6]
octahedron); these octahedra form one-dimensional chains
by face sharing. Two TEG molecules coordinate to one
counterion (CH3NH3)+ in a cryptand-like fashion. The crystal
structure of 1 is almost comparable to a solid solution of
[PbI3]!n chains in TEG as the solvent (see Figure 1 a). This
special structural feature is also responsible for a fairly low
temperature for the solid!liquid phase transition, which was
determined by differential scanning calorimetry (DSC) to
occur at 70 8C (see the Supporting Information, Figure S1).
The melting process could be followed by polarization
microscopy (POLMIC). 1 forms needle-shaped crystals with
optical anisotropy (space group Pbca) and birefringence. The
melting of 1 into an isotropic liquid can be followed by the
disappearance of the birefringence (see Figure S2). The
ability to transform 1 into a liquid phase is an important
feature for future nanostructuration approaches, for example,
for infiltration in template structures. The optical properties
of 1 were investigated by diffuse-reflectance UV/Vis spectroscopy (Figure S1). According to a Kubelka–Munk data
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Figure 2. PXRD patterns for the precursor phase 1 (black bars) and of
the product phase 2 (grey bars). The reference pattern for 1 was
calculated from single-crystal X-ray data. The reference pattern of 2
was obtained from data of a material prepared by the known routes for
(CH3NH3)PbI3.[3] a–d) Experimental PXRD patterns of the precursor
phase 1 directly after addition of the anti-solvent (b) and after washing
with solvent once (c) or twice (d).

Figure 1. a) The novel perovskite precursor phase (TEG)2(CH3NH3)PbI3
(1). Pb black, I red, N blue, carbon dark grey, oxygen light grey; [PbI6]
octahedra: yellow faces; unit cell: blue lines. b) Crystal-to-crystal
transition into the perovskite product (CH3NH3)PbI3 (2) accompanied
by the loss of TEG. c) Formation of porous perovskite single crystals.

evaluation,[9] 1 is a direct semiconductor with a band gap of
Egap = 2.55 eV.
The transformation of (TEG)2(CH3NH3)PbI3 into
(CH3NH3)PbI3 can be triggered by the differential solubility
of the two components: Using a suitable anti-solvent, such as
dichloromethane (CH2Cl2) or ethyl acetate (AcOEt), the
injection of (TEG)2(CH3NH3)PbI3 initiates the crystallization
process. As TEG readily dissolves in CH2Cl2, whereas
(CH3NH3)PbI3 (2) does not, TEG is removed with time.
The removal of TEG leads to a crystal–to crystal transition
(1!2) into the final perovskite (CH3NH3)PbI3, which is
characterized by the three-dimensional linkage of [PbI6]
octahedra (see Figure 1 b). A kinetic study by time-dependent
UV/Vis spectroscopy (Figure S3 a) revealed that 2 is directly
formed from 1 without any detectable intermediates.
Furthermore, high-resolution transmission electron microscopy (HR-TEM) images acquired at different times
indicate that crystallites of 1 are formed first, which are
then directly converted into the product (2). The HR-TEM
observations are in good agreement with findings from
powder X-ray diffraction analysis (PXRD; see Figure 2).
Initially, only signals corresponding to precursor structure
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1 are observed. After repeated exposure to CH2Cl2 and
gradual dissolution of TEG, these signals disappear, and the
diffraction pattern of 2 appears. Our assumption of a direct
crystal-to-crystal transition is corroborated by an experiment
performed on macroscopic single crystals of 1 (Figure S3 c).
Using conventional optical-light microscopy, it was observed
that the yellow crystals of 1 are converted into black crystals
(2) while the shape of the crystals is preserved.
Precipitation from the (TEG)2(CH3NH3)PbI3 solution
results in a powder (designated as MAPI-0) consisting of
nanoparticles that are ill-defined with respect to size and
shape (Figure S4). Control over the particle growth is
essential for synthesizing tailor-made MAPI nanostructures.
For semiconductor quantum dots (e.g., CdSe),[10] it is well
known that the growth of particles can be regulated using
suitable capping agents. A capping agent is typically of
amphiphilic character and consists of a long-chain alkyl tail to
guarantee colloidal stability (e.g., !CH2(CH2)nCH3) and
a functional head group, which is capable of interacting with
dangling bonds at the surface of the material. A logic criterion
for a capping agent is that the interacting groups are closely
related to the units occurring in the crystal lattice. Thus, in the
case of (CH3NH3)PbI3, a promising capping agent should
contain ammonium ions (for interactions with anionic [PbI6]
octahedra) and I! species (for interactions with surface
CH3NH3+ or Pb2+). Furthermore, the capping agent has to
be soluble in the anti-solvent. All of these requirements are
fulfilled by dodecylammonium iodide (DAI). DAI was thus
used as the capping agent, and its concentration was varied
systematically (see the Experimental Section), revealing
a pronounced effect on the resulting (CH3NH3)PbI3 morphologies. At low DAI concentrations (sample MAPI-1), the
particles have a defined shape in the size range of 50–400 nm
(Figure 3; see also Figure S5 a). The cubic morphology with
sharp edges and flat surfaces gives a first indication that the
particles are crystalline. Electron diffraction (ED) measure-
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Figure 3. a) TEM micrograph of a MAPI-1 cube (scale bar: 200 nm).
b) Corresponding ED pattern (scale bar: 5 nm!1) with assigned reflections. c) SEM micrograph of an ensemble of porous perovskite single
crystals (scale bar: 400 nm).

ments with a single particle indeed reveals a pattern with
diffraction spots characteristic for (CH3NH3)PbI3 in the form
of one single crystal (Figure 3 a, b). The high crystallinity and
single-phase purity were confirmed by PXRD measurements
(Figure S5 b), where only narrow signals exclusively corresponding to 2 were detected.
Initial SEM investigations showed that the surfaces of the
particles are flat, but also rough. Further SEM images were
then recorded at higher magnifications (Figure 3 c), which
clearly reveal that each particle is porous with pore sizes of
20–30 nm. It was also confirmed by SEM on sliced particles
obtained by using a focused ion beam (FIB) that the observed
cavities are not only present at the surfaces. Although some
degree of radiation damage cannot be excluded, the pores
were also found to be present in the bulk of the cubic particles
(Figure S5 c). Unfortunately, characterization techniques
commonly used for porous materials, such as gas sorption
analysis, failed or only afforded irreproducible results as the
porous structure is highly sensitive to the drying conditions
(e.g. solvent, temperature, time). In particular, traces of water
lead to very fast restructuring and the collapse of the porous
network. Such processes are not uncommon for materials
Angew. Chem. Int. Ed. 2015, 54, 1341 –1346

characterized by relatively weak cohesion forces, for example,
for many coordination polymers or organic polymers. Open
porosity can hardly be maintained owing to the high surface
energy associated with nanometer-sized pores.[11] However, to
investigate the porosity of the material with an independent
method, we investigated the desorption of a liquid (toluene;
b.p. 110.6 8C) confined inside the pores of MAPI-1 using
thermogravimetric analysis (TGA) under argon atmosphere.
The results are shown in Figure S5 d. A non-porous material
(MAPI-2) was used as a reference revealing an expected mass
loss at T = 3378 C:[12] CH3NH3PbI3 !PbI2 + CH3NH2(›) +
HI(›). Although the composition of MAPI-1 is the same as
that of the reference compound (see Figure S8), the TGA
data significantly differ. Two important features can be
observed: 1) A new mass loss occurs in the temperature
range starting at 110 8C with a maximum mass loss rate at T =
159 8C. This step can be assigned to the release of toluene
adsorbed in the pores, and the increase in evaporation
temperature is due to the capillary forces that are described
by the Kelvin equation (Figure S5 d). 2) The temperature for
MAI decomposition is much lower (269 8C). This observation
can also be interpreted as an indication for the porosity
present in the material. It is well known that the temperature
of TGA mass losses is strongly influenced by equilibrium
factors (Le Chatelier!s principle). For example, porous
structures promote the formation of gaseous products,
which results in shifts of the equilibria and the associated
mass losses (to lower temperatures).
As the pores feature no periodic order, and their size
distribution is polydisperse, it is worth mentioning that the
transformation of 1 into 2 (see also Figure 1 b) results in
a significant shrinkage of the unit-cell volume by 80 %
(Vu(1) = 5123 "3 !Vu(2) = 997 "3). This transformation is
accompanied by the release of a substantial number of TEG
molecules. As the transformation also implies a change in the
crystal system (orthorhombic!tetragonal), it is not topotactic by definition. However, it might be compared to phenomena observed when a melt solidifies near a eutectic composition. In such processes, it may be observed that macroscopic
phase separation can be avoided, and segregation takes place
at the micro- or nanoscale instead. This so-called spinodal
decomposition seems to be responsible for the generation of
cavities in MAPI-1. In agreement with this interpretation, the
precursor phase 1 resembles a very special (solid and
crystalline) “melt” of (CH3NH3)PbI3 in TEG, which can be
compared to certain nanoporous silica materials presented by
Nakanishi and co-workers.[13] Pores were formed by the
spinodal microphase separation of silica, which had been
obtained by a sol–gel reaction of a precursor, and certain
polymers or oligomers as the demixing components, commonly ethylene glycol derivatives.[14] There are some obvious
similarities to the system described here. Additional evidence
for the proposed mechanism was acquired by TEM. During
the formation of (CH3NH3)PbI3 (2) from the precursor phase
1, the crystalline particles (Figure S3 b) with an angular shape
can form slit-like pores (Figure S5 e). This very unusual
particle morphology, which is associated with a high surface
energy, can be rationalized as the beginning of the spinodal
decomposition.
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Next, the concentration of DAI was gradually increased
( MAPI-2, MAPI-3, MAPI-4). The particles in MAPI-2 still
possess a cubic morphology (Figure 4 a; see also Figure S6).
The size distribution of the obtained perovskite crystals is
much narrower, and the majority of the particles are smaller
than those in MAPI-1 (200 nm). As a consequence of the
reduced size, the TEG molecules can much more easily leave
the particles when the transformation 1!2 occurs. This
suppresses spinodal decomposition and thereby the generation of the porous substructure. SEM micrographs taken at
larger magnifications show that the particles are compact (see
Figure S6). Similar to particle-based aerogel-like materials,
the perovskite nanocrystals form networks with residual
porosity (Figure 4 a).[15] When even higher concentrations of
DAI are used in the synthesis (Figure 4 b, c) the cubic
symmetry of the particle shape is broken, and the perovskite
forms crystals with increasing aspect ratios. MAPI-3 consists
of crystals with a rectangular prismatic shape (Figure 4 b), and
MAPI-4 is formed as sheets (Figure 4 c). The main direction
of crystal growth could be identified by the analysis of the
PXRD signals corresponding to the (hk0) lattice planes in
comparison to the perpendicular lattice planes (002). Therefore, diffraction signal pairs for (002), (110) or (004), (220) are
suitable. On gradually increasing the DAI concentration, the
relative intensities of the diffraction signals with a pure ccomponent (e.g., (004)) decrease (Figure S7). For quantitative evaluation, for example, for a calculation of the aspect
ratio, deconvolution becomes necessary because of the
vicinity of the signals. The preferential growth of the particles
could thus be determined to occur in the crystallographic a,bdirection.
To rationalize the effect of DAI, the slightly tetragonal
distorted crystal structure of (CH3NH3)PbI3 at room temperature has to be considered (Figure 1 b). The distances
between adjacent [PbI6] octahedra that belong to different
lattice planes on the particle surface are not the same. The
distance between the [PbI6] octahedra (which also corresponds to the distance between dangling I! at the surface; see
Scheme 1 in Figure S7) is 0.62 nm for the (004) lattice plane
and consequently differs from that of the (100) plane
(0.89 nm, 0.73 nm), for example. The position of the I! ions
on the (CH3NH3)PbI3 surface is important because the
cationic head group of DAI will coordinate at this position.
The distances can now be compared to a reference system
described in the literature:[16] The area per alkyl surfactant in
monolayers on an inorganic surface such as mica can be
considered. The surfactant–surfactant distance is 0.67 nm.
Assuming that the ideal DAI–DAI distance is similar for
surface-adsorbed DAI, better packing is expected on the
(004) surface. In turn, this will lead to an effective passivation
of (004) while on the perpendicular surfaces, the packing of
DAI is assumed to be less dense. This leads to further
apposition of (CH3NH3)PbI3 units and preferential growth in
the a- and b-directions as a consequence. The anisotropic
crystal growth can also affect the distortion of the tetragonal
crystal structure, which be taken into account by calculating
the pseudo-cubic lattice parameters (c*/a*) from the PXRD
data. The distortion is strongly affected by the temperature
and reported to be approximately 0.6 % under ambient
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Figure 4. SEM micrographs of a) MAPI-2 (scale bar: 2 mm), b) MAPI-3
( scale bar: 400 nm), and c) MAPI-4 (scale bar: 4 mm).

conditions.[3] We observed an increase in distortion from
0.93 % (MAPI-2) to 1.82 % (MAPI-4) with an increase in
DAI concentration.
As the amount of DAI used in the synthesis is higher than
that needed for stabilizing the interfaces of (CH3NH3)PbI3, its
function as a capping agent was questioned. Using FT-IR and
1
H NMR spectroscopy (Figure S8), it could be shown that the
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relative amount of DAI compared to methyl ammonium
iodide (MAI) increases from MAPI-1 to MAPI-3, but
remains small (< 0.01) in all cases. The results for MAPI-4
revealed a DAI/MAI ratio of 1.53; this amount is so large that
it cannot be explained by the use of DAI only for surface
stabilization. Billing et al. described a compound that consists
of a monolayer of 2D-linked [PbI6] octahedra with DAI
bound on each side of the layer interacting with each other by
van der Waals forces ((DAI)2PbI4).[17] Whereas the PXRD
patterns of MAPI-1, MAPI-2, and MAPI-3 contain exclusively the signals associated with (CH3NH3)PbI3, the pattern
of MAPI-4 shows a similarity to the reported crystal structure
of (DAI)2PbI4. In particular, one characteristic signal was
observed at low angles, which was also confirmed by smallangle X-ray scattering (SAXS). This reflection allows the
determination of the thickness of separated layers in the zdirection, which comprise linked [PbI6] octahedra and
CH3NH3+ (Figure S8 c). According to SAXS and PXRD
analysis , MAPI-4 consists of a double layer of corner-sharing
[PbI6] octahedra that extend in the a,b-direction and are
blocked by a dense layer of DAI in the c-direction. The latter
results were corroborated by elemental analysis. As the N/C
ratio systematically decreases with an increase in the DAI
content the number of [PbI6] layers between the DAI layers
for the different presented (CH3NH3)PbI3 materials can be
concluded. For MAPI-1, MAPI-2, and MAPI-3, the count is
in the order of 230–80 layers, which is in good agreement with
the assumption that DAI acts only as a capping agent in these
systems. For MAPI-4, it could be confirmed that a double
layer was present. Thus, similar to the structure reported by
Billing et al.,[17] DAI has become an integral part of the
structure.
Finally, first studies were performed to evaluate the
potential of the presented MAPIs as functional materials in
photophysical applications. Preliminary characterizations and
tests for their application in hybrid solar cells were conducted
with thin-film architectures. It should be considered that
optimization and long-term experience regarding device
fabrication are necessary for obtaining reliable results and
high performances in the future. Furthermore, the MAPI
materials still contain DAI as the capping agent. Owing to the
insulating character of the alkyl chain, it is expected that the
efficiency of the devices might be reduced significantly.
Hence, we see the following results only as a proof of
principle, and further investigations are part of our ongoing
research. UV/Vis/NIR spectra were acquired for all MAPI
samples (Figure S9). In agreement with the properties of
(CH3NH3)PbI3 reported in the literature, all MAPI materials
herein presented are direct semiconductors with a band gap of
1.52 eV. However, for MAPI-4, a shift of the band edge to
higher energies, which is due to the reduced dimension of the
3D perovskite phase and the associated quantum size effect, is
detected. For assembling hybrid solar cells, indium tin oxide
(ITO) was used as a transparent electrode and coated with
TiO2 as the blocking layer. Spin-coating of MAPI-2 particles
followed. The preliminary device was completed by covering
the MAPI-2 layer with SpiroOMeTAD as a hole conductor[18]
and an Ag/Au back-contact (Figure S10). Spectrally resolved
measurements of the external quantum efficiency (EQE)
Angew. Chem. Int. Ed. 2015, 54, 1341 –1346

were conducted to confirm that the MAPI-2 layer (crystalline
cubes) works as a light-harvesting material and delivers
a stable photocurrent over the whole visible range. Despite
the lack of any optimization, a working photovoltaic device
could be constructed. As expected, the performance indicators (Isc = 2.90 mA cm!2, Voc = 0.77 V, FF = 30 %, efficiency = 0.68 %) are significantly lower than the values
reported for state-of-the-art thin-film perovskite solar cells.[2c]
The main focus of the current manuscript was the
preparation of crystalline metal–organic perovskite particles
with a special shape and nanostructure. A new and crystalline
triethylene glycol containing (CH3NH3)PbI3 phase could be
presented as a versatile and liquefiable single-source precursor. It was shown that the use of a suitable capping agent
enables the control of the shape and the aspect ratio of the
perovskite nanocrystals. The latter is a particularly appealing
aspect because it was recently recognized that particle shape
can be an important tool to control functional properties.[19]
Furthermore, our results on MAPI open-framework nanostructures contradict the hypothesis that single-crystalline
states are distinct or even incompatible with nanostructured
states.

Experimental Section
Synthesis of TEG precursor solutions: For the synthesis of the TEG
precursor solution, 12 mL triethylene glycol (TEG, Merck, " 99 %)
and 1.2 mmol lead(II) iodide (PbI2, Aldrich, 99 %) were degassed
under stirring for three hours at 60 8C. After cooling down to room
temperature, methyl ammonium iodide (MAI, 1.6 mmol)[2d] was
dissolved yielding a yellow, clear solution.
Dodecylammonium iodide (DAI) was synthesized according to
a procedure modified from that described by Aoyagi and coworkers.[20] In a typical synthesis, dodecylamine (29.6 mmol, 5.49 g)
was dissolved in 1,4-dioxane (150 mL), and HI (57 wt %, 7.4 mL,
54 mmol) was added dropwise to the solution under vigorous stirring
at room temperature. After stirring overnight, the solvent was
removed with a rotary evaporator at 60 8C. The obtained raw product
was washed with Et2O, recrystallized in EtOH/Et2O, and dried at
40 8C under vacuum yielding a white powder (7.23 g, 23 mmol).
MAPI synthesis: The appropriate amount of DAI was dissolved
in TEG precursor solution (180 mL). This solution was rapidly
injected into CH2Cl2 (30 mL) containing DAI (9 mmol). The resulting
concentration of DAI depends on the targeted sample: 0 mmol l !1
(MAPI-0), 0.5 mmol l!1 (MAPI-1), 2.0 mmol l !1 (MAPI-2),
3.8 mmol l !1 (MAPI-3), 9.8 mmol l !1 (MAPI-4). The solution
turned from yellow to black, indicating the transformation of the
TEG precursor into the product. After 12 h of stirring, the black
precipitate was centrifuged for 5 min at 6000 rom, washed three times
with CH2Cl2, and dried under vacuum. All samples were stored under
argon atmosphere to prevent decomposition because of moisture.
Detailed information on the synthesis of the various MAPI samples
can be found in the Supporting Information (S11).
For information on the single-crystal X-ray diffraction experiments, see the Supporting Information (S12).[21]
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SUPPORTING INFORMATION
S-1.
DSC and POLMIC for the perovskite TEG-precursor phase (1).

S-2.
Optical measuremts for the perovskite precursor phase (1).
Kubelka-Munk evaluation

S-3.
Crystal-to-crystal transformation from precursor phase (1) to (CH3NH3)PbI3 observed by different
analytical techniques.
(a) Optical spectroscopy; kinetic measurement:

The data was collected after injection (t=0) a TEG-precursor solution in CH2Cl2. At t = 0 s the data
consists only of the spectral feature of the crystalline (TEG)2(CH3NH3)PbI3 (1). Upon progressing
reaction time absorption in the high-energy region (λ < 500 nm), characteristic for compound (1)
decreases in intensity, and simultaneously the broad absorption characteristic for (CH3NH3)PbI3 emerges.

(b) HRTEM-study:
Samples were taken from the dispersion at different times, and were then directly measured.
Particles obtained instantaneously after injection of a TEG-solution of (CH3NH3)PbI3(TEG)2.(1) in
antisolvent CH2Cl2

FFT
It can be seen that initially small crystals of the precursor phase (1) form and grow in solution.

Sample taken after 3 minutes: Precursor (1)/ (CH3NH3)PbI3 (2) composite phase.

scalebar ≅ 20 nm

´

FFT

Crystalline particle with higher electron contrast are surrounded by a crystalline phase with lower electron
contrast. Therefore, it is indicated that two crystalline phases are present in direct contact to each other.
FFT patterns were calculated and it can be concluded that one phase correlates to (CH3NH3)PbI3. The
FFT signals of the second phase (marked by red circles) are in good agreement to the precursor phase (1).
It should be noted that the signals appear at smaller angles have respectively larger lattice distances only
present in precursor phase (1) (see Fig. 1 of the main part of the manuscript).
Thus, it seems that the (CH3NH3)PbI3 product phase (2) forms directly from the crystalline precursor
phase (1).

Sample taken after 240 minutes: Pure (CH3NH3)PbI3 phase.

scalebar ≅ 20 nm

FFT
At the end of the reaction, the entire precursor phase (1) is consumed. HRTEM/FFT reveal only the
characteristic pattern of the (CH3NH3)PbI3 product phase (2).

(c) Optical microscopy prior and after addition of CH2Cl2 as an anti-solvent:

The images to the left obtained by conventional optical microscopy show elongated crystals of the
(TEG)2(CH3NH3)PbI3 precursor phase (1). The crystals appear with light yellow color due to light
absorption in the range 400-450 nm (see also the UV-Vis spectrum at the bottom). Due to the crystalline
nature and the optical anisotropy of the crystal class, the crystal exhibit bright birefringence between
crossed polarizers. Addition of CH2Cl2 initiates the formation of the (CH3NH3)PbI3-phase, which is
characterized by optical absorption over the entire VIS-range. Consequently, the material appears black
and birefringence cannot be detected any more. However, the shape of all crystals is completely preserved,
which is interpreted as an indication for a direct crystal-to-crystal transformation.

S-4.
Investigation of MAPI-0 prepared in the absence of the DAI surfactant.
TEM:

SEM:

S-5.
Additional analytical data for MAPI-1
(a) Topographic SEM data of sample MAPI-1 at low magnifications:

Scalebar ≅ 1 µm

(b) PXRD pattern of sample MAPI-1.

(c) SEM investigation of the internal structure of MAPI-1 particles:

Internal regions of MAPI-1 particles were exposed using a focused ion beam. Although it cannot be
excluded that the FIB also has an effect on the structure of MAPI-1, the porous structure is still
observable. This is an indication that the porosity seen in SEM micrographs is not only present at the
surface but also in the bulk-phase of the material.

(d) TGA data of MAPI-1 with pores filled with toluene under argon atmosphere:

The porous MAPI-1 material was compared to the non-porous MAPI-2 material. The TGA measurement
was performed in a way that the elimination of the volatile CH3NH3I (resp. CH3NH2 + HI) can be
observed:
!"! !"! !"!! ! → !"!! ! + !!!! !!! ↑ + !" ↑ !!!!!!!!∆!! = !25.5!%
The non-porous MAPI-2 behaves like other (CH3NH3)PbI3 perovskites reported in the literature
(Stoumpos, C. C.; Malliakas, C. D.; Kanatzidis, M. G. Inorganic Chemistry 2013, 52, 9019) with a
distinct mass loss step for MAI elimination at T = 337 °C. There are major differences for MAPI-1. The
MAI elimination takes place at much lower temperatures (T = 269°C) and there is one additional mass
loss step (Δm = 7%) starting at T = 110 °C and with a maximum mass loss rate at 159 °C. The first mass
loss is clearly associated with the evaporation of toluene. The increase of the evaporation temperature of
toluene is reasonable, because according to Kelvin-equation (simplified version)
!"×!"

!!"#$
2
! = !!×!! ×
!!
!!"#$

with pv = the bulk vapor pressure
ppore = the vapor pressure in a porous host
γ = the solid-liquid surface tension
Vm = the molar volume
higher temperatures are required for evaporating a liquid confined to pores with a certain radius rpore.
Because the surface tension of toluene on (CH3NH3)PbI3 and the shape of the pores are not known, only a
rough estimate about the pore-size of MAPI-1 can be made. However, the effect on toluene can only be
explained for pores with sizes below 50 nm. This estimation is in good agreement to the SEM images
shown for MAPI-1 (Fig. 3c).
The second effect which was observed in the TGA-data is that the decomposition step associated with
CH3NH3I is shifted to lower temperatures (ΔT = -68 K). It is well known in TGA that the position of
steps is largely influenced by the Le-Chatelier principle. If the gaseous products are released more
effectively the step will move to lower temperatures. Therefore, the porous nature, which facilitates the
formation and removal of CH3NH3I, can also explain the observed shift.

(e) TEM indicating the formation of pores:

scalebar ≅ 100 nm

TEG
ΔV"="80%

SI-6.
SEM micrographs of MAPI-2 taken at different magnifications.

S-7.
PXRD analysis of the aspect ratio for the samples MAPI-2, -3, -4 prepared with increasing DAI
concentration.

Example for deconvolution.

Correlation of the aspect ratio with DAI concentration.

Scheme 1. Perovskite nanocrystals with quasi-cubic morphology are obtained for low concentration of
the surfactant dodecyl ammonium iodide (DAI). Due to better fit of the I- surface pattern with a dense
DAI surface monolayer (grey cylinders) the preferential adsorption on the (004) surface (shown in blue)
leads to main growth along the crystallographic a,b-directions (indicated in orange).

S-8.
Investigation of the nanostructure of the different MAPI-materials.
All MAPI-samples were thoroughly washed with CH2Cl2 until excess, chemically not bound DAI is
removed.
(a) FT-IR measurements:

The IR-spectra (e.g. fingerprint region) of pure DAI (blue), pure (CH3NH3)PbI3 (≅ MAPI-(0); red) are
compared to the different MAPI-samples (1-4). The bands corresponding to (CH3NH3)PbI3 can assigned
for all MAPI samples (1-4), however, the amount of DAI is relatively small for MAPI-(1-3). The
Intensity of DAI bands sequentially increase in the sequence (1-3). For MAPI-4 a substantial amount of
DAI is present.

(b) NMR measurements:

The conclusions drawn from FT-IR spectroscopy could be confirmed by 1H-NMR spectroscopy. For this
purpose, the MAPI samples were quantitatively dissolved in deuterated methanol and conventional
liquid-phase NMR spectra were acquired. The spectra were normalized to the intensity of the peak at δ =
2.58 ppm corresponding to the methylammonium cation in MAPI. The amount of DAI in samples MAPI(1-3) is very small, whereas it is a major constituent in MAPI-4. A further advantage of NMR
spectroscopy is the possibility to differentiate between the two methyl groups in methyl ammonium
(MAI; δ = 2.58 ppm) and DAI (δ = 0.93 ppm ppm) which enables some degree of quantification:

The DAI:MAI ratio is low for MAPI-(1-3) and in agreement to the role of DAI as a capping agent.
Between MAPI-3 and MAPI-4 the effect of DAI as simple crystal capper is changing. The amount of
DAI in the material is now significantly larger caused by incorporated DAI into the material.

(c) Comparison of samples by X-ray diffraction (PXRD and SAXS).

The PXRD patterns (top figure) of MAPI-2 and MAPI-3 are in good agreement to the signals expected
for the pure perovskite phase (red). The diffraction pattern of MAPI-4 is much more complex and in
particular a signal at low angles (2θ = 2.8) is present. The occurrence of a low-angle signal only for
MAPI-4 was confirmed using small-angle X-ray scattering analysis (SAXS) as an independent method
(bottom figure). There is no small angle signal for samples MAPI-(1-3), which is consistent with the
assumption that DAI is only a capping agent in these case.

It can be summarized that the diffraction pattern of MAPI-4 is very similar to a (DAI)2PbI2 material
presented by Billing et al.[1] which consists of one layer of 2-D linked [PbI6] octahedra capped by one
layer of DAI on each side:

Unit cell of (DAI)2PbI4 as reported by Billing et al.[1]

However, in the case of MAPI-4 all diffraction signals are shifted to smaller angles compared to
(DAI)2PbI4 indicating larger lattice constants. According to Braggs equation the low-angle signal of
MAPI-4 corresponds to a periodicity of d = 3.1 nm. This value fits precisely to the d002 value for a
material consisting of a bilayer of linked [PbI6] octahedra and DAI on each surface of this layer, and is
also in excellent agreement with the NMR data presented before:

Proposed structure of MAPI-4.
Because the thickness of the sheets found for MAPI-4 (Fig. 4c; main paper) is in the range of 300 nm, it
can be concluded that ≈ 10 layers are stacked above each other.

We also found that for a sample prepared with slightly less DAI (MAPI-3b) two diffraction signals at
even lower angles appear in SAXS at q = 1.75 nm-1 (d = 3.60 nm) and q = 1.48 nm-1 (d = 4.24 nm). The
difference compared to MAPI-(4) can be assigned to a tri-layer of linked [PbI6] octahedra (Δd = 0.6 nm)
and a tetra-layer (Δd = 1.2 nm) between the two DAI layers:

Our data indicates that it is possible, to tune the thickness of the intercalated MAPI layers via a precise
adjustment of synthesis conditions, however, this is beyond the scope of the current manuscript.[2]

(d) Elemental analysis.
With the structural model described in (c), a relation between structure and composition can be
formulated. If more [PbI6] layers are intercalated, the N:C ratio is expected correlate directly because of
the different amount of N:C ratio in DAI and MAI. Therefore C,H,N-elemental analysis was acquired for
all samples, and the N:C ratio is compared to its dependency on the number n of layers containing 3-D
linked [PbI6] octahedra:

It can be concluded that the number of [PbI6] layers capped by Dodecylammonium is in the order of 230 80 for MAPI-(1-3). This would correspond to a thickness of approximately 690 - 240 nm, which is in
good agreement to the dimension of the particle sizes observed in electron microscopy (Fig. 3, 4).
To summarize, DAI is a capping agent in the case of MAPI-(1-3) materials and gets part of the crystal
structure for MAPI-4.

(e) Kinetic measurement of the formation of MAPI-(4) using UV/Vis spectroscopy:

In-situ UV/Vis spectroscopy confirms that in comparison to MAPI-(1-3) (see S-3b) the formation
mechanism of MAPI-(4) is significantly different. When the precursor is consumed, two distinct bands at
λ = 488 nm and 574 nm arise. These bands indicate, that instead of the 3-D perovskite (CH3NH3)PbI3 a
material with substantial 2-D features is formed.[2]

S-9.
UV-VIS-NIR absorption spectra for different MAPI-samples.

(a) MAPI-1, (b) MAPI-2, (c) MAPI-3 and (d) MAPI-4

S-10.
Assembly of a preliminary photovoltaic device.
Cross section SEM of a model solid state solar cell with MAPI-2 as sensitizer:

IV (a) and EQE (b) measurements.

S-11.
Detailed synthesis protocol for the presented samples.

Sample
number

Concentration
MAI Precursor

Concentration
PbI2, Precursor

Concentration
DAI Precursor

Concentration
DAI DCM

Volume
Precursor

Volume
DCM

MAPI-0
MAPI-1
MAPI-2
MAPI-3
MAPI-4

100 mM
167 mM
263 mM
263 mM
263 mM

100 mM
100 mM
100 mM
100 mM
100 mM

35 mM
135 mM
135 mM
135 mM

0,3 mM
1,2 mM
3,0 mM
9,0 mM

180 µl
180 µl
180 µl
180 µl
180 µl

30 mL
30 mL
30 mL
30 mL
30 mL

S-12.
Results of single-crystal x-ray diffraction of the precursor (1).

Crystals of (TEG)2(CH3NH3)PbI3 (1) suitable for single crystal X-Ray diffraction analysis were grown by
gas-diffusion of the anti-solvent methylene chloride into a solution.
X-Ray diffraction analysis was performed at 100 K on a STOE IPDS-II diffractometer equipped with a
graphite monochromated radiation source (Mo-Kα, λ = 0.71073 Å) and an image plate detection system.
Crystals were mounted on a fine glass fiber with silicon grease. The selection, integration, and averaging
procedure of the measured reflex intensities, the determination of the unit cell dimensions and a leastsquares fit of the 2θ values as well as data reduction, LP-correction and space group determination were
performed using the X-Area software package delivered with the diffractometer.[1] A semiempirical
absorption correction was performed. The structure was solved by Patterson methods (SHELXS-97),[2]
completed with difference fourier syntheses, and refined with full-matrix least-square using SHELXL97[3] minimizing ω(F02 -Fc2)2 . Weighted R factor (wR2) and the goodness of fit GooF are based on F2. All
non-hydrogen atoms were refined with anisotropic displacement parameters. All hydrogen atoms were
treated in a riding model. However, hydrogen atoms bound to nitrogen (in the methyl ammonium cation)
have not been modeled and have not been located in the electron density map. Therefore the reported sum
formula differs by 3 hydrogen atoms from sum formula of the model. One triethylene glycol molecule is
disordered and was refined in two split positions refining to a 66:34 occupancy.

Table 1. Crystal data and structure refinement for F:_RAY014_teg_prec2.
Identification code
CCDC 998856
Empirical formula
C13 H34 I3 N O8 Pb
Formula weight
920.30
Temperature
100(2) K
Wavelength
0.71073 Å
Crystal system
Orthorhombic
Space group
Pbca
Unit cell dimensions
a = 8.0163(3) Å
α= 90°.
b = 29.8083(16) Å
β= 90°.
c = 21.4408(9) Å
γ = 90°.
Volume
5123.3(4) Å3
Z
8
Density (calculated)
2.386 Mg/m3
Absorption coefficient
10.234 mm-1
F(000)
3392
Crystal size
0.500 x 0.020 x 0.020 mm3
Theta range for data collection
1.66 to 27.98°.
Index ranges
-10<=h<=10, -39<=k<=39, -27<=l<=28
Reflections collected
46429
Independent reflections
6149 [R(int) = 0.0613]
Completeness to theta = 27.98°
99.5 %
Absorption correction
Integration
Max. and min. transmission
0.6171 and 0.3052
Refinement method
Full-matrix least-squares on F2
Data / restraints / parameters
6149 / 0 / 268
2
Goodness-of-fit on F
1.031
Final R indices [I>2sigma(I)]
R1 = 0.0311, wR2 = 0.0700
R indices (all data)
R1 = 0.0428, wR2 = 0.0739
Largest diff. peak and hole
1.977 and -2.951 e.Å-3

Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103)
for F:_RAY014_teg_prec2. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.
________________________________________________________________________________
x
y
z
U(eq)
________________________________________________________________________________
C(1)
4048(7)
8682(2)
-141(2)
33(1)
C(2)
5170(8)
9063(2)
-320(3)
38(1)
C(3)
7070(14)
9605(3)
-25(5)
32(2)
C(4)
7940(14)
9800(3)
533(5)
32(2)
C(5)
9948(13)
9599(3)
1298(5)
39(3)
C(6)
11081(9)
9248(2)
1496(4)
51(2)
C(7)
5838(8)
3238(2)
-106(3)
39(1)
C(8)
5620(7)
2860(2)
343(2)
33(1)
C(9)
7003(7)
2480(2)
1155(2)
30(1)
C(10)
8664(8)
2421(2)
1449(3)
33(1)
C(11)
10673(7)
2801(2)
2071(2)
30(1)
C(12)
12115(7)
2838(2)
1625(3)
33(1)
C(13)
8788(9)
1063(2)
6844(3)
44(2)
N(1)
8028(6)
1286(1)
6291(2)
33(1)
O(1)
4865(5)
8349(1)
231(2)
32(1)
O(2)
5846(6)
9266(1)
210(2)
51(1)
O(3)
8958(6)
9460(1)
793(2)
46(1)
O(4)
10378(5)
8808(1)
1559(2)
38(1)
O(5)
7232(6)
3134(2)
-490(2)
47(1)
O(6)
7089(5)
2834(1)
716(2)
27(1)
O(7)
9080(4)
2824(1)
1777(2)
27(1)
O(8)
12067(5)
3254(1)
1292(2)
35(1)
I(1)
-823(1)
1640(1)
3064(1)
24(1)
I(2)
-590(1)
936(1)
1327(1)
33(1)
I(3)
-771(1)
170(1)
3078(1)
28(1)
Pb(1)
1777(1)
894(1)
2511(1)
23(1)
C(14)
10490(20)
9462(5)
953(9)
33(4)
C(15)
6420(30)
9681(6)
295(12)
41(6)
C(16)
8240(30)
9663(7)
289(10)
38(5)
________________________________________________________________________________

Table 3. Bond lengths [Å] and angles [°] for F:_RAY014_teg_prec2.
_____________________________________________________
C(1)-O(1)
1.433(6)
C(1)-C(2)
1.499(8)
C(2)-O(2)
1.397(7)
C(3)-O(2)
1.496(11)
C(3)-C(4)
1.501(14)
C(4)-O(3)
1.417(10)
C(5)-O(3)
1.406(10)
C(5)-C(6)
1.449(11)
C(6)-C(14)
1.409(19)
C(6)-O(4)
1.433(7)
C(7)-O(5)
1.422(8)
C(7)-C(8)
1.491(8)
C(8)-O(6)
1.426(6)
C(9)-O(6)
1.416(6)
C(9)-C(10)
1.483(8)
C(10)-O(7)
1.431(6)
C(11)-O(7)
1.425(6)
C(11)-C(12)
1.503(8)
C(12)-O(8)
1.434(6)
C(13)-N(1)
1.489(8)
O(2)-C(15)
1.331(18)
O(3)-C(14)
1.277(18)
O(3)-C(16)
1.37(2)
I(1)-Pb(1)#1
3.1880(4)
I(1)-Pb(1)
3.2700(4)
I(2)-Pb(1)
3.1717(4)
I(2)-Pb(1)#1
3.2690(4)
I(3)-Pb(1)#1
3.1799(4)
I(3)-Pb(1)
3.2103(4)
Pb(1)-I(3)#2
3.1799(4)
Pb(1)-I(1)#2
3.1878(4)
Pb(1)-I(2)#2
3.2690(4)
C(15)-C(16)
1.46(3)
O(1)-C(1)-C(2)
O(2)-C(2)-C(1)
O(2)-C(3)-C(4)
O(3)-C(4)-C(3)

113.2(5)
110.6(5)
107.4(8)
107.7(9)

O(3)-C(5)-C(6)
C(14)-C(6)-O(4)
C(14)-C(6)-C(5)
O(4)-C(6)-C(5)
O(5)-C(7)-C(8)
O(6)-C(8)-C(7)
O(6)-C(9)-C(10)
O(7)-C(10)-C(9)
O(7)-C(11)-C(12)
O(8)-C(12)-C(11)
C(15)-O(2)-C(2)
C(15)-O(2)-C(3)
C(2)-O(2)-C(3)
C(14)-O(3)-C(16)
C(14)-O(3)-C(5)
C(16)-O(3)-C(5)
C(14)-O(3)-C(4)
C(16)-O(3)-C(4)
C(5)-O(3)-C(4)
C(9)-O(6)-C(8)
C(11)-O(7)-C(10)
Pb(1)#1-I(1)-Pb(1)
Pb(1)-I(2)-Pb(1)#1
Pb(1)#1-I(3)-Pb(1)
I(2)-Pb(1)-I(3)#2
I(2)-Pb(1)-I(1)#2
I(3)#2-Pb(1)-I(1)#2
I(2)-Pb(1)-I(3)
I(3)#2-Pb(1)-I(3)
I(1)#2-Pb(1)-I(3)
I(2)-Pb(1)-I(2)#2
I(3)#2-Pb(1)-I(2)#2
I(1)#2-Pb(1)-I(2)#2
I(3)-Pb(1)-I(2)#2
I(2)-Pb(1)-I(1)
I(3)#2-Pb(1)-I(1)
I(1)#2-Pb(1)-I(1)
I(3)-Pb(1)-I(1)
I(2)#2-Pb(1)-I(1)
O(3)-C(14)-C(6)

111.4(7)
111.1(8)
38.9(7)
116.2(6)
107.6(5)
107.9(4)
109.1(4)
108.6(4)
113.9(4)
111.1(4)
130.3(10)
36.2(11)
105.9(5)
127.9(13)
41.2(8)
135.7(11)
131.0(9)
29.4(8)
114.6(7)
112.0(4)
112.7(4)
76.722(8)
76.960(8)
77.697(8)
94.559(10)
91.367(10)
86.945(10)
87.106(10)
95.018(11)
177.600(10)
174.296(14)
85.973(10)
82.986(10)
98.512(10)
83.222(9)
177.773(10)
92.915(10)
85.070(10)
96.217(9)
122.8(12)

O(2)-C(15)-C(16)
108(2)
O(3)-C(16)-C(15)
115.5(18)
_____________________________________________________________
Symmetry transformations used to generate equivalent atoms:
#1 x-1/2,y,-z+1/2 #2 x+1/2,y,-z+1/2

Table 6. Anisotropic displacement parameters (Å2x 103)for F:_RAY014_teg_prec2. The anisotropic
displacement factor exponent takes the form: -2π2[ h2a*2U11 + ... + 2 h k a* b* U12 ]
______________________________________________________________________________
U11
U22
U33
U23
U13
U12
______________________________________________________________________________
C(1)
40(3)
31(3)
27(2)
1(2)
-8(2)
2(2)
C(2)
49(3)
27(3)
37(3)
1(2)
-8(3)
4(3)
C(3)
43(5)
26(4)
27(4)
-3(3)
0(4)
-6(4)
C(4)
45(6)
14(4)
36(5)
0(4)
-12(4)
-5(4)
C(5)
48(6)
28(5)
42(6)
-2(4)
-7(5)
-7(4)
C(6)
55(4)
24(3)
74(5)
-1(3)
-30(4)
-5(3)
C(7)
54(4)
30(3)
33(3)
0(2)
-12(3)
-1(3)
C(8)
31(3)
36(3)
31(3)
0(2)
0(2)
-4(2)
C(9)
43(3)
23(2)
24(2)
4(2)
5(2)
-11(2)
C(10)
49(3)
18(2)
31(3)
-1(2)
-3(2)
0(2)
C(11)
33(3)
28(3)
29(2)
7(2)
-3(2)
2(2)
C(12)
30(3)
29(3)
40(3)
9(2)
1(2)
1(2)
C(13)
45(4)
38(3)
50(4)
-2(3)
-12(3)
-3(3)
N(1)
38(3)
20(2)
40(2)
4(2)
9(2)
2(2)
O(1)
38(2)
24(2)
35(2)
4(2)
-6(2)
-2(2)
O(2)
71(3)
26(2)
56(3)
7(2)
-36(2)
-14(2)
O(3)
59(3)
26(2)
53(3)
-1(2)
-25(2)
0(2)
O(4)
31(2)
31(2)
52(2)
-2(2)
-3(2)
0(2)
O(5)
66(3)
46(3)
29(2)
9(2)
1(2)
-22(2)
O(6)
32(2)
24(2)
25(2)
5(1)
-1(2)
-6(2)
O(7)
31(2)
23(2)
26(2)
-1(1)
1(2)
-2(1)
O(8)
34(2)
30(2)
40(2)
13(2)
1(2)
-5(2)
I(1)
24(1)
22(1)
25(1)
-1(1)
1(1)
-2(1)
I(2)
26(1)
51(1)
23(1)
4(1)
0(1)
4(1)
I(3)
25(1)
23(1)
36(1)
5(1)
1(1)
0(1)
Pb(1)
18(1)
25(1)
25(1)
2(1)
0(1)
1(1)
C(14)
39(9)
21(8)
38(9)
-3(7)
18(8)
-4(7)
C(15) 52(12)
22(9)
49(13)
18(8)
-24(11)
-5(8)
C(16) 63(14)
23(10)
27(10)
-6(7)
2(9)
-2(9)
______________________________________________________________________________

Table 7. Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 103)
for F:_RAY014_teg_prec2.
________________________________________________________________________________
x
y
z
U(eq)
________________________________________________________________________________
H(1A)
H(1B)
H(2A)
H(2B)
H(3A)
H(3B)
H(4A)
H(4B)
H(5A)
H(5B)
H(6A)
H(6B)
H(7A)
H(7B)
H(8A)
H(8B)
H(9A)
H(9B)
H(10A)
H(10B)
H(11A)
H(11B)
H(12A)
H(12B)
H(13A)
H(13B)
H(13C)
H(1)
H(4)
H(5)
H(8)
H(14A)
H(14B)
H(15A)

3085
3613
6082
4528
6485
7889
8632
7111
9218
10599
12009
11565
4823
6035
4633
5450
6665
6162
8637
9513
10760
10757
13175
12074
10003
8498
8362
4223
11108
7224
11322
10830
11125
6015

8803
8539
8950
9288
9844
9461
10060
9904
9684
9867
9232
9336
3273
3521
2914
2575
2199
2551
2164
2359
2513
3045
2816
2586
1096
743
1202
8129
8615
3301
3243
9781
9333
9801

95
-524
-589
-562
-259
-306
407
844
1652
1175
1192
1903
-365
122
610
114
944
1478
1742
1125
2298
2381
1860
1325
6828
6842
7226
282
1476
-806
1017
984
599
698

39
39
45
45
39
39
38
38
47
47
61
61
47
47
39
39
36
36
39
39
36
36
39
39
66
66
66
48
57
70
52
39
39
49

H(15B)
H(16A)
H(16B)

6010
8601
8674

9880
9502
9973

-43
-92
261

49
45
45

________________________________________________________________
________________________________________________________________
Symmetry transformations used to generate equivalent atoms:
#1 x-1/2,y,-z+1/2 #2 x+1/2,y,-z+1/2
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physical properties of the precursor that can be tuned by means
of molecular architecture and material formation is triggered by
stimuli like reactants or temperature. The special gain in a
liquid materials precursor are unique processing steps,23 for
example the possibility of inﬁltration into templates. Further, if
a distinct compound as a precursor contains all elements
needed and its transformation leads direct to this material the
term “single-source” could be applied.24
Besides the common precursor, like salt solutions of PbI2 and
MAI based on coordinating solvents (e.g., DMF, DMSO), that
include several low dimensional intermediate states,25 chemistry of deﬁned precursors for HYPEs is poorly developed and
only few papers have already addressed this topic. In 2015,
Zhao et al. published an interesting report about HPbI3 as a
precursor compound to replace PbI2 in HYPE synthesis.26 Yang
et al. used a complex, solid precursor comprising dimethyl
sulfoxide intercalated in a PbI2/ formamidinium phase.27 Our
group introduced a CH3NH3PbI3TEG2 compound (TEG
(triethylene glycol), which transforms into MAPI via adding
an antisolvent and a crystal-to-crystal transformation.28 A
deﬁned liquid, single-source precursor system for the synthesis
of HYPE nanostructures does currently not exist and represents
a major challenge, we pursuit here.
A systematic series of precursor compounds owing length
deﬁned oligo-glycol derivatives (oGs), as glycol, glycolmonomethyl ether and glycoldimethyl ether were evaluated.
MAPbI3oG (MA (methylammonium, CH3NH3+; oG (oligoglycol derivative = diethylene glycol DEG (1), triethylene
glycol TEG (2), triethylene glycolmonomethyl ether
TEGOME (3) and triglyme (4)) was prepared, resulting in
solid, crystalline compounds. Experimental details are given in
the Supporting Information. The structure of the precursor
phases was determined from single-crystal X-ray diﬀraction
analysis, and the result is summarized in Figure S-1a−e with
compound 3 as representative shown in Figure 1a.
A joint feature in all precursor structures (1−4) is onedimensional ([PbI3]−)n chains formed by face-shared lead
iodide octahedron. The oGs and the methylammonium form a
complex cation that surrounds the ([PbI3]−)n chains. The
nature of the oG has a signiﬁcant inﬂuence on the structure, the
symmetry and the physical properties of the crystalline
precursor phases (see Figure S-1). For compounds 4, 3 and
1, one oG unit coordinates to one MA (see also Figure 1a). As
a result, the charge of MA is only partially shielded, and this

erovskites (ABX3) have become one of the most versatile
classes of solids in diverse and highly functional
materials.1,2 Although oxidic perovskites have been wellknown for decades, a family of hybrid perovskite materials
(HYPE) like CH3NH3PbI3 (MAPI)3 have provoked enormous
scientiﬁc attention as it was used as absorber material in
photovoltaic devices with liquid electrolyte in 20094 and in
2012,5 in an all-solid device architecture. Since then, especially
for their unique semiconducting properties and their advanced
performance for innovative photovoltaic devices.6 Further
promising areas of application have arisen as LEDs,7 lasers,8
photodetectors9 and in spintronics.10 As a result, the search for
reliable synthesis routes for HYPE materials including novel
nanostructures like deﬁned nanoparticles and thin ﬁlms has
been proven to be a diﬃcult task, in particular for MAPI.11
Allocation of unique HYPE nanostructures and insights how
such features inﬂuence functional properties stands at the
beginning, and yet synthesis protocols comprising deﬁned
molecular precursors have not developed. We introduce a new
precursor system with single-source characteristics, addressing
MAPI preorganized on the molecular level. The formation of
the perovskite is induced by temperature tuning the molecular
architecture of the precursor to be a stable liquid. This enables
unique access to a microwave assisted synthesis of MAPI
scaﬀolds that reveal a local photoluminescence enhancement
behavior at the outer surface.
There exists a notable repertoire of synthetic protocols to
HYPEs ranging from two-step procedures to direct crystallization.12−14 As nucleation and growth are diﬃcult to control
for such deposition−precipitation from saturated solutions by
evaporating of the solvent, the results are dependent on various
experimental parameters which reduces the reproducibility.
Conditions like oxygen rich atmosphere,15 humidity or
processing temperature,16,17 lead to a mixture of crystal sizes,
surface chemistry and morphologies making it hard to compare
material properties.18 Furthermore, the intrinsic chemistry of
the best performing HYPEs like MAPI is delicate to the
stoichiometric ratio of the precursor solution leading to lower
dimensional cluster formation, and ion migration in the ﬁnal
perovskite phase.19,20 Thus, diﬀerent crystallization pathways of
MAPI occur which are (i) crystallization from supersaturated
solution, (ii) dissolution crystallization or (iii) in situ
transformation.21
Several of the mentioned problems needed to be considered
earlier for other important classes of materials, for example
metal chalcogenides. One learned the generation and employment of deﬁned precursors bears major beneﬁts and opens new
ground for materials synthesis.22 In particular, the chemical and
© 2016 American Chemical Society
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Tmp(3) = 95 °C, Tmp(1) = 85 °C). The oG-based precursor
show the structural motif of CsNiBr3 with an increased cation
size comprising of MA+ and the glycol respectively (tolerance
factor >1).29 The structural resemblance (e.g., face-centered
symmetry) between 3 as a representative and the target
perovskite MAPI is shown in Figure 1a, c.
When TEG is used as an alternative oG, an important
deviation arises (see Figure S-1c), as now two oG entities
coordinate to one MA and eﬀectively shield the charges. The
melting point decreases signiﬁcantly to Tmp(2) = 67 °C.
Assuming predominantly electrostatic interactions, the data
indicate (agreeing with Coulomb law) a qualitative correlation
between Tmp and the cation to anion distance. The average
distance d(N−Pb) can be extracted from single crystal data
showing an increase of 150% from 4.9 Å for 1 to 7.5 Å for 2.
Therefore, further decrease of the melting point is expected, if
the distance between MA and ([PbI3]−)n can be enlarged. This
can be realized for instance by using a steric more demanding
oG compared to TEG. For tripropylene glycol (TPG),
compound 5, crystallization does not occur anymore, as proven
by DSC (see also Figure S-3a). This novel precursor is liquid at
room temperature (see Figure 1b). UV−vis data (given in
Figure S-3b) of the liquid precursor phase (5) reveals an
absorption maximum at λmax(5) = 397 nm. This is between the
characteristic wavelength for zero dimensional PbI64− (λmax =
372 nm) clusters and one-dimensional ([PbI3]−)n chains (λmax
= 460 nm).30 Thus, λmax(5) ﬁts to isolated, but rather short
([PbI3]−)n chains dispersed in TPG coordinating to MA
(Figure 1b). ATR FT-IR spectra given in Figure S-3c proves
the presence of MA and the strong similarity to the used
solvent tripropylene glycol as further mark of a liquid behavior.
An important feature of all precursor presented here is the
ability for the direct formation of MAPI induced by
temperature. Comparable to a “masked” perovskite phase
with CsNiBr3 structure, that transforms to MAPI via an
irreversible phase transition without evaporating the glycol.
Below a critical temperature, the precursor state is stable.
Although all precursors were explored regarding the T-induced
formation of MAPI (for compound (3), see data given in
Figure S-4), our focus here lies on the liquid system (5). The
transformation is studied in detail using in situ UV/vis
spectroscopy and powder X-ray diﬀraction (PXRD) given in

Figure 1. (a) Photographic image of a solid precursor (3) and an
excerpt of its structure determined from single-crystal X-ray diﬀraction.
(b) Photographic image of the liquid precursor (5) and proposed
structure of the liquid. (c) Unit cell of MAPI. oG depicted in gray
“stick mode”; MA depicted in red “stick mode”; Pb2+ ≅ black spheres;
I− ≅ blue spheres; [PbI6] depicted as green polyhedra.

causes a strong interaction with the ([PbI3]−)n and leads to
high melting points determined from diﬀerential calorimetry
(DSC) measurements given in Figure S-2 (Tmp(4) = 109 °C,

Figure 2. In situ investigations to the formation of MAPI from the liquid precursor phase (5). (a) UV/vis data; bottom window ≅ spectrum of the
unreacted precursor; top window ≅ spectrum after complete conversion; middle window ≅ temporal evolution map of UV/vis data, absorption
values brightness encoded. (b) Temperature dependency conducted from UV/vis kinetic data (λ= 700 nm) while heating up from room temperature
to T1 = 125 °C, T2 = 100 °C and T3 = 75 °C. (c) PXRD kinetic data of MAPI crystallization on a Si substrate at T3 = 75 °C with t1 = 0 min, t2 =
10 min, t3 = 30 min, t4 = 45 min and t5 = 60 min. SEM micrographs of MAPI thin ﬁlm section grown on silicon (d), truncated cubic morphology
grown in solution (e), scale bars ≅ 5 μm, respectively.
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Figure 2. The formation of MAPI (Egap = 1.52 eV; λgap = 815
nm) is traced by optical spectroscopy, because the precursor
phase (see above) does not absorb in this region (Figure 2a).
At a temperature of T = 75 °C, a ﬁrst signal characteristic for
MAPI can be observed after 35 min, followed by complete
conversion of the precursor until 100 min. The kinetics of this
crystallization process, including the nucleation and growth is
adjusted with temperature (Figure 2b). The emerging MAPI
phase is conﬁrmed unambiguously by PXRD measurements
shown in Figure 2c. With prolonged heat treatment, the
amorphous halo at 2θ = 22°, caused by the short-range order
(Figure 1b), disappears and only the signals characteristic for
CH3NH3PbI3 become visible.
The crystallization of crystallization can be either initiated
from homogeneous solution or heterogeneously in the
presence of a substrate like silicon; the latter tracked by
PXRD (Figure 2c). In the early crystallization stage, the signals
with c-component are much weaker than expected which
indicates a preferential growth in (a,b)-direction, parallel to the
substrate. Thus, a thin coating of crystalline MAPI with lateral
extension of 50−100 μm (Figure 2d) can be obtained. The
generation of extended, monodomain ﬁlms is an important
aspect for all applications of HYPEs in optoelectronic devices.31
With prolonged crystallization a signiﬁcant change in
orientation is observed, as the (112) signal at 2θ = 19.9° and
related planes are increasing (see Figures 2c, S-5a). The change
in crystallization direction perpendicular to the substrate
becomes clear, when the structural resemblance of the glycol
precursor and the MAPI phase were considered (S-5b). Thus,
the liquid precursor can direct the crystal growth like a
crystallization capper.32 The unique properties of the new,
liquid precursor phase allows further possibilities to produce
reﬁned surface patterns. As proof of concept, we show that lines
of MAPI nanoparticles can be written on silicon substrates by
spatially resolved excitation with a laser beam (see Figure S-6).
Homogeneous nucleation and bulk growth in solution is
observed by conventional light microscopy (see Figure S-7a),
leading to various crystal shapes (hexagonal, cubic, truncated
cubes; Figure 2e and Figure S-7b). There are only few large
crystals indicating the precursor phase (5) enables a slow
nucleation rate with a limited number of critical nuclei. With
prolonged time of crystallization, truncated cubic shapes grow
to cubic bulk crystals, which agrees with a Volmer−Weber
growth mechanism.17
It can be expected that higher nucleation rates can be
reached, if the increase of temperature is accelerated. Therefore,
microwave radiation applied to the liquid precursor (5) is
suitable to form MAPI. Microwave synthesis can be used to
generate a wide range of inorganic materials as recently
reviewed by Niederberger et al.,33 but it has yet not been used
for the preparation of HYPE materials by now. Our results are
shown in Figure 3, and further information is given in Figure S8. Considering the reaction parameters, a major advantage in
the use of microwaves is a related La-Mer crystallization
behavior34 including a short nucleation period and a prolonged
growth period (Figure S-8a).
Using microwaves as a thermal initiator, the crystallization
takes place within minutes. PXRD data (Figure 3a) clearly
prove the formation of crystalline MAPbI3. As expected, the
number of formed particles increased (Figure 3c) compared to
the conventional thermal treatment described before. Obviously, the crystalline perovskite particles display a unique
morphology. Crystals dissolve starting preferentially from the

Figure 3. Data for microwave-assisted synthesis (Pmw = 700 W) of
MAPI from the liquid precursor phase (5). (a) PXRD and (b)
confocal ﬂuorescence microscopy micrograph of hollow cubic particles
with corresponding photoluminescence intensity proﬁle, scalebar ≅ 5
μm. SEM photographs of resulting MAPI morphologies (c) scalebar ≅
20 μm, (d) scalebar ≅ 5 μm.

center of the (100) surfaces of the initial, cubic particles (Figure
3c; Figure S-8b). The edges and corners of the particles remain
stable. Therefore, the microwave synthesis appears as a
promising route toward the generation of hollow HYPE
nanostructures. The dissolution does not occur, when the
power of the applied microwaves is lower (Pmw = 25 W); see
data given in Figure S-8b, resulting in compact particles. The
applied microwave power is crucial to the MAPI crystallization,
and dissolution process as shown in Figure S-8c. With low
microwave power (Pmw < 50 W), crystallization is favored even
for extended heating protocols (see Figure S-8d). It is
noteworthy that some of the particles deviate from the cubic
shape. For a crystalline system with (pseudo)-cubic symmetry
(like perovskites), cubic shapes (reﬂecting (100) surfaces and
symmetry equivalents) and octahedral shapes (reﬂecting (111)
surfaces) are expected. A tetrahedral shape like that shown in
Figure 3d is unexpected, because it represent a variation of
crystal “Tracht”.35
Confocal ﬂuorescence microscopy is a powerful tool to
examine surface characteristics of hybrid perovskite ﬁlms and
the local distribution of defects in optoelectronic devices.36 The
obtained particles are an ideal model to identify morphologyrelated photoluminescence properties that is regarded as a
crucial parameter in device optimizations. The cubic scaﬀold
particles (Figure 3b) reveal a signiﬁcant enhancement in
photoluminescence intensity at the outer [001] crystal edges
and corners compared to the etched (001) surface and their
respected inner edges and corners. As surface defects generally
result in trap-assisted, nonradiative recombination, we conclude
the surface chemistry of inner and outer edges is diﬀerent and
leads to a local variation of photoluminescence intensity. Such a
local photoluminescence enhancement is only observed for the
hollow particles but not for the compact (see Figure S-8e), and
could be of further interest in light-emitting and lasing
applications.
We showed that the development of a liquid single source
precursor together with its thermosensitive property opens a
great potential in the synthesis of unique MAPI materials. For
this manipulation on the molecular scale, a deeper under4136
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standing of solvent interactions in liquid and solid precursors
needed to be considered. We therefore provide a suitable
model system, to study the inﬂuence of oligo-glycols (by
varying, chain length, coordinating and side groups) on the
precursor level and the ﬁnal MAPI phase. It can be imagined,
that the reactivity as well as the direction of crystallization can
be manipulated which could open up new pathways for
diﬀerent morphologies of the MAPI phase. With the liquid
precursor, diﬀerent structures can be coated or be inﬁltrated,
which then are thermally converted into a HYPE coating
afterward. Aerosol processes relying on liquid precursors will be
possible as well. The preparation of the liquid precursor is
simple, enables easy up-scaling and is based on nonhazardous
solvents, which could be an important aspect for the application
of hybrid perovskites in an industrial context. Last but not least,
a proof of concept for the spatially resolved MAPI formation
using a focused laser has been presented, and is worth pursuing.
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MATERIALS & METHODS:
All chemicals were purchased at Sigma Aldrich. Solvents were dried prior to use with common
procedures. PbI2, Methylammonium iodide (MAI) and all used high boiling glycols like Diethylene
Glycol (DEG), Triethylen Glycol (TEG) or Tripropylene Glycol (TPG) dried under Vaccuum at 60°C
over night prior to use. TEGOME and Triglyme was dried with LiAlH4 and distilled prior to use.
Methylammonium iodide was synthesized with a common literature known procedure using
Methylamine in EtOH and aqueous hydrogen iodide (not stabilized), followed by recrystallization
from EtOH/Et2O for purification.1
Silicon Substrates were cleaned by several steps: water/surfactant, acetone and iso-propanol (p.A.)
supported by ultrasonification for 5 minutes in each step. All substrates were oxygen-plasma
treated prior to use.
Synthesis of crystalline oligo-Glycole (oG) based precursors (1-4). In a typical synthesis,
equimolar MAI (0.1 mmol, 15.9 mg) and PbI2 (0.1 mmol, 46.1 mg) were dissolved in the desired oligoglycol (previously dried). The crystalline oG Precursor product crystallizes out over time.
MAPbI3(oG)x (x= 1, 2) crystals were isolated by centrifugation and washed with cold Et2O. Single
crystals of each compound were obtained by diffusion of an antisolvent (either Et2O or
Dichloromethane) in a diluted OG solution containing PbI2 and MAI.
Synthesis of liquid precursor (5) based on Tripropylene glycol (TPG). MAI (169 mg,
1.06 mmol) was dissolved in TPG (500 µL, 510 mg, 2.66 mmol) at 50 °C. After complete dissolution,
PbI2 (163 mg, 0.35 mmol) was added to obtain a clear yellowish liquid precursor solution. For
crystallization experiments and microwave synthesis, 0.5 mL of the precursor solution was diluted
with 3.5 mL TPG.
Microwave synthesis. In a typical synthesis, 2.5 ml of the liquid precursor (5) were used in the
reaction (10 mL vials). For all experiments the internal IR-thermometer and the ruby-thermometer
were used. For experimental monitoring of applied parameters see also S-7a. Cooling was realized
with pressurized air. Isolation of MAPI material was realized by centrifugation (2000 rpm, 2
minutes) followed by washing with dry Toluene (2.5 mL). The experiments in S-8c and S-8d were
conducted with 2 mL precursor solution instead of 2.5 mL to reduce the cooling duration after
synthesis. The synthesis was performed with a “Monowave 300” micro wave synthesis reactor from
Anton Paar.
Laser interference patterning was performed with a pulsed Laser experimental setup.2
Experiments were conducted with liquid precursor (5) on Si-substrates (1x1 cm2). 40 µl of the diluted
precursor solution (5) was spin coated at 15 rps for 10 s and 5 rps for 5 s. The laser interference
patterning experiments were performed with a pulsed Nd:YAG laser (100 pulses, λ= 532 nm, laser
peak fluence of 10 J/cm2). Excess of liquid precursor solution was washed away carefully with 500 µl
dry Et2O.

ANALYTICS
Crystallization kinetic experiment in solution (in-situ UV/VIS). Experiments were
performed on a Cary 50 equipped with a probe (slit 1 mm) in ambient air, heating up the liquid
precursor solution (5) to the desired temperature while collecting UV-Vis spectra.
Crystallization kinetic experiment on Si-Substrates (PXRD kinetics, SEM investigations).
Crystallization on Si-substrates was performed with precursor (5). 40 µl of the solution was spin
coated (15 rps for 10 s and 5 rps for 5 s) on Si-substrates (1x1 cm2). Spin coated substrates were
S2

transferred on the hotplate and treated for 15-60 minutes at 75°C in ambient air. PXRD
measurements were performed on a Bruker AXS D8 advance diffractometer with a Cu-Kα source.
Single crystal x-ray data was collected on STOE IPDS-II with graphite monochromator and a
Mo-Ka x-ray source. Novel crystal structures have been deposited at the Crystallographic Data
Centre.
SEM micrographs were taken on a Zeiss Crossbeam 1540XB equipped with InLens and SE2 detector
with an acceleration Voltage of 1-2 kV to prevent damage of MAPI caused by the electron beam.
DSC measurements were performed with a Netzsch DSC 204 F1 Phoenix.
Fluorescence microscopy was performed on a TCS SP5 confocal laser scanning microscope (Leica)
using an oil immersion objective lense (63 x, 1.4 NA, HCX PLAPO, Leica) with an laser excitation of
514 nm, collecting wavelengths from 700-800 nm.

S-1. Additional data for precursor compounds MAPbI3OG.
(a) Systematic series of compounds.
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(b) Structure determination of compound (1) MAPbI3(DEG)/ CCDC 1447265.

CH3NH3PbI3DEG crystallizes in the space group P212121. One dimensional (PbI3-)∞ chains along
crystallographic x-axis are embedded in CH3NH3+ (MA+) and diethylene glycol (DEG). MA+ is
coordinated by one DEG molecule resulting in an ineffective shielding against the negatively
charged (PbI3-)∞ chain indicated by the red arrow. The average distance d(N-Pb) as an
comparable coulomb force parameter with other OG-based precursors is 4.9 Å.

(c) Structure determination of compound (2) MAPbI3(TEG)2.

The crystal structure of this compound is published by us elsewhere.2 CH3NH3PbI3TEG2
crystallizes in the space group Pbca. One dimensional (PbI3-)∞ chains along crystallographic xaxis are embedded in CH3NH3+ (MA+) and triethylene glycol (TEG). MA+ is coordinated by two
TEG molecules in a cryptand like fashion resulting in an effective shielding against the negatively
charged (PbI3-)∞ chain indicated by the green arrow. The average distance d(N-Pb) as an
comparable coulomb force parameter with other OG-based precursors is 7.5 Å.
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(d) Structure determination of compound (3) MAPbI3(TEGOME)/ CCDC 1557266

CH3NH3PbI3TEGOME crystallizes in the space group Pnam. One dimensional (PbI3-)∞ chains
along crystallographic x-axis are embedded in CH3NH3+ (MA+) and triethylene glycol
methylether (TEGOME). MA+ is coordinated by one TEGOME molecule resulting in an
ineffective shielding against the negatively charged (PbI3-)∞ chain indicated by the red arrow. A
mirror plane is indicated to define the two possible coordinating isomers. The average distance
d(N-Pb) as an comparable coulomb force parameter with other OG-based precursors is 5.0 Å.

(e) Structure determination of compound (4) MAPbI3(triglyme)/ CCDC 1447264

CH3NH3PbI3(triglyme) crystallizes in the space group Pbca. One dimensional (PbI3-)∞ chains
along crystallographic x-axis are embedded in CH3NH3+ (MA+) and triethylene glycol
dimethylether (triglyme). MA+ is coordinated by one triglyme molecule resulting in an
ineffective shielding against the negatively charged (PbI3-)∞ chain indicated by the red arrow.
The average distance d(N-Pb) as an comparable coulomb force parameter with other OG-based
precursors is 4.9 Å.
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S-2. DSC measurements of various OG based, solid precursors.

Influence of ether-groups and coordination on the melting point of TEG (black), DEG (green),
TEGOME (blue) and Triglyme (red). Ether groups enhance crystallinity due to stronger
hydrogen bond acceptor character of the coordinated ammonium. Effective shielding is only
feasible by two times coordination leading to decrease in melting point for TEG (black).
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S-3. Summarized analytical data for the RT-liquid precursor phase (5).
(a) DSC.
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DSC measurements of the liquid precursor phase with a sweep from room temperature (RT) up
to 75 °C (1) and cooling back down to RT (2) with a final heating up to (3) to check
reproducibility. No crystallization is visible in the heating (1), (3) or cooling step (2) showing
the liquid character.
(b) UV-VIS
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UV-Vis measurement of the liquid precursor phase showing an absorption maximum
(λmax= 397 nm).
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(c) ATR-FT IR Spectroscopy.

rel. Transmission/ [a.u.]
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ATR FT-IR spectra of (a) solid MAI, (b) tripropylene glycol and (c) the liquid TPG precursor
phase. Highlighted area from 800-1000 cm-1 for νstretch(C-N) and νrocking(N-H) proofing the
presence of MA+ by an absorption enhancement in the liquid precursor spectra (c) compared to
TPG (b). Region of 3250- 3600 cm-1 for νstretch(N-H) and νstretch(O-H) shows a shift to lower
wavenumbers for the liquid precursors (c) compared to TPG (b) indicating a coordination of
TPG to MA+.

S-4. Conversion of the crystalline precursor phase (3) into MAPI.
(a) PXRD.
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Conversion of the crystalline precursor MAPbI3TEGOME in the bottom line to the desired
perovskite phase MAPbI3 (MAPI).
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S-5. Crystallization mechanism from precursor (5) on Si substrates derived from
XRD measurements
(a) PXRD signal evolution of MAPbI3 on Si substrate.

(a) Time dependent intensity of (110) reflex derived from XRD measurements indicating
the crystallization lateral to the substrate blue squares. The evolution of (112) reflex
shows the change in orientation for the crystallization perpendicular to the substrate
favored by the glycol based precursors. (b) Shows the connection of the PbI3-network in
the MAPbI3 phase with indicated (110) and the (112) lattice planes, perpendicular to the
substrate (MA+ was removed in the crystal structure for clarity).
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(b) Structural similarity of glycol based precursors and MAPbI3.

General structural feature of glycol based precursors and the tetragonal MAPbI3 phase
(MA+ and glycol compounds are removed for clarity).
(a) In the glycol based precursor, one dimensional face shared PbI3- chains are oriented
along the x-axis in a cubic face centered structure. The face centered symmetry is
indicated with black dots. The PbI3- chains are oriented parallel to the substrate ((001)
plane perpendicular to the substrate). Links of PbI6 octahedron were colored to compare
the similarity of precursor and MAPbI3 phase. (b) Tetragonal MAPbI3 phase with (112)
lattice plane perpendicular to the substrate. The cubic phase centered symmetry is
indicated by black dots. The (112) plane indicates the structural similarity of one
dimensional corner shared PbI3- chains, parallel to the substrate.
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S-6. Laser-induced crystallization of MAPI from precursor (5) on Si substrates

SEM photographs (SE2 and InLens detection) of a silicon wafer exposed to a focused laser beam
with crystallized MAPI domains from liquid precursor solution (5). (a) scalebar ≅ 20 µm, (b)
scalebar ≅ 10 µm.
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S-7. Temperature induced conversion of the liquid precursor phase (5) into
MAPI.
(a) Microscopy.

Screenshots of in-situ MAPI crystallization by an optical microscope from liquid precursor
solution at different times while heating up from room temperature to 100 °C. Crystallization is
visible after 10 min exceeding ramping temperature of 75 °C. Highlighted is a MAPI crystal
starting to grow in a non cubic shape. The morphology changes to cube like structures with
proceeding crystallization time. A short movie of crystallization is provided in SI data.

Overview of various observed morphologies for MAPI crystallized from liquid precursor
solution.
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(b) SEM.

SEM images of observed morphologies at different crystallization stages by heating up the liquid
precursor solution on a Si substrate at 75 °C. (a) Scalebar ≅ 200 nm, (b) scalebar ≅ 5 µm and
(c) scalebar ≅ 40 µm.
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S-8. Microwave induced particle synthesis of MAPI with the liquid precursor
phase (5).
(a) Microwave reaction conditions

Monitored reaction conditions in microwave synthesis of MAPI materials from liquid TPG
precursor by IR and Ruby sensor. (a) Applied max power of 700 W and (b) limited heating
power of max 25 W.

(b) SEM.

SEM photograph of MAPI-700W. (a) after reaction scalebar ≅ 10 µm, (b) after Toluene washing,
scalebar ≅ 10 µm, (c) after Toluene washing, scalebar ≅ 5 µm and MAPI-25W. MAPI-25W (d)
after reaction, (e) after Toluene washing, scalebar ≅ 10 µm, (f) after Toluene washing, scalebar
≅ 5 µm.
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(c) Morphological evolution – Influence of microwave radiation power

(a) Monitored reaction conditions in microwave synthesis of MAPI materials from liquid TPG
precursor by IR (solid line) and Ruby sensor (dotted line) with different applied microwave
power of P50= 50 W in blue, P30= 30 W in red and P10= 10 W in black. SEM micrographs of
representative crystal morphologies obtained with the synthesis protocol (b) P50 showing hollow
cubes (c) P30 showing dense cubes and (d) P10 showing truncated cube structures with a scalebar
≅ 5 µm respectively.
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(d) Morphological evolution– Influence of microwave reaction time at constant
power (p=15 W)

(a) Monitored reaction conditions in microwave synthesis of MAPI materials from liquid TPG
precursor by IR (solid line) and Ruby sensor (dotted line) with constant power (15 W) and
different temperature holding time of thold,0=0 min in blue, of thold,1=1 min in red, and of
thold,5=5 min in black. SEM micrographs of representative crystal morphologies that show a
growth from a truncated cube like shape to a cube like shape with rounded edges and corners
obtained with the synthesis protocol (b) thold,0 (c) thold,1 and (d) thold,5; scalebar ≅ 10 µm
respectively.
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(e) Confocal fluorescence microscopy.

Confocal fluorescence microscopy micrograph of densed cubic particles MAPI-25W with
corresponding photoluminescence intensity profile, scalebar ≅ 5 µm.
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ABSTRACT: Particle-based semiconductor materials are
promising constituents of future technologies. They are
described by unique features resulting from the combination
of discrete nanoparticle characteristics and the emergence of
cooperative phenomena based on long-range interaction
within their superstructure. (Nano)particles of outstanding
quality with regards to size and shape can be prepared via
colloidal synthesis using appropriate capping agents. The
classical capping agents are electrically insulating, which
impedes particle−particle electronic communication. Consequently, there exists a high demand for realizing charge
transport through interfaces especially for semiconductors of relevance like hybrid perovskites (HYPEs), for example,
CH3NH3PbI3 (MAPI) as one of the most prominent representatives. Of particular interest are crystals in the micrometer range,
as they possess synergistic advantages of single crystalline bulk properties, shape control as well as the possibility of being
functionalized. Here we provide a synthetic strategy toward thiophene-functionalized single crystalline MAPI microrods
originating from the single source precursor CH3NH3PbI3TEG2 (TEG = triethylene glycol). In the dark, the microrods show
enhanced charge transport characteristics of holes over 2 orders of magnitude compared to microscale cuboids with insulating
alkyl surface modiﬁers and nonfunctionalized random sized particles. In large-area prototype photodetector devices (2.21 cm2),
the thiophene functionalization improves the response times because of the interparticle charge transport (tON = 190 ms, tOFF =
430 ms) compared to alkyl-functionalized particles (tON = 1055 ms, tOFF = 60 ms), at similar responsivities of 0.65 and 0.71 mA
W−1, respectively. Further, the surface functionalization and crystal grains on the micrometer scale improve the device stability.
Therefore, this study provides clear evidence for the interplay and importance of crystal size, shape and surface modiﬁcation of
MAPI crystals, which is of major importance in every optoelectronic device.
KEYWORDS: particle shape, semiconductor nanostructures, hybrid perovskites, surface functionalization, electronic transport

■

INTRODUCTION
During the past decade enormous progress has been made in
the controlled synthesis of colloidal dispersions of nanoparticles.1 In particular for Au and CdSe numerous routines
have been developed for the preparation of high quality
samples.2−5 As particle morphology is an obvious factor
determining the aggregation of nanoparticles and the formation
of superstructures,6−8 monodispersity in size and shape control
became of recent interest.9,10 The resulting particle-based
materials possess the features of the individual nanocrystals and
additional properties may emerge, as there is communication
between the particles, namely electronic communication.1,4,11,12
One major drawback of this system is the insulating character
of the capping agents commonly applied in colloidal synthesis.13
A unique semiconductor material receiving signiﬁcant
attention in current research is the family of hybrid perovskites
(HYPEs), for example, CH3NH3PbI3 (MAPI). This is not only
© 2016 American Chemical Society

because of breakthrough results reported for solid-state solar
cells.14 Their extraordinary semiconducting properties including long carrier lifetimes combined with a low-cost device
fabrication, boost the interest in fundamental studies as well as
applications in an industrial context. Now, this class of new
semiconductors is in the focus of research in the ﬁeld of
optoelectronic devices (e.g., LEDs, lasers, photodetectors) and
beyond.15 Huge potential exists also in artiﬁcial synapes,16 as
ferroelectric materials in spintronics,17 or memory devices.18
The easy processing from liquid solutions is the major
advantage of HYPEs compared to common all-inorganic
semiconductors. There already exists a huge variety of strategies
to process thin ﬁlms of MAPI, ranging from direct to multiple
step deposition in solution.19−21 Based on these approaches,
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Chart 1. Synthesis Strategy of (4-Hexylthiophen-2-yl)methylammonium Iodide (4HTAI)

organic entities is required. With our unique access to diﬀerent
MAPI crystals in quality, shape and functionalization, we show
within this work that we are able to manipulate the charge
transport properties of MAPI signiﬁcantly. Thus, we provide
evidence for superior MAPI material properties applicable for
optoelectronic devices.
Herein, we present the controlled synthesis and characterization of MAPI microrods carrying thiophene entities on the
surface. Thereby, crystal size and functionalization are crucial
parameters to control charge transport characteristics because
of reduction of surface trap states. Furthermore, we compare
the material properties of thiophene functionalized crystals with
random sized MAPI crystals as well as functionalized
microcrystals carrying insulating alkyl chains. In particle-based
photodetectors, the functionalized microcrystals with thiophene
entities show superior charge transport characteristics for holes
with an enhancement over 2 orders of magnitude, fast
responsiveness, and enhanced stability under working conditions.

several MAPI particle syntheses have been established to
produce controlled crystal sizes ranging from the nanoscale to
single crystals with dimensions exceeding millimeters. The
latter can be produced via a seed growth crystallization22 or
from lead cluster in coordinating solvent mixtures of DMF/
DMSO at elevated temperatures. These materials show
excellent stability in devices owing to little surface areas with
respect to the bulk.23 By growing single crystals of MAPI, the
bulk properties can be eﬀectively directed, for example, its
temperature stability.24 As this approach lacks of precise control
of morphology and surface chemistry, the MAPI semiconducting properties and degradation pathways are aﬀected
due to moisture or oxygen.25 Ligands owing a headgroup,
which can selectively interact with the crystal surface, oﬀer the
possibility to achieve shape and size control in nanocrystal
synthesis. This approach was successfully transferred on HYPE
materials by using speciﬁc ligands.26 In particular for MAPI
nanocrystals, the functionalization with capping ligands is
mandatory to obtain colloidal and chemical stability.27
However, in high performance solar cell devices, these ligands
need to be removed due to their insulating nature. Additionally,
their small particle size is evolving surface defects and grain
boundaries, which have to be considered for their application in
optoelectronic devices.28
Discrepancies in crystal quality, shape and interfaces are
widely known to have notable inﬂuence on semiconducting
properties in almost every material. For HYPE, tremendous
impact on the performance in optoelectronic devices is
observed due to these fabrication issues based on diﬀerent
charge transport characteristics and reduced stability under
working conditions.29 Thus, new approaches toward single
crystalline HYPE materials with controlled surfaces and
functionalization are highly required to identify loss mechanism
like surface trap states which decrease device performance.30
Combining the advantages of stability in single crystals with
the functionality and shape control by ligands during synthesis,
functionalized MAPI crystals on the microscale have a great
potential for device applications. As already proven by a onestep approach, Tsai et al. impressively showed a signiﬁcant
enhancement in device stability of functionalized 2D
Ruddlesden−Popper perovskite phases with large single
crystalline grains.31 Further, functionalization of MAPI surfaces
lead to improved moisture stability which was shown by Yang
et al. on polycrystalline ﬁlms.32 However, as functionalization
was done postpreparative, the exchange reaction on the surface
is very delicate to degradation. Additionally, the shape plays an
important role in microcrystals as proven by diﬀerent lasing
properties of MAPbBr3 microcavities.33 State of the art
procedures are characterized by insulating crystallization
inhibitors that are unsuitable for optoelectronic devices. Thus,
a general approach to functionalized microcrystals with various

■

EXPERIMENTAL SECTION

Synthesis of 4-Hexylthiophen-2-yl)methylammonium Iodide (4HTAI) Capping Agent [C]. In Chart 1, the followed
synthetic strategy toward the tailor-made capping agent 4-Hexylthiophen-2-yl)methylammonium iodide (4HTAI) is described in six
synthetic steps. Experimental details of the adapted synthesis protocols
can be extracted from the experimental details section in the
Supporting Information. Brieﬂy, 3-hexylthiophene [2] was synthesized
according to Kou et al.34 and followed by the synthesis to 4Hexylthiophene-2-carbaldehyde [3] according to Jung et al.35 4Hexylthiophene-2-carbonitrile [5] was synthesized next following the
procedure of Li et al. 36 Finally, (4-hexylthiophen-2-yl)methylammonium iodide [7] was synthesized in two further steps
by hydration of [5] followed by acid−base reaction of [6].
Synthesis of Dodecylammonium Iodide (DAI) [D]. Synthesis
of dodecylammonium iodide (DAI) [D] was published elsewhere.37
Synthesis of Triethylene Glycol (TEG) Precursor Solution
and Material Synthesis. For the synthesis of the TEG precursor
solution, 10 mL of triethylene glycol and 1.0 mmol of lead(II) iodide
were degassed under stirring for 3 h at 60 °C. After it was cooled to
room temperature, methylammonium iodide (MAI, 2.63 mmol) was
dissolved yielding a yellow, clear solution. An excess of MAI is added
(1.63 equiv) to prevent instant crystallization of MAPbI3TEG2 and
enhance precipitation kinetics. The appropriate amount of DAI or
4HTAI was dissolved in 200 μL of the TEG precursor solution (see S2). The precursor solution crystallizes out over time, yielding
MAPbI3TEG2 crystals in TEG. The solution is then heated up to 60
°C and cooled down to room temperature prior to material synthesis.
The precursor solution (200 μL) is rapidly injected into 30 mL of
CH2Cl2 containing DAI or 4HTAI as capping agent under vigorous
stirring at 20 °C. The temperature, concentration and ratio of
precursor should be checked carefully, as the conversion kinetic are
delicate to reaction parameters. The concentration of capping agent
depends on the targeted sample with 0 mM (MAPI-C0), 1 mM
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Figure 1. Schematic mechanism of the conversion from the single source precursor [A] MAPbI3TEG2 to [B] MAPbI3 microcrystals. 1D-chains of
PbI3− surrounded by MA+ and TEG are converted to MAPbI3 at the presence of CH2Cl2 and the capping agent of either (4-Hexylthiophen-2yl)methylammoniumiodide (4HTAI) [C] or dodecylammonium iodide (DAI) [D] to rodlike and cubic morphologies, scale bars ≅ 500 nm.

releasing MA+ molecules, inducing the controlled crystallization
with PbI3− chains to form MAPI crystals. The conversion
kinetics is delicate to the solubility of TEG in DCM and
changes as a function of temperature, concentration of
precursors and PbI2/MAI ratio. The latter is important, as
higher MAI content leads to shorter polymeric PbI3−chains.38
This enhances conversion to form smaller MAPI crystals but
prevents the crystallization of a solid MAPbI3TEG2 intermediate phase in the reaction. As crystals in the micrometer
range are desired, low concentration of precursor in
combination with low conversion temperatures (20 °C) are
needed. If the antisolvent contains the desired capping agent,
the morphology and surface characteristics of the ﬁnal
microcrystal can be manipulated. As alkyl ammonium chains
like dodecylammonium iodide (DAI = [D]) are readily used as
capping agents to form cube to plate-like crystals,37 we report
here the synthesis and usage of the new capping agent (4hexylthiophen-2-yl)methylammonium iodide (4HTAI = [C])
which was inspired by a bridging oligothiophene derivative of
Mitzi et al.39 Thiophenes are further well-known to interact
with the MAPI crystal surface to decrease surface traps states by
electronic passivation of under-coordinated Pb.40 Two requirements are needed to control the crystallization of MAPI
microcrystals in our approach: Carrying at least one suitable
headgroup like NH3+ which is able to interact with the MAPI
surface, and the solubility in the antisolvent. For 4HTAI, the
headgroup NH3+ for coordination with the thiophene Lewis
base, and the hexylgroup for the solubility in dichloromethane
are fulﬁlling these requirements.
Thiophene-Functionalized MAPI-[C] Crystal Synthesis. The
tailor-made thiophene based capping agent 4HTAI was
characterized unambiguously by NMR spectroscopy, ESI-MS,
and elemental analysis (see Experimental Section and Figures
S-1 and S-2 ). To evaluate the inﬂuence of the new capping
agent on the synthesis of hybrid perovskite particles, we
performed a systematic series of 4HTAI-functionalized MAPI
crystals by varying the concentration of the capping agent in
CH2Cl2 from 0 to 4 mM named as MAPI-C0 to MAPI-C4,
respectively. A detailed synthetic protocol is given in the
Experimental Section and in Table S1 . The time dependent
conversion from MAPbI3TEG2 [A] to MAPbI3 [B] can be

4HTAI (MAPI-C1), 2 mM 4HTAI (MAPI-C2), 3 mM 4HTAI
(MAPI-C3), 4 mM 4HTAI (MAPI-C4), and 1.2 mM DAI (MAPI-D).
The clear yellow solution turns black indicating the transformation of
the TEG precursor to the product. After 60 min of stirring, the black
precipitate is centrifuged for 5 min at 6000 rpm. After washing three
times with 5 mL CH2Cl2 the samples were dried in vacuum and stored
under argon atmosphere.
Analytical Methods. Crystallization kinetic experiment in solution
(in situ UV/vis and ﬂuorescence spectroscopy). UV/vis kinetic
experiments were performed on a Cary 50 equipped with a probe (slit
1 mm) in dichloromethane. Photoluminescence spectra were acquired
on a FluoTime 300 from Picoquant equipped with a laser λexc = 450
nm. PXRD measurements were performed on a Bruker D8 Discover
XRD with a Cu Kα source (Collimator of 0.5 mm) and LYNXEYE XE
Detector. SEM micrographs were taken on a Zeiss Crossbeam 1540XB
equipped with InLens and SE2 detector with an acceleration Voltage
of 1−2 kV to prevent damage of MAPI caused by the electron beam.
NMR-spectra were acquired on a Bruker Avance III 400 spectrometer.
1
H NMR spectra for the determination of Functionalization were
acquired on a Bruker Avance III 600 MHz spectrometer. Solid UV−vis
spectra for bandgap evaluation were acquired on an Agilent Cary 5000
UV−vis-NIR spectrometer, equipped with an integrating sphere. PESA
measurements were conducted on a Riken Keiki AC-2 photoelectron
spectrometer. The error in the ionization energies determined from
the PESA measurements on a given sample was 0.05 eV. (HR)-TEM
images were acquired on a JEOL, JEM 2200FS at an accelerating
voltage of 200 kV. I−V measurements were performed in the dark
under nitrogen atmosphere. Sensor substrates were used from the
company “Umweltsensortechnik”, with an active area of 1.80 cm ×
1.23 cm = 2.21 cm2 and an average distance of 33.5 μm conducting
strings, see also Figure S15. Photodetector measurements were
conducted under nitrogen atmosphere at 3 V bias, with a blue LED
(λ = 460 nm) and an intensity of 40 mW/cm2.

■

RESULTS AND DISCUSSION
Crystal Synthesis and Functionalization Using a
Tailor-Made Capping Agent. An overview of the synthetic
strategy is given in Figure 1. The functionalized microcrystals of
MAPbI3 were synthesized according to our previously reported
procedure from the triethylene-glycole (TEG) based single
source precursor MAPbI3TEG2.37
The crystallization of MAPbI3TEG2 [A] to MAPbI3 [B] is
induced by injecting the former into dichloromethane as an
antisolvent. Dichloromethane slowly dissolves the TEG while
1079

DOI: 10.1021/acsami.6b12466
ACS Appl. Mater. Interfaces 2017, 9, 1077−1085

ACS Applied Materials & Interfaces

Research Article

Figure 2. Kinetic studies of the conversion from MAPbI3TEG2 to MAPbI3 in the presence of 4HTAI. (a) UV−vis spectral evolution of MAPI-C4
with a single spectra of t = 0 s. (b) Absorption trace at 380 nm for MAPI-C2, C3 and C4 derived from UV−vis kinetic studies. (c) Spectral
photoluminescence evolution at λexc = 450 nm of C-2 at t = 0 s in black, t = 75 s in orange, and t = 600 s blue with indicated shift in the emission
maximum from 755 to 776 nm. SEM image of (d) MAPI-C1 showing rounded cubic morphologies and (e) MAPI-C4 showing rod-like and cubic
morpholgies, scale bars ≅ 2 μm.

Figure 3. XRD-Data analysis of the systematic series MAPI-C1 to MAPI-C4. (a) Aspect ratio calculated from I(002)/I(110) and I(004)/I(220) in
green triangles and squares, respectively. Black stars indicate the aspect ratio depicted from representative SEM images. (b) Calculation of the
pseudocubic lattice parameters c* and a* from 2Θ(004) and 2Θ(220) given in green squares and triangles, respectively. The distortion c*/a* is shown
in black stars. Analysis of a single microrod of MAPI-C4 in (c) TEM, scale bar ≅ 250 nm, with (d) its electron diﬀraction with indexed reﬂexes, scale
bar ≅ 5 nm−1 and (e) SEM micrograph, scale bar ≅ 500 nm.

traced by UV−vis kinetics, given in Figure 2a for MAPI-C4 as a
representative. [A] has a characteristic absorption band at 380
nm which can be assigned to one-dimensional chains of PbI3−.
The surface plot of UV−vis data shows the decrease of the
signal and an increase of scattering over time, indicating the
consumption of precursor to form [B].
By increasing the concentration of 4HTAI during the
synthesis, the decrease of the absorption trace at 380 nm
seen in Figure 2b is prolonged from t2 = 200 s for C2 to t4 =
1000 s for C4. It should be mentioned, that for MAPI-C0 and
MAPI-C1 the time scale of conversion was too short to detect,
as scattering eﬀects of particles were dominating. The UV−vis
kinetic clearly indicates that the consumption of [A] and
hitherto the crystallization to [B] is much slower due to
interaction of MAPI crystals with increasing capping agent
concentration of 4HTAI. As the formation of MAPI cannot be
traced with the UV−vis setup due to signiﬁcant scattering,

photoluminescence spectra of the conversion were recorded for
MAPI-C2 as a representative in Figure 2c. The study reveals a
distinct photoluminescence signal at 751 nm in the early stage
conversion that can be assigned to low dimensional MAPI
nanoparticles due to the quantum conﬁnement eﬀect. Over
time, a signiﬁcant redshift to 775 nm indicates the
crystallization to bigger MAPI crystals, which is originating
from a formation mechanism by oriented attachment of
nanoparticles.41
Alkyl Functionalized MAPI-[D] Crystal Synthesis. This
formation mechanism clearly diﬀers to the alkyl capping ligand
DAI [D] as several high-energy photoluminescence peaks are
observed during the conversion (see Figure S3). These distinct
bands can be assigned to atomic thin layers of
DA2PbI4(MA)n−1PbnI3n+1 with n = 1−4, which conﬁrms a
layered growth to bigger MAPI instead. In case of 4HTAI, we
conclude that these low dimensional sheets cannot be stabilized
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DOI: 10.1021/acsami.6b12466
ACS Appl. Mater. Interfaces 2017, 9, 1077−1085

ACS Applied Materials & Interfaces

Research Article

Figure 4. (a) Bandgap of MAPI-C0 to MAPI-C4 with indicated valence band (VB) and conduction band (CB) derived from photoelectron
spectroscopy measurements in air (PESA). The band gap is indicated for MAPI-0 derived from the Kubelka−Munk evaluation from UV−vis spectra
in the integrating sphere. (b) I−V measurements in the dark of 4HTAI capped MAPI-C4, uncapped MAPI-C0 and dodecylammonium capped
MAPI-D particles based devices on Pt conductor paths with indicated Ohmic region in the respective color code for each sample. (c) SEM
micrographs showing the device architecture of particle based photodetecors for MAPI-C4 with Pt conductor paths on Al2O3, scale bar ≅ 30 μm.

which are reasonable values for microcrystals due to their
higher surface area. A clear trend is observed, as the distortion
of the perovskite structure rises from 0.9% to 1.0% with
increasing 4HTAI concentration. As the distortion is expected
to be more pronounced with increasing 4HTAI adsorbed on
the surface, this clearly proves an interaction of capping agent
with the MAPI crystal surface. It should be further noted, that
a* is aﬀected more by distortion than c* which further supports
the ﬁnding of an interaction of 4HTAI on (h00) and (0k0)
MAPI surfaces. Derived from single crystal data, the space
demand of possible coordination sites on (h00), (0k0) and
(00l) surfaces is limited by d(I−I) of neighbored PbI6
octahedrons (see Figure S6). Becasuse of a slightly tetragonal
distortion of MAPI in c-direction at room temperature, (h00)
and (0k0) sites reveal prolonged distances of d1(I−I) = 0.89 nm
and d2(I−I) = 0.74 nm, whereas on (00l) surfaces a smaller
distance of d3(I−I) = 0.63 nm is found. Thus, the bulky nature
of the thiophene ring attached to the short methylene chain of
NH3+ in 4HTAI results in a preferred coordination along (h00)
and (0k0) surfaces leading to rod-like MAPI microcrystals.
For further evaluation, MAPI-C4 microrods were investigated by TEM (Figure 3c) and electron diﬀraction analysis
(Figure 3d). These single microrods had a representative aspect
ratio of a,b/c = 2 and dimensions of 1 μm in a,b-direction and 2
μm in c-direction. Electron diﬀraction of a single microrod,
revealed a single crystalline pattern with signals of MAPI. The
indexed crystal planes (114) and (228) possess a high ccontent, as expected for elongated microcrystals along the c-axis
of the perovskite.
Optoelectronic Properties of Functionalized MAPI Crystals.
To investigate possible changes in electronic properties by
functionalization, UV−vis spectra of the solid material were
measured in an integrating sphere and subsequently evaluated
by Kubelka−Munk method to determine the bandgap energy

due to the bulky thiophene ring combined with the short
methylene spacer to the headgroup NH3+.
Structural and Morphological characterization of MAPI
crystals. Thus, 4HTAI has a signiﬁcant inﬂuence on the
morphology, which is shown in Figure 2d and 2e for MAPI-C1
and MAPI-C4 microcrystals, respectively. With low capping
agent concentration, undeﬁned particles with rounded edges
and corners are obtained which results from the instant
consumption of MAPbI3TEG2. For higher concentration of
4HTAI the crystallization time is prolonged due to the
interaction of 4HTAI and the MAPI surface, which results in
rod-like cuboids with sharp crystal edges and corners, and
particle sizes between 1 and 2 μm.
To evaluate the interaction of 4HTAI with the crystal
structure of MAPI, powder X-ray diﬀraction analysis was
performed for MAPI-C0 to MAPI-C4 (see Figure S4). All
samples prove the successful formation of MAPI [B] from the
single source precursor [A]. Further, Figure 3a shows the
correlation of the aspect ratio with increasing capping agent
4HTAI, which was derived from the intensity ratios of I002/I110,
as well as I004/I220,of deconvoluted XRD data, depicted in green
triangles and squares, respectively. The aspect ratio increases,
which agrees well with the evaluation of lengths and heights of
microcrystals from representative SEM images indicated in
black stars of MAPI-C1 to MAPI-C4 (see Figure S5 ). Thus,
4HTAI interacts preferentially on (h00) and (0k0) MAPI
surfaces which induces crystallization in the [00l]-direction.
Further, this ﬁnding of selective surface interaction of the
capping agent 4HTAI is strengthened by calculating the
pseudocubic lattice parameters a* and c* and the distortion
a*/c* for the MAPI-C series from PXRD data (see Figure 3b).
The experimentally determined pseudo cubic lattice distortion
in single crystals is reported with a value of 0.6% at ambient
conditions.42 Here, distortions of 0.9% to 1.0% are determined,
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Figure 5. Time dependent photoresponse by illuminating “on” and “oﬀ” with blue LED (λ = 460 nm, I = 40 mW/cm2) at a bias voltage of 3 V and
magniﬁcation of the 2nd turn (on/oﬀ) with indicated change in signal-to-noise ratio. (a) MAPI-C4 shows a decrease of 11% in the ﬁrst 7 sweeps, (b)
MAPI-D an increase of 8%, and (c) MAPI-C0 a decrease of 52%.

presented samples were dissolved in MeOD and investigated by
high-resolution 1H NMR (see Figures S12−S14 ). For the
speciﬁc NMR-signals of the capping agent and MA+, ratios of
4HTA+:MA+ and DA+:MA+ were calculated to 1:980 and
1:100, respectively. The higher functionalization degree may
originate from the possible dense packing on the surface and
ability to arrange to bilayers by van der Waals attraction.37 The
higher functionalization degree in MAPI-D can also inﬂuence
the bandgap and the valence band maximum, as discussed
earlier. Further, 1H NMR studies show that all samples contain
residue similar contents of triethylene glycol (TEG) to MA+
ratios of MA+/TEG = 245, 400, and 320 for (MAPI-C4, MAPID, and MAPI-C0 respectively. This originates from the
precursor CH3NH3PbI3TEG2 because glycols like TEG can
also interact with MAPI crystal surfaces by inducing a directed
crystallization or their preferential hydrogen bonding character
toward MA+.45 Perovskite microcrystals are functionalized with
either insulating, thiophene or bare triethylene glycol entities,
which could inﬂuence the charge transport properties in
optoelectronic devices signiﬁcantly.
Device Performance of Particle-Based Photodetectors. Next, a ﬁlm of 20 μm thickness which consists of either
MAPI-C4, MAPI-D or MAPI-C0 particles was assembled on a
sensor grid consisting of a Pt-ﬁnger structure with an average
electrode distance of 33.5 μm (see Figures 4c and S15).
Charge Transport Properties of MAPI Morpholgies in the
Dark. To evaluate charge transport properties in the dark, I−V
measurements were conducted under inert atmosphere (see
Figures 4b and S16). With this “holes only” device setup, an
Ohmic response is observed in the indicated colored regime for
all three samples.46 From the slope in the Ohmic regime,
resistances for particle-based photodetecors of 0.1 GΩ, 0.4 GΩ,
and 10 GΩ are estimated for MAPI-C4, MAPI-C0, and MAPID respectively. As MAPI-D microcrystals carry substantial
amount of insulating dodecyl-chains, higher voltages are
necessary to overcome the energetic barrier for charge injection

(see Figure S7). Additionally, photoelectron spectroscopy
measurements in air (PESA) were conducted to determine
the valence band maximum (see Supporting Information Figure
S8). A summary of energy levels containing valence band,
conduction band, and determined bandgap for the given
samples is shown in Figure 4a.
Regardless of the capper concentration, a bandgap of 1.52 eV
is determined which is in good agreement with the bandgap of
single crystalline perovskite known from literature.43 This is an
important ﬁnding, as surface modiﬁcation or water adsorption
may inﬂuence the band gap by inducing lattice distortions.44
Additionally, the functionalization with 4HTAI does not change
the energy of the valence band maximum. Values between
−5.37 and −5.30 eV are depicted within the row MAPI-C0 to
MAPI-C4, which is in the range of resolution limit of the PESA
device (approximately 0.05 eV). For charge transport properties, however, the nature of the functionalization moiety (e.g.,
insulting, electron rich and coordinative, no functionalization)
aﬀects the interparticle conductivity and therefore is important
for every optoelectronic device comprising grain boundaries.
Hence, we investigated three diﬀerent samples as model system
to evaluate an ideal MAPI structure and functionality for
enhanced charge transport properties. We compare single
crystalline microrods (MAPI-C4), cuboids (MAPI-D), and a
polycrystalline reference (MAPI-C0), carrying the thiophene
(4HTAI), insulating dodecyl ammonium iodide (DAI), and no
ammonium entity, respectively. For MAPI-D, which carries
insulating dodecylammonium iodide chains, single crystalline
cuboids with one μm in size were obtained (see Figures S9 and
S10). A comparison to MAPI-C0 and C4 shows a 10 meV
increased electronic bandgap of 1.53 eV and approximately 150
meV increased valence band of −5.5 eV. (see Figures S10 and
S11). This could originate from the degree of surface
functionalization, which was determined next.
Quantiﬁcation of MAPI Crystals’ Surface Functionalization. To quantify the degree of surface functionalization, the
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Photodetectors based on MAPI-C0 crystals show response
times in tens of milliseconds (tON = 61 ms, tOFF = 69 ms)
compared to slower response times of MAPI-C4 (tON = 190
ms, tOFF = 430 ms) and MAPI-D (tON = 1055 ms, tOFF = 60 ms)
ones. As response times are on time scales of 60−70 ms for
MAPI-C0 and 60−1000 ms for functionalized MAPI crystals,
we conclude that the organic capping agent has a signiﬁcant
inﬂuence on the charge carrier transport dynamics across
particle interfaces.49 Photogenerated charges are only generated
at the surface of MAPI (penetration depth of 460 nm
illumination is below 200 nm from the top) and need to be
separated by the external bias voltage (Figure S18).50 The
charges need to move down to the bottom of the electrodes
across several crystal surfaces. Alkyl-functionalized crystals
(MAPI-D) show much slower ON-times as thiophenefunctionalized particles (MAPI-C4). This, we attribute to a
higher energetic barrier generated by the dodecyl chain.
However, upon illumination the accumulation of photogenerated charges within each crystal may inﬂuence the
conductivity. Hence, charge transfer across crystal surfaces
can be favored due to a buildup of an internal electric ﬁeld
within each crystal. This may also lead to similar photocurrents
of around 60 mA for alkyl- and thiophene functionalized
microcrystals, as the conductivity across interfaces is enhanced.
Under dark conditions, this barrier cannot be overcome
anymore, in particular for MAPI-D crystals where OFF-times
are much shorter as for MAPI-C4. If there is no organic barrier
like in MAPI-C0, response times are much shorter and in the
range of literature values.51
In summary, our results show that functionalization
(conductive, isulating) inﬂuences the interparticle resistance
in the dark, as well as the photogenerated charge carrier kinetics
under illumination.
Stability of Particle-Based Photodetectors. Furthermore,
MAPI-C0 particles show a signiﬁcantly lower stability
compared to functionalized microcrystals as the current
decreases by more than 50% within the ﬁrst 2 min. This
ﬁnding can be directly related to the small crystallite size, which
results in high areas of unfunctionalized surfaces toward
degradation reactions. Experiments were conducted under
inert atmosphere, hence, degradation due to moisture can be
excluded. Additionally, ion migration has to be considered
under bias conditions, especially due to the diﬀerent grain
boundaries and crystal quality.28,52 Ion migration is observed
clearly in MAPI-C0 (polycrystalline sample) indicated by a drift
in the baseline.
Thus, crystal quality and size play a major role for the
stability under illuminating conditions. Similar to these
improved electronic properties, spectroscopic investigations
revealed superior trap state passivation by thiophene cappers,
which will be published elsewhere.

at the electrodes and initiate a charge transfer between adjacent
microcrystals (see Figure S17).47 This interparticle conductivity
can be signiﬁcantly enhanced in MAPI-C0 as there is no
isolating barrier and further of 2 orders of magnitude in MAPIC4 microcrystals, in which 4HTAI thiophene molecules are
adsorbed on the surface. Thus, a decrease of the interparticle
distance in MAPI-C4 and MAPI-D crystals could lead to an
improvement in conductivity. Assuming that both capping
agents interact with the containing ammonium headgroup in
the A-site of the perovskite structure, almost similar
interparticle distances are expected (C10 vs C12 for MAPIC4 and MAPI-D, respectively). On the contrary, an enhancement in interparticle charge transport could be either caused by
the conductive nature of the thiophene itself, or by a
passivation of surface trap states of MAPI, for example, by
coordinating with its sulfur atom, as revealed by a photoluminescence measurements, which will be published elsewhere.
Performance of Particle-Based Photodetectors. We found
that the performance and stability of particle-based photodetectors is crucial to the surface functionalization and particle
size. Therefore, photodetectors of MAPI-C4, MAPI-D, and
MAPI-C0 with an average ﬁlm thickness of 20 μm were
investigated under illumination of a blue LED (λ = 460 nm,
intensity =40 mW/cm2) from the top and a bias of 3 V. By
illumination, photogenerated charge carriers on the surface
need to be transported through the MAPI-crystal grains and
injected into the electrodes (see Figure S18). The on/oﬀ
performances of the particle-based photodetecors are summarized in Figure 5.
Functionalized microcrystals MAPI-C4 (Figure 4a) and
MAPI-D (Figure 4b) show both a high current response of
about 60 nA, while MAPI-C0 polycrystalline detectors (Figure
4c) reach a maximum of 30 nA. As all devices have same
thicknesses (20 μm) the collected charge carrier densities under
illumination are improved for functionalized microcrystals
(MAPI-D and MAPI-C4). We attribute this observation to
less crystal interfaces in microcrystal based detectors for MAPID and MAPI-C4, as a result of increased crystal size. Further,
the functionalization may attribute to a beneﬁcial passivation of
surface trap states.
A key value for photodetecors is the responsivity, which takes
the active are of the detector into account. In our devices, large
areas of 2.21 cm2 lead to 0.65 mA W−1 for MAPI-C4, 0.71 mA
W−1 for MAPI-D and 0.33 mA W−1 for MAPI-C0. Although
the values are below those reported in literature for MAPI
photodetectors (factor 100 for responsivity), we want to note
that device areas are generally in the submicrometer range
(10−2 μm2).48 Here, prototype photodetecors are assembled
with regard of analyzing crystal surfaces and their passivation in
this particle-based devices. While thick ﬁlms are not beneﬁcial
for the performance, charge transport across several crystal
surfaces becomes more important as their number gets
increased through the device thickness.
Diﬀerent functionalities in MAPI crystals are expected to
change charge carrier dynamics through the particle based
detectors, as functional groups at the surface can act as
additional barrier layer between grain boundaries. Therefore,
response times of the presented photodetectors can reveal
charge transport kinetics in particle-based devices, dependent
on the carrying functionality of MAPI crystals. Rise- and decay
times of the photocurrent are extracted from the second on/oﬀ
turn of all photodetectors (see Figure S19).

■

CONCLUSION
In summary, we successfully applied the designed thiophene
capping agent (4-Hexylthiophen-2-yl)methylammonium iodide
(4HTAI) [C] in the synthesis of MAPI microcrystals from the
single source precursor CH3NH3PbI3TEG2. We found that
single crystalline microrods can be synthesized due to the
sterical demanding molecule architecture, which leads to a
preferential functionalization of (h00) and (0k0) MAPI
surfaces. The charge transport properties were characterized
by I−V measurements in the dark, revealing an enhanced
conductivity of 2 orders of magnitude for holes in thiophene
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functionalized devices compared to random sized unfunctionalized particles MAPI-C0 and dodecyl functionalized microscale
cuboids MAPI-D. In large-area photodetector prototype
devices (2.21 cm2), the thiophene functionalization improves
the response times due to the interparticle charge transport
(tON = 190 ms, tOFF = 430 ms) compared to alkyl-functionalized
particles (tON = 1055 ms, tOFF = 60 ms), at similar responsivities
of 0.65 mA W−1 and 0.71 mA W−1, respectively. Further, the
surface functionalization and crystal grains on the micrometer
scale improve the device stability. This study supports the
importance of functionalizing MAPI to reduce surface defects
to enhance charge transport properties and stability in
optoelectronic devices.
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EXPERIMENTAL DETAILS
All chemicals were purchased at Sigma Aldrich. Solvents were dried prior to use with common procedures.
Methylammonium iodide was synthesized with a common literature known procedure using Methylamine in
EtOH and aqueous hydrogen iodide (not stabilized), followed by recrystallization from EtOH/Et2O for
purification. PbI2 was dried in vacuum at 60 °C for 12 hours prior to use.
Synthesis of 3-Hexylthiophene [2]. To a solution of Mg (10.21 g, 0.42 mol) in 175 mL of dry ether, 1bromohexane (34.7 g, 0.21 mol) was slowly added at 0° C under N2 atmosphere. The solution was then heated
to reflux for 2 h. The prepared Grignard reagent was added into an one-necked flask containing 3bromothiophene (17.1 g, 0.105 mol) and Ni(dppp)Cl2 (0.38 g, 0.7 mmol) in 175 mL of dry ether, and the
reaction was stirred overnight at room temperature. After completing the reaction cycle, the solution was
purged into cold water and three times extracted with 100 mL of ether. The combined organic phase was
washed with water, dried over anhydrous MgSO4, filtered, and concentrated. The purification step was carried
out via silica column chromatography, using hexane as eluent. After concentration, (15.1 g) 3-hexylthiophene
was obtained as colorless oil (0.09 mol, yield 85%).
1

H NMR (δ, CDCl3): 7.21 (m, 1H), 6.90 (m, 2H), 2.61 (t, 2H), 1.61 (m, 2H), 1.29 (m, 6H), 0.87 (t, 3H).

13

C NMR (δ, CDCl3): 143.2; 128.2; 125.0; 119.7; 31.7; 30.6; 30.3; 29.0; 22.6; 14.1.

Synthesis of 4-Hexylthiophene-2-carbaldehyde [3]. To a diethyl ether (400 mL) solution of 3Hexylthiophene (15.1 g), 47.5 mL of a tert-Butyllithium solution (1.9 M in Hexane) was added drop wise at 78 °C under a nitrogen atmosphere. After 2 h stirring at -78 °C, 9.0 mL anhydrous DMF were added to the
solution, and the mixture was stirred another 2 h at -78 °C and 20 h at ambient temperature. It was hydrolyzed
with 50 mL of a saturated aqueous ammonium chloride solution followed by the addition of 200 mL diethyl
ether. The organic Layer was washed several times with 200 mL of water and dried over magnesium sulfate.
The solvent was removed under vacuum. Purification of 4-Hexylthiophene-2-carbaldeyde was achieved by
distillation at reduced pressure at 82 °C.
1

H-NMR (400 MHz, CDCl3) δ (ppm) = 9.86 (s, 1H, COH), 7.59 (d, 1H, CH), 7.36 (d, 1H, CH), 2.63 (t,
2H, CH2), 1.62 (m, 2H, CH2), 1.30 (m, 6H, CH2), 0.88 (t, 3H, CH3).
Synthesis of 4-Hexylthiophene-2-carbonitrile [5]. A solution mixture of 13.3 g 4-hexylthiophene-2carbaldehyde and 7.5 g hydroxylamine hydrochloride salt in 70 mL of a 1:1-mixture of ethanol and pyridine
was stirred at 100 °C overnight. Then the solvent was removed under vacuum. The residue was dissolved in
120 mL chloroform and the solution was washed three times with 80 mL distilled water and dried over
magnesium sulfate. The solvent was removed under vacuum, and the waxy residue was dissolved in 40 mL
acetic anhydride containing 0.25 g potassium acetate and then refluxed overnight. After addition of 100 mL
water, the mixture was extracted three times with 60 mL hexane. The organic phase was washed with 100 mL
of a 5% aqueous sodium hydroxide solution and several times with water, dried over anhydrous magnesium
sulfate before the solvent was removed under vacuum. The yellow liquid residue was purified by distillation
under reduced pressure at 100 °C.
1

H-NMR (400 MHz, CDCl3) δ (ppm) = 7.43 (d, 1H, CH), 7.18 (d, 1H, CH), 2.60 (t, 2H, CH2), 1.59 (m,
2H, CH2), 1.29 (m, 6H, CH2), 0.87 (t, 3H, CH3).
13

C-NMR (400MHz, CDCl3): 144.1; 138.2; 127.4; 114.4; 109.3; 31.4; 30.2; 29.9; 28.7; 22.5; 14.0.
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Synthesis of (4-Hexylthiophen-2-yl)methylammonium iodide [7]. To a solution of 7.5 g 4Hexylthiophene-2-carbonitrile in 400 mL diethyl ether, 4.45 g Lithium aluminum hydride was slowly added at
0 °C. After stirring at ambient temperature overnight, the mixture was hydrolyzed by addition of 50 mL of
water at 0 °C. The organic phase was dried over anhydrous magnesium sulfate and the solvent was removed
under vacuum. The residue was solved in 150 mL 1,4-dioxane and 5,2 mL HI (57 wt%, 77,0 mmol) was added
dropwise under vigorous stirring at RT. After stirring for 12 h, the solvent was removed under vacuum at 60
°C. The raw product was washed with Et2O, recrystallized in EtOH/Et2O and dried at 60 °C under vacuum
yielding a white powder.
1

H-NMR (400 MHz, DMSO-d6) δ (ppm) = 8.11 (s, 3H, NH3+), 7.18 (s, 1H, CH), 7.06 (s, 1H, CH), 4.19 (s,
2H, CH2), 2.53 (t, 2H, CH2), 1.54 (m, 2H, CH2), 1.27 (m, 6H, CH2), 0.86 (t, 3H, CH3).

13

C-NMR (400MHz, CDCl3): 143.1; 135.4; 130.6; 122.3; 37.6; 31.5; 30.4; 30.1; 28.8; 22.5; 14.4.

Elemental analysis (C11H20NSI): Calc: C = 40.62, N = 4.31, H = 6.20, S = 9.86, Exp: C = 40.49,
N = 4.40, H = 6.15, S = 9.0. ESI-MS: m/z = [M-NH3]+ 181.1 u., 182.1 u, 183.1 u.

Table S1. Detailed synthesis protocol of MAPI samples
Sample number Capper
MAPI-C0
MAPI-C1
MAPI-C2
MAPI-C3
MAPI-C4
MAPI-D

4HTAI
DAI

CPrecursor
(MAI)

CPrecursor
(PbI2)

CPrecursor
CCH2Cl2
VPrecursor VCH2Cl2
(Capper) (Capper)
1 mM
2 mM
263 mM 100 mM
200 μL 30 mL
135 mM
3 mM
4 mM
1.2 mM
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Figure S1. 1H –NMR of (4-hexylthiophen-2-yl)methylammonium iodide 4HTAI

1

H-NMR (400 MHz, DMSO-d6) δ (ppm) = 8.11 (s, 3H, NH3+), 7.18 (s, 1H, CH), 7.06 (s, 1H, CH), 4.19 (s, 2H,
CH2), 2.53 (t, 2H, CH2), 1.54 (m, 2H, CH2), 1.27 (m, 6H, CH2), 0.86 (t, 3H, CH3)

Figure S2. ESI-MS of (4-hexylthiophen-2-yl)methylammonium iodide 4HTAI

ESI-MS measurement (black) shows a main signal at 181.1 u, 182.1 u and 183.1 u (positive mode) which
corresponds to the compound 4-HTAI (C11H20NSI) with the loss of an Ammonia group. Simulated signals are
in red bars. [M-NH3]+ 181.1 u, 182.1 u, 183.1 u.
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Figure S3. Photoluminescence kinetic of MAPI-D microcrystal synthesis

In-situ photoluminescence spectra acquired at λexc = 450 nm with time evolving from black to grey.
Spectra are acquired every 80 seconds. Clearly visible are the low dimensional emission maxima
of MAPbI3 capped by dodecylammonium. Emission maxima at 580 nm, 616 nm and 650 nm,
and 674 nm can be assigned to distinct low dimensional Ruddlesden-Popper layers of
DA2PbI4(MA)n-1PbnI3n+1 with n =1, 2, 3 and 4, respectively. Over time, the fluorescence of MAPbI3
arises (n∞ = 770 nm), while low dimensional emission signals dissapear. This clearly proves a
layer by layer growth using dodecylammonium iodide (DAI) as capping agent as published
earlier (see Reference [37]).

Figure S4. PXRD of the MAPI-C0 to MAPI-C4 series

(a) Powder x-ray diffraction analysis of MAPI-C0 to MAPI-C4 with reference pattern.
(b) Gaussian fit function (purple) of the (004) signal in grey and (220) signal in orange.
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Figure S5. SEM micrographs of the MAPI-C0 to MAPI-C4 series

SEM micrographs of (a) MAPI-C1, (b) MAPI-C2, (c) MAPI-C3, (d) MAPI-C4 and (e) MAPI-C0,
scale bars ≅ 2 μm respectively.
Figure S6. Possible MAPbI3 crystal coordination

Dimensions of possible coordination sites for capping agents at (001) lattice surface in yellow and
(010) lattice surface in blue.
S-6

Figure S7. Solid UV/Vis analysis in the integrating sphere and Kubelka Munk evaluation of
MAPI-C4

(a) Diffuse reflectance spectra of MAPI-C4 is shown as a representative example of the MAPI-C
series. (b) Kubelka Munk analysis was performed to determine the bandgap. The bandgap for the
MAPI-C series is 1.52 eV.
Figure S8. Photo-electron spectroscopy in air (PESA) of MAPI-C4

Valence band analysis derived from PESA measurements with MAPI-C4 as an example
(-5.30 eV). VBM of MAPI-C0 (-5.32 eV), MAPI-C1 (-5.37 eV), MAPIC-2 (-5.33 eV), and MAPIC3 (-5.31 eV).
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Figure S9. XRD analysis of MAPI-D

PXRD of sample MAPI-D with indexed reference pattern.
Figure S10. SEM analysis of MAPI-D

SEM micrographs of MAPI-D showing the cuboid morphology, scale bars ≅ 2 μm.
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Figure S10. Solid UV/Vis analysis in the integrating sphere and Kubelka Munk evaluation of
MAPI-D

(a) Diffuse reflection spectra of MAPI-D. (b) Kubelka Munk analysis was performed to determine
the bandgap of 1.53 eV.
Figure S11. Photo-electron spectroscopy in air (PESA) of MAPI-D

Valence band analysis derived from PESA measurements of MAPI-D giving a value of
-5.47 eV.
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Figure S12. Quantification of surface functionalization for MAPI-C4

By comparing the integral ratio of the assigned signals the degree of functionalization was calculated.
For 4HTA+ the signals of the hexyl end group (cyan) and aromatic thiophene protons (yellow) and
for MA+ (grey) were integrated. It should be mentioned, that also TEG (triethylene glycol) was
found to be present on the surface. Ratios per molecule are 4HTA+:MA+:TEG = 1: 980 : 4.
Figure S13. Quantification of surface functionalization for MAPI-D

The degree of functionalization with Dodecylammonium (DA+) was calculated by comparing the
integral of the dodecyl-chain in cyan with the methylammonium signal (MA+) in grey. It should be
mentioned, that also TEG (triethylene glycol) was found to be present on the surface. Ratio
DA+:MA+:TEG = 1:100:0.25.
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Figure S14. Quantification of surface functionalization for MAPI-C0

The degree of functionalization of TEG (Triethylene glycol) was evaluated by comparing its integral
in purple with the methyl ammonium signal (MA+) in grey. Ratio MA+:TEG = 320:1.
Figure S15. SEM micrograph of a sensor grid

Sensor grids used from the company “Umweltsensortechnik” for I-V investigations, with an active
area of 18.0 mm x 12.3 mm = 221 mm2 and Pt conductor paths on Al2O3. The average distance of
conductor paths is 33.5 µm. Scale bar 200 µm.
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Figure S16. I-V measurements in the dark for particle based MAPI materials

Dark I-V measurements of 4HTAI capped MAPI-C4 (black), uncapped MAPI-C0 (blue) and
dodecylammonium capped MAPI-D (red) particles.

Figure S17. Energetic barriers in (functionalized) MAPI interfaces

(a) Schematic image of proposed interfaces in MAPI. On the left unfunctionalized surfaces (MAPIC0), middle thiophene-functionalized (MAPI-C4) and right alkyl-chain functionalized (MAPI-D)
MAPI surfaces, with the organic headgroup (NH3+) sitting in the A site of the perovskite structure.
(b) Qualitative description of the energetic levels of valence band (VB) and conduction band (CB)
of MAPI. On the left surface states with unknown energy levels for MAPI-C0, on the middle the
interface of thiophene HOMO-LUMO and on the right alkyl HOMO-LUMO transition.
S-12

Figure S18. Schematic image of charge carrier pathways in particle based photodetectors

Illustrative cross-section in particle-based photodetectors with an average conductor path distance of
~35 µm and a thickness of ~20 µm. (i) In the dark, the charge transport across grain boundaries
occurs between the electrodes with an average distance of ~35 µm due to the electric field of the
applied voltage. (ii) Under illumination with light ON/light OFF experiments, photo-generated
charges at the MAPI surface are extracted to the electrodes to generate the signal. Therefore, a
constant bias is applied to generate a potential, which separates electrons (e-) and holes (h+) to the
injecting electrodes.

Figure S19. Response-times determination of particle based photodetectors

Response time of the 2nd ON/OFF sweep by illumination with a blue LED (λ = 460 nm,
I = 40 mW/cm2) at a bias of 3 V in particle based photodetectors depicted in cyan bars. “ON” and
“OFF” was defined as above 90 % and below 10 % threshold of the total photo-current, respectively.
(a) MAPI-C4 with tON = 190 ms, tOFF = 430 ms, (b) MAPI-D with tON = 1055 ms, tOFF = 60 ms and
(c) MAPI-C0 with tON = 61 ms, tOFF = 69 ms.
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Facet-controlled preparation of hybrid perovskite
microcrystals in the gas phase and the remarkable
effect on optoelectronic properties†
T. Kollek
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Within only a few years, hybrid perovskites have become one of the most intriguing semiconductors in different light-harvesting and light-emitting applications. Their optimization for targeting technological implementation can only be achieved if one gathers knowledge of their fundamental material properties and
how they are influenced by factors like composition, particle size, and shape. Not only is shaping hybrid
perovskite particles difficult, but capping agents binding to crystal surfaces might influence the intrinsic
properties as well. We present a new aerosol-assisted crystallization with a liquid single-source precursor
for making shaped CH3NH3PbBr3 crystals with “naked facets”. The formation of microcrystals with either
Received 4th May 2017,
Accepted 6th July 2017

predominant (001) facets or the less favorable (011) facets is achieved. We were able to assemble the particles in a defined orientation on a substrate to investigate the facet influence on the optical properties. We
find not only a pronounced influence on the lifetime of the photo-generated charge carriers, but also a
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shift in the photoluminescence energy, and, using confocal fluorescence spectroscopy, a facet-dependent
local enhancement of the fluorescence features. Our study demonstrates that the particle shape is an im-
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portant tool to modify the properties of hybrid perovskites for optoelectronic applications.

Introduction
Technologies based on semiconductors have entered many
areas of everyday life. No matter if their designated application is in photovoltaics, light emission, photocatalysis or
photodetection, the coupling of light with the propagation of
charge carriers represents the common link. Therefore, great
interest exists in understanding and controlling optoelectronic properties of semiconductor materials. Scientists have
gathered profound insights from their research on materials
like silicon (Si), II/VI compounds like cadmium selenide
(CdSe) and III/V compounds like gallium nitride (GaN), or titania (TiO2). Although the mentioned materials were
established several decades ago, very recently a new semiconductor class moved into the center of this enormous area of
research activity, the so-called hybrid perovskites (HYPEs) like
MAPbX3 (MA = CH3NH3+, X = I−, Br−, Cl−) as a representative
example. A non-negligible factor that governs the hype about
HYPEs is their easy preparation from salt solutions following
a precipitation scheme. However, one has also learned in the
Department of Chemistry, University of Konstanz, D-78457 Konstanz, Germany.
E-mail: Sebastian.polarz@uni-konstanz.de
† Electronic supplementary information (ESI) available: Experimental details of
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meantime that HYPEs are very complex solids, and the generation of nano-architectures, e.g. defined particles, poses some
major difficulties.1
In addition to composition and size, outstanding physical
properties may also depend on crystal morphology.2–4 A typical case was published by Huang and co-workers, who
showed a shape–property relationship for the semiconductor
Cu2O.5 Single cubic particles or octahedra lead to drastic
changes in electrical conductivity and photocatalytic activity.
The shape of a crystal correlates to the type and abundance
of facets, and the latter is a consequence of the sequence and
absolute values in the energy of the respective surface. Because surface energies alter significantly due to adsorption,
the most common way to influence crystal shape is the use of
capping agents. Although there exist many approaches for
the crystallization of MAPbX3, the control over particle orientation, shape, and size is still challenging.6 One also has to
consider the variety of cluster chemistries involved during
precipitation from mixed salt solutions of PbX2 and MAX in
solvents like dimethylsulfoxide (DMSO), dimethylformamide
(DMF) or γ-butyrolactone (GBL).7 The clusters influence crystallization pathways which lead to a mixture of MAPbX3 morphology formations with different sizes and shapes.8 Therefore, delicate processing is mandatory to obtain defined
single crystals9,10 or to grow them in spatially defined
spaces.11 With these methods, crystallization along the crystallographic family of directions <100> (≅ directions [100],
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[−100], [010], [0−10], [001], [00−1]) is usually achieved which
ultimately leads to cubic particles in the case of MAPbBr3.
Only a few examples can be found in the literature, where
control along a different family of crystallization directions is
achieved in hybrid perovskites. Cho et al. presented an excellent work on well-oriented MAPbI3 films along the <110>-direction, which led to anisotropic charge carrier transport.12
Zhu and co-workers recently published a versatile topotactic
attachment approach for oriented hybrid perovskite films
which revealed a significant enhancement in carrier mobility
by reducing trap densities compared to the state of the art
polycrystalline films.13 Thus, the investigation of crystal orientation and facets represents an important issue in current
research on hybrid perovskites.14
By utilizing capping-agents, the chemical nature of the
interface changes which hinders the identification of the origin of the physical effects. Shape and, thus, facet control via
routes avoiding any capping agent represents a challenging
task. The capping agent cannot be simply omitted because in
the liquid phase it is also responsible for the colloidal stabilization of the growing crystal in the dispersion.15–17 The production of shape-defined crystals by an aerosol method represents an attractive alternative because the particles are
separated in the gas-phase, which prevents Ostwald-ripening
and grants omission of capping agents. From our work on
the gas-phase synthesis of various ZnO nanostructures, we
know that salts as precursors are very unfavorable compared
to molecular single-source precursors.18–21 We established in
2015 for the first time a single-source precursor system for
the preparation of porous single crystals of MAPbI3 using an
anti-solvent method.22 By changing the molecular architecture of the precursor, we finally succeeded in shifting the
melting point below room temperature,23 which opened the
synthetic pathway for the thermally activated formation of
MAPbI3. The availability of a single-source precursor, which
is liquid in nature, and the thermal reaction pathway open
up the possibility for the gas-phase preparation of HYPEs.
Here, we describe the generation of a new single source
precursor for the bromine system MAPbBr3 which has an intrinsically enhanced photostability compared to the iodine
system, which was nicely documented by Katz and coworkers.24 Then, we utilize the precursor in an aerosolassisted process, and the resulting HYPE particles are characterized with a focus on the crystal shape. Finally, the optical
properties are determined under consideration of the facets
of the crystals.

Results and discussion
The liquid single source precursor for MAPbBr3
The precursor [1] was synthesized by reacting PbBr2 and
MABr in triethylene glycol (TEG). Further details are given in
the ESI.† According to differential scanning calorimetry
(DSC), the melting point of the compound is slightly above
room temperature, between ≈35–40 °C (see ESI,† Fig. S-1).
Single crystals could be grown from the melt and were ana-
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lyzed by X-ray diffraction methods. The resolved structure is
shown in Fig. 1. Each Pb2+ is coordinated by six Br−. The
face-sharing of the octahedra leads to ([PbBr3]−∞) chains arranged in a hexagonal packing. Each MA cation is coordinated by two TEG units, and this leads to a large and weakly
interacting counter ion. The solid-state arrangement of [1]
can be seen as an analog of the CsNiBr3 structure, which is
known for perovskites if the size of the cation is too large to
fit into the cuboctahedral void of the inorganic network.25
The weak interaction between MA+ and [PbBr3]−∞ is documented by the large average Pb–N distance (6.827(2) Å) and
an expanded cell volume of V = 4768.7(6) Å3, and it is the key
for the low melting point.
Melting of [1] into a homogeneous liquid was observed by
optical microscopy (see Fig. 1c). We assume the melt [2] consists of short, randomly oriented [PbBr3]−n chains and
MATEG2+. The melt is stable at temperatures between 35–65 °C.
At 70 °C the formation of MAPbBr3 [3] is initiated, which
can be seen from the forming crystals. Presumably, at this
temperature the weak binding energy between TEG and MA+
is overcome and free MA+ exists leading to the crystallization
of the perovskite. The rate of MAPbBr3 formation can be adjusted via the temperature, and at 120 °C complete conversion takes only several seconds as proven by in situ powder
X-ray diffraction (PXRD) shown in ESI,† Fig. S-2. The concentration of the cation also has a significant influence on the
reaction rate which is an important observation (see ESI,†
Fig. S-3). The rate is the slowest for the exact, equimolar ratio
of MA+ to PbBr3−. HYPE generation accelerates when an MA+
excess is present. Kinetic information can be acquired from
time-dependent UV/vis measurements recorded at a fixed
wavelength of λ = 500 nm, which traces the crystallization of
MAPbBr3 (Egap,Bulk = 2.21 eV ⇒ λ = 551 nm). A reasonable hypothesis for the described effect is the stronger fragmentation towards shorter chains because additional MA+ can stabilize the terminal polymeric end group(s) with a [PbBr4]2−
character. Shorter [PbBr3]−n chains will react faster with the
product [3]. Hints for this model can be obtained from the
UV/vis data (see ESI,† Fig. S-4), because the absorption shoulder between 270–300 nm in the spectrum of the precursor
melt [2] is indicative of the number of such terminal groups.7
The decrease of the absorption for an excess of MA+ is, thus,
in agreement with the shortening of the [PbBr3]−n chains.
Particle synthesis in the gas-phase
The procedure used for the generation of MAPbBr3 particles
is represented in Scheme 1. A spray of the precursor in its liquid state is passed through a tubular oven with nitrogen as
carrier gas; further details are given in the ESI.† Conversion
into MAPbBr3 is achieved at T = 150 °C in the hot zone. It is
important to note that crystallization of [3] is a consequence
of the direct thermal reaction and not caused by the evaporation of any solvent (b.p.(TEG) = 285 °C). The moderate temperatures and short duration in heat prevent the material to
degrade, which usually occurs above 200 °C in a thin film

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Conversion sequence of the single-source precursor to the perovskite via the melt. Chemical equation (a), structural transition (b) and optical microscopy data (c; scale bar ≅25 μm). The structure of the precursor [1] was determined from X-ray diffraction single crystal analysis. PbBr3−
is depicted as orange octahedra and TEG and MA+ are shown as gray and blue/gray stick models, respectively.

architecture.26 The particles are collected on a substrate (e.g.
glass, silicon) or a filter system and were analyzed without
any further processing. One sample was produced by applying an equimolar amount of MA+ (sample denoted as MAPBr110), and for accelerating the perovskite formation kinetics
(see the previous section) a 0.3 mol excess of MA+ was used
(sample MAPBr-100). In Fig. 2 PXRD measurements are
shown for both samples which both consist of phase pure
MAPbBr3.
Obviously, there must be a major difference in the crystal growth considering the intensity variation of the signal
set which either corresponds to the lattice plane (011) and
(022) for MAPBr-110 (blue) or (001) and (002) for MAPBr100 (red). These findings can be explained by different crystal orientations (see Fig. 2b). As we only observe one set of
patterns in each sample, we can conclude that the vast majority of crystals exhibit either (110) or (100) lattice planes
perpendicular to the substrate. The scanning electron
microscopy (SEM) images shown in Fig. 3 confirm the
PXRD results on the defined orientation of the particles.

Scheme 1 Set-up for the generation of hybrid perovskite particles in
the gas-phase.

This journal is © The Royal Society of Chemistry 2017

The orientation seems to depend on the shape of the crystals, which obviously is different for MAPBr-110 compared
to that for MAPBr-100 (Fig. 3a and b). Because the size of
the particles is in the micrometer range, it is very easy to
determine the shape of individual crystals. Detailed facet
analysis is shown in Fig. 3c and d. The particles in the
MAPBr-110 sample are characterized by a hexagonal facet
pointing upward with lattice angles of α ≅ 110° and β ≅
125°. By additionally considering the PXRD data, we can assign the (010) plane in the top view of the MAPBr-110
microcrystal which is in good agreement with the theoretically expected lattice angles of α ≅ 110° and β ≅ 125°

Fig. 2 (a) PXRD of MAPBr-110 (blue) and MAPBr-100 (red) by the aerosol assisted gas-phase synthesis on silicon substrates. (b) Sketch of the
crystal dependent orientation of the MAPbBr3 inorganic network in the
<100> and <110>-directions on a substrate, respectively. Lattice
planes are indexed perpendicular to the substrate.
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firms moisture instability of specific facets in MAPbBr3
perovskites.
The latter conclusion is supported by a more detailed reconsideration of the PXRD measurements. We observe a shift
of the peak position in MAPBr-110 of Δ2θ110Ĳ°) = 0.0215(4)
and MAPBr-100 of Δ2θ100Ĳ°) = 0.0057(4) which indicates an expansion of the unit cell by 0.3% and 0.12%, respectively (see
ESI,† Fig. S-7). The expansion of the weak, ionic lattice may
be induced due to the formation of different MAPBr-surfaces.
The (110)-surfaces differ from the (100)-surfaces in the MA+
coordination and termination of the inorganic (PbBr3−) network. In the MAPBr-100 material, MA+ is much easier to access due to the corner termination of PbBr3− octahedra. The
structural difference could lead to a smaller surface distortion for the case of the MAPBr-110 material with edge terminated surfaces. Thus, coordination of the remaining TEG
molecules via hydrogen bonding to an MA+ terminated surface which results in a surface distortion is possible.28
Shape–property correlations

Fig. 3 Morphology and facet analysis of particles in sample MAPBr110 (a, c and e) and sample MAPBr-100 (b, d and f). SEM micrographs
of the particle ensemble, scale bar ≅5 μm (top images), one single
crystal scale bar ≅500 nm (middle images), and structure of the main
surface (bottom image). The angles and lattice planes corresponding
to the facets are labeled with Greek letters and Miller indices with
color coding.

derived from the single crystal X-ray data (see ESI,† Fig. S5). Thus, the tangent crystal planes are (011), (110) and
(010) and their symmetry equivalents. The abundance of
the (110)-surface type is high.
The situation changes for the MAPBr-100 microcrystals
(Fig. 3b and d). Here, the morphology consists of a dominant ratio of (100)-facets and symmetry equivalents. Because we have not used a capping agent during the preparation of the particles, we can assume that the naked
surfaces correspond directly to the respective lattice
planes. Thus, MAPBr-110 particles are terminated by edges
of PbBr3− octahedra (see Fig. 3e) or corners of PbBr3− octahedra (Fig. 3f) in the case of MAPBr-100. One has to
note that the surface of the (100)-facets and equivalents
appears to be rough, compared to (110)-facets (see ESI,†
Fig. S-6). This observation confirms previously reported
studies about anisotropic moisture degradation in MAPbI3
due to the easy access to the MA+ in the channels of the
inorganic network.27 We observe etched particle surfaces
only along the <100>-direction as well, which further con-
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The synthesized MAPbBr3 particles in the micrometer range
with well-oriented crystals along the <110>- or <100>direction represent ideal model systems to investigate how
the shape (and exposed crystal facets) influences the optical
properties of the semiconductor. UV-vis-spectroscopy in combination with photoluminescence (PL) studies can be a powerful tool to investigate the bulk and surface related features
in hybrid perovskite single crystals like MAPbBr3.29 As distortions or defects on the surface are known to mask the bulk
properties of the single crystal, we expect a pronounced effect
in the micrometer-sized particles. In Fig. 4(a) UV-vis spectra
in diffuse reflexion, as well as PL emission spectra for excitation at λ = 485 nm, are plotted for MAPBr-110 in blue, and
MAPbBr-100 in red.
By Kubelka–Munk-analysis of diffuse reflectance spectra
(see ESI,† Fig. S-8) we find comparable band gaps of 2.26 eV
and 2.25 eV for MAPBr-110 and MAPBr-100, which are in accordance with the microcrystalline MAPbBr3 particles.30 As UVvis spectra are dominated by the bulk properties of MAPBr,
we further conducted steady-state PL measurements at λexc =
485 nm with an intensity of ≈2 μJ cm−2 to excite charge carriers close to the surface.31 Thus, we can differentiate between the influence of crystal surfaces in MAPBr-110 and
MAPBr-100 due to the well-defined crystal orientation and
morphology. In particular, MAPBr-110 shows a blue-shifted
PL emission maximum of λexc485nm = 543.6 nm with increased
broadening compared to λexc485nm = 547.4 nm for MAPBr-100.
As hybrid perovskites like MAPbBr3 (ref. 30) and MAPbI3
(ref. 32) are well known to show a linear dependence of the
band gap emission on the crystallite size, we counted 200 individual particles which were collected on filter paper to take
the particle size distributions into account (see Fig. S-9†). For
MAPBr-110 a particle size distribution of 874 ± 454 nm is
obtained which is slightly broader than 752 ± 277 nm of
MAPBr-100. Thus, the PL maximum correlates linearly with

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Optical characterization of MAPBr-110 (blue) and MAPBr-100 (red). (a) Combined UV-vis-(dotted line) and PL-spectra (solid line) with the
PL emission maxima at λexc485nm = 543.6 nm (blue) and λexc485nm = 547.4 nm (red). (b) Corresponding PL-lifetime measurements at emission maxima of with the IRF (gray). (c) Schematic crystal orientation with indicated relative surface defects and band gaps of the surface and bulk.

crystal sizes between <1 μm and 500 μm as shown by Zhang
et al. for MAPBr3.30 The presented particle size distributions
in this study range from 400 nm to 2.5 microns for both samples which accordingly corresponds to a negligible shift of
<1 nm in the band gap emission.
Additionally, we performed wavelength dependent fluorescence microscopy using individual particles with varying size
(see ESI,† Fig. S-10). Thereby, particles show a blue-shift in
the band gap emission of approximately 5 nm between the
MAPBr-110 to MAPBr-100 samples independent of the particle size which is consistent with the findings from steady
state fluorescence spectroscopy measurements (see Fig. 4a).
Therefore, we conclude that the blue-shift originates from
the shape with its abundant facets and not from the size.
The crystal-surface dependent band gap derived from PL
measurements was calculated to be 2.28 eV (MAPBr-110) and
2.26 eV (MAPBr-100). The band gaps increased, compared to
those of bulk MAPbBr3 (2.21 eV (ref. 33)) which is known to
be related to surface distortion (lattice expansion) as well as
surface reconstruction in single crystals.29 Here, the effect is
even more pronounced due to microcrystalline particles. The
blue-shift in the PL emission spectrum follows the trend,
which was observed in the PXRD data. As the unit cellvolume of MAPBr-110 is slightly increased compared to that
of MAPBr-100 we can expect a change in the electronic properties due to less orbital overlap (see ESI,† Fig. S-7). Further,
it can be considered that the distortion of (PbBr3−) octahedra
is changing the energy levels at the surface and thus, widens
the optical band gap of MAPbBr3.34
The broadening of the PL emission peak in MAPBr-110
most likely originates from a side product of the favorable
<100> oriented MAPbBr3 crystals, which is in good agreement with the XRD data (Fig. 2a). In contrary to MAPBr-110,
we find no further orientation in the MAPBr-100 sample
which results in a narrow PL emission peak attributed to the
pure crystal orientation of <100>.
Time-dependent fluorescence measurements in Fig. 4b reveal the shorter charge carrier recombination dynamics of
MAPBr-110 (blue) compared to MAPBr-100 (red). As the total
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contributions of bulk and surface to PL are not known, and
the charge carrier recombination is affected by charge carrier
diffusion into the bulk, photo-recycling, and surface defects,
a (bi)exponential fit was not conducted.31,35 However, based
on the similar absorption coefficients of MAPBr-110 and
MAPBr-100, we assume similar excitation depths and can
compare the lifetimes on a qualitative basis. We observe
much shorter charge carrier lifetimes for MAPBr-110 compared to MAPBr-100 which indicates higher trap densities or
lower energy trap states at the <110>-oriented particle surfaces (see Fig. 4c).
To resolve the local facet dependent fluorescence features
which evolve from the difference in the shape and crystal orientation, we performed confocal fluorescence spectroscopy at

Fig. 5 Confocal fluorescence images at 488 nm laser excitation and a
detection window of 510–600 nm of (a) MAPBr-110 and (b) MAPBr-100
with an enlarged micrograph of individual particles, scale bar ≅10 μm.
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the same laser excitation of 488 nm with a fluorescence detection window of 510 nm to 600 nm in Fig. 5.
For MAPBr-110, we observe homogeneous fluorescence of
individual particles, as displayed in Fig. 5a. In contrast,
MAPBr-100 shows local fluorescence enhancements at the
edges and corners of the cubic (010) facet independent of the
particle size (see Fig. 5b). The investigation is a further hint
of the local shape dependent (facet dependent) fluorescence
properties of MAPBr3 crystals with different orientations. We
need to note that excitation laser powers of P10% = 7.3 μW
(MAPBr-110) and P6% = 3.2 μW (MAPBr-100) were used to image similar brightness which is a clear hint for different fluorescence quantum yields.

Conclusions
In summary, we have presented a new, aerosol-assisted
method for the preparation of defined MAPbBr3 micrometersized crystals. The development of a liquid precursor with
single-source properties was crucial for adopting this approach. The advantage of the gas-phase method is that particles of different crystal habits and, thus, various surface characteristics were accessible. Meanwhile, no capping agent was
used in this approach. Samples with oriented particles on silicon substrates were acquired, and this allowed the deduction of the influence of the surface structure of single
MAPbBr3 crystals. Two systems, one with predominant (110)
surfaces and one with (100) surfaces were compared to each
other. The particles possessing a high fraction of (100) surfaces show altered optoelectronic features like significantly
enhanced exciton lifetimes and a shape dependent locally enhanced photoluminescence intensity. In agreement with reports in the literature on other morphologies of the hybrid
perovskite materials in the micrometer range,36–38 the particle size leads to only a small deviation concerning the bandgap energy (ΔE ≈ 10 nm) in contrast to charge carrier lifetimes, which are affected significantly by different morphologies (Δt ≈ 70–100%).
Our work provides evidence of how important well-defined
crystal morphologies and orientations are in the field of hybrid perovskite semiconductors.

Experimental
Precursor synthesis and aerosol treatment
In a typical synthesis procedure, the precursor with an equivalent stoichiometric ratio of PbBr2 : MABr (1 : 1) was produced
by subsequently dissolving 550.5 mg PbBr2 (1.5 mmol) and
168.0 mg MABr (1.5 mmol) in 5 mL dry Triethylene glycol
(TEG) to yield a transparent liquid. The precursor with excess
PbBr2 : MABr (1 : 1.3) was synthesized accordingly. Both precursors were kept under dry conditions in a nitrogen atmosphere. The solid precursor MAPbBr3TEG2 crystallizes out
over time but can be dissolved at elevated temperatures of
35 °C. For the aerosol synthesis, 5 mL of the precursor solution were used to generate MAPBr-110 (1 : 1/PbBr2 : MABr) or
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MAPBr-100 (1 : 1.3/PbBr2 : MABr) materials, respectively.
Therefore, the precursor solution was kept under a nitrogen
atmosphere at 35 °C in a reservoir vessel equipped with a
suction tube to the aerosol reactor (TSI Inc., model 3076). A
constant volumetric nitrogen flow of 2.0 L min−1 was applied
to carry the generated droplets through a tubular oven
(length: 65 cm; diameter: 2.6 cm) at T = 150 °C. Orange
MAPbBr3 crystals were collected on various substrates (e.g. Si,
glass) or with a filter system and analyzed without further
purification.
Single crystal X-ray analysis
MAPbBr3TEG2 [1] was recrystallized from the melt, mounted
in inert oil and transferred to the cold gas stream of the diffractometer. The crystal structure is deposited on the Cambridge Crystallographic Structural Database (CCSD) with the
number 1538521. Single crystal X-ray data was collected using
a STOE IPDS-II with a graphite monochromator and a Mo-Kα
X-ray source. Crystal data. C13H34Br3NO8Pb, M = 779.33, orthorhombic, a = 7.7705(5), b = 21.1114Ĳ15), c = 29.069(2) Å, U
= 4768.7(6) Å3, T = 173 K, space group – P2bc2ac (no. 61), Z =
8, 20 078 reflections were measured, with 4977 being unique
(Rint = 0.0475), which were used in all calculations. The final
wRĲF 2) was 0.1340 (all data).
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EXPERIMENTAL DETAILS
Precursor synthesis and aerosol treatment. In a typical synthesis procedure, the precursor with
an equivalent stoichiometric ratio of PbBr2:MABr (1:1) MAPbBr3TEG2-eq was produced by
subsequently dissolving 550.5 mg PbBr2 (1.5 mmol) and 168.0 mg MABr (1.5 mmol) 5 mL dry
Triethelhylene glycol (TEG) to yield the transparent liquid. For MAPbBr3TEG2-ex a molar
ratio of PbBr2:MABr (1:1.3) was utilized, respectively. Both precursors were kept under dry
conditions in a nitrogen atmosphere. The solid precursor MAPbBr3TEG2 crystallizes out over
time but can be dissolved at elevated temperatures of 35 °C. For the aerosol synthesis, 5 mL of
the precursor solution MAPbBr3TEG2-eq or MAPbBr3TEG2-ex were used to generate MAPBr110 or MAPBr-100 materials, respectively. Therefore, the precursor solution was kept under a
nitrogen atmosphere at 35 °C in a reservoir vessel equipped with a suction tube to the aerosol
reactor (TSI Inc., model 3076). A constant volumetric nitrogen flow of 2.0 L/min was applied
to carry the generated droplets through a tubular oven (length: 65 cm; diameter 2.6 cm) at
T= 150 °C. Orange MAPbBr3 crystals were collected on various substrates (e.g. Si, glass) or
with a filter system and analyzed without further purification.
Single Crystal X-ray analysis. MAPbBr3TEG2 (1) was recrystallized from the melt, mounted
in inert oil and transferred to the cold gas stream of the diffractometer. The crystal structure is
deposited on the Cambridge Crystallographic Structural Database (CCSD) with the number
1538521. Single crystal X-ray data was collected on STOE IPDS-II with a graphite
monochromator and a Mo-K∂ x-ray source.
Crystal data. C13H34Br3NO8Pb, M = 779.33, orthorhombic, a = 7.7705(5), b= 21.1114(15), c =
29.069(2) Å, U = 4768.7(6) Å3, T = 173 K, space group -P2bc2ac (no.61), Z = 8, 20078
reflections measured, 4977 unique (Rint = 0.0475), which were used in all calculations. The
final wR(F2) was 0.1340 (all data). CCSD number is 1538521.
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Aerosol-synthesis. In a typical synthesis, a 0.3 M solution of PbBr2 and MABr in TEG (dry)
was used for the aerosol process. The clear transparent precursor solution was kept at 35°C to
prevent the crystallization of solid MAPbBr3TEG2. The MAPbBr3 microcrystals were
synthesized by a set-up of an aerosol reactor (TSI Inc., model 3076) at a volumetric flow of
2.0 L/min, followed by an oven (length: 65 cm; diameter 2.6 cm) at T=150 °C. Crystals were
collected on various substrates (e.g. Si, glass) or with a filter system.
Additional analytics. In-situ UV/VIS experiments were performed on a Cary 50 equipped
with a probe (slit 1 mm). DSC measurements were performed with a Netzsch DSC 204 F1
Phoenix. Powder X-ray diffraction analysis (PXRD) was performed on a Bruker AXS D8
advance diffractometer with a CU-Kα source with a Lynxeye XE detector. UV-Vis were
acquired on an Agilent Cary 5000 UV-Vis-NIR spectrometer, equipped with an integrated
sphere. SEM micrographs were taken on a Zeiss Crossbeam 1540XB equipped with InLens and
SE2 detector with an acceleration Voltage of 1-2 kV to prevent damage of MAPbBr3 caused by
the electron beam. Steady state and fluorescence lifetime measurements were performed on a
FluoTime 300 from Picoquant equipped with a laser λexc = 485 nm (P= 0.62 mW, F= 40 kHz,
Pρ≈ 0.08 W/cm2, Eρ≈ 2 µJ/cm2). Fluorescence microscopy was performed on a TCS SP5
confocal laser scanning microscope (Leica) using an oil immersion objective lens (63 x, 1.4
NA, HCX PLAPO, Leica) with an laser excitation of 488 nm (CW, P6%= 3.2 µW, P10%= 7.3 µW,
Pρ,6%≈ 0.84 W/cm2, Pρ,10%≈ 1.9 W/cm2) collecting wavelengths from 510- 600 nm. Wavelength
dependent fluorescence microscopy studies were performed with a detection window of 10 nm
from 500- 600 nm.
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Figure S-1. Differential Scanning Calorimetry Measurement of the crystalline precursor
MAPbBr3TEG2.

The precursor MAPbBr3TEG2 shows a broad melting range between 20-50°C with a maximum
(Tm= 41.6°C). The enthalpy of fusion is ΔHfus= 23.38 J/g.
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Figure S-2. PXRD kinetic of the conversion from MAPbBr3TEG2 to MAPbBr3.

The conversion of the crystalline precursor MAPbBr3TEG2 (Prec) to the melt (t= 0s) and further
conversion at T= 120°C for t= 5 s, 10 s and 60 s. MAPbBr3 reference pattern is indicated by orange bars.
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Figure S-3 UV-Vis conversion study of precursor melt with equimolar (MABr:PbBr2=1:1) and the
excess ratio of MABr (MABr:PbBr2=1.3:1).

UV-Vis trace at λ= 500 nm for the conversion to MAPBr precursor melt in the equimolar ratio (squares)
and excess of MABr (triangles) while heating up the precursor from 35°C to 70°C (12°C/min heating
rate).
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Figure S-4. UV-Vis of precursor melt with equimolar (MABr:PbBr2=1:1) and the excess ratio of
MABr (MABr:PbBr2=1.3:1).

UV-Vis spectra of the precursor melt in the equimolar ratio (black) and excess of MABr (red) with
indicated decrease in absorption tail which is related to long polymeric 1D (PbBr3)nn- chains.
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Figure S-5. Extracted lattice angles of <110> and <100>-oriented MAPbBr3 from single crystal
X-ray data.

Theoretical lattice angles α and β of MAPbBr3 in (a) <110> orientation with α 110° and β 125° and
(b) <100> orientation with α 90° and β 135°. Methyl ammonium cations were removed for clarity.
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Figure S-6. SEM micrograph of MAPBr with rough surface

SEM micrograph of MAPBr-100 microcrystals showing (a) rough (100)-surface as a top view, (b)
etched surface along <100> and (c) start of the etching in the center of the cubic MAPBr3, scale bar
≅ 1 µm.
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Figure S-7. Detailed PXRD analysis of MAPBr-110 and MAPBr-100.

Gauss fit in black and indicated MAPbBr3 reference signals in gray bars for the (a) (011)-signal of
MAPBr-110 and (b) (001)-signal in MAPBr-100 microcrystals. (c) Table of derived unit cell parameters
for <110> and <100> oriented microcrystals.
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Figure S-8. Kubelka Munk evaluation of MAPBr-110 and MAPBr-100 from diffuse reflectance
UV-Vis spectra.

Bandgap evaluation of MAPBr-110 Egap,<110>(eV)= 2.26 in blue and MAPBr-100 Egap,<100>(eV)= 2.25 in
red.
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Figure S-9. Particle size distribution analysis of MAPBr-110 and MAPBr-100 derived from SEM
micrographs (particles were collected on a filter paper in the aerosol process).

SEM micrograph of randomly oriented particles for the evaluation of the size distribution from the
aerosol process of (a) MAPBr-110 and (b) MAPBr-100, scale bar ≅ 2 µm. (c) Particle size distribution
evaluated from SEM micrographs by counting 200 individual particles of MAPBr-110
(874 nm± 454 nm) in blue and MAPBr-100 (752 nm ± 277nm) in red.
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Figure S-10. Wavelength dependent confocal fluorescence spectroscopy analysis at 488 nm laser
excitation with a wavelength detection window of 10 nm.

Wavelength dependent stack of confocal spectroscopy images of (a) individual MAPBr-110 particles
indicated by blue numbers with particle sizes from 430 nm to 1000 nm and (b) individual MAPbBr-100
particles indicated by red numbers with particle sizes from 750 nm to 1760 nm, scale bar 2 µm. (c)
Emission spectra of single particles derived from confocal fluorescence images of MAPBr-110 in blue
symbols and MAPBr-100 in red symbols with the Gaussian fit of the highlighted particles in (a) and (b)
with similar sizes 1 (blue) and 3 (red), respectively. A blue-shift of approximately 5-7 nm can be
extracted which is in good agreement with the shift in emission maxima derived from steady state
fluorescence data. Due to the resolution limit of 10 nm wavelength detection window the emission
maxima are only estimations. (d) Table of emission maxima derived by a Gaussian fit in correlation to
the particle size from single particle emission spectra. In the range of the particle size distribution, the
effect of the size on the emission spectra in MAPBr3 is negligible.
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