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Epitaxial Metal Halide Perovskites by Inkjet-Printing

on Various Substrates

Mykhailo Sytnyk, Amir-Abbas Yousefi-Amin, Tim Freund, Annemarie Prihoda, Klaus Gétz,
Tobias Unruh, Christina Harreiss, Johannes Will, Erdmann Spiecker, Jevgen Levchuk,
Andres Osvet, Christoph J. Brabec, Ulrike Kiinecke, Peter Wellmann, Valentin V. Volobuey,
Jedrzej Korczak, Andrzej Szczerbakow, Tomasz Story, Clemens Simbrunner,

Gunther Springholz, Daniel Wechsler, Ole Lytken, Sebastian Lotter, Felix Kampmann,
Janina Maultzsch, Kamalpreet Singh, Oleksandr Voznyy, and Wolfgang Heiss*

Metal-halide-perovskites revolutionized the field of thin-film semiconductor
technology, due to their favorable optoelectronic properties and facile
solution processing. Further improvements of perovskite thin-film devices
require structural coherence on the atomic scale. Such perfection is
achieved by epitaxial growth, a method that is based on the use of high-end
deposition chambers. Here epitaxial growth is enabled via a <1000 times

1. Introduction

Metal-halide-perovskites (MHPs) are
the most promising material system for
next-generation photovoltaics,?l which
exhibits the fastest annual increase
of record power conversion efficiency
observed so far3# This rapid evolution

cheaper device, a single nozzle inkjet printer. By printing, single-crystal
micro- and nanostructure arrays and crystalline coherent thin films

are obtained on selected substrates. The hetero-epitaxial structures of
methylammonium PbBr; grown on lattice matching substrates exhibit
similar luminescence as bulk single crystals, but the crystals phase
transitions are shifted to lower temperatures, indicating a structural
stabilization due to interfacial lattice anchoring by the substrates. Thus,
the inkjet-printing of metal-halide perovskites provides improved material
characteristics in a highly economical way, as a future cheap competitor to

the high-end semiconductor growth technologies.

of performance is enabled by numerous
research groups, working on improve-
ments in perovskite material composi-
tions, microstructures, morphologies, and
interface engineering.> It is obvious
that the performance of solar cells and
other electronic devices crucially depends
on defects, present in bulk, and increas-
ingly at surfaces and grain boundaries.
Hence, single-crystal devices usually
outperform polycrystalline and amor-
phous ones, which is also observed for
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MHPs.[-18 Furthermore, also other important properties,
such as environmental stability, charge transport, and car-
rier lifetimes, are superior in single crystals as compared to
polycrystalline materials.'?!l The most advanced process
to obtain single crystalline films for electronic device fabri-
cation is epitaxial growth (epitaxy means ordered growth on
top of a crystalline substrate). While epitaxy from vapors is
standard for conventional inorganic semiconductors such as
silicon, germanium, or III/V compounds,?>%¢ it has been
recently also obtained for MHPs.[??8] Chemical vapor deposi-
tion of CH3;NH;PbCl; on mica substrates?’l and CsPbBr; on
SrTiO;B3% was successfully shown, as well as molecular beam
epitaxy of CsSnBr; on NaCl substrates.l”’] Coherent and con-
tinuous films were demonstrated in an interesting attempt
called “remote epitaxy,” using polar substrates coated with
graphene, to obtain epitaxial halide perovskite films with
improved carrier lifetimes.[?l A special feature of the metal-
halide-perovskite is that they allow processing from solutions.
Therefore, the spin coating was introduced to obtain in par-
ticular CH3;NH;PbI; crystallites on KCl substrates, exhibiting
superior light detectivity as compared to any other crystal-
line or a polycrystalline structure from the same material.l"
Recently, the spin coating was expanded as a general method
to obtain epitaxial nano-microstructures from ionic crystals,
such as sodium chloride, zinc oxide, lead iodide, and the
MHP CsPbBr;.32l Here, we introduce inkjet-printing as a ver-
satile technology for the epitaxial growth of MHP from tiny
amounts of liquid precursors. Drop-on-demand (DOD) inkjet
printing is a digital, additive, and very flexible printing tech-
nique, not only used in offices to print on paper, but also for
the cost-effective fabrication of different devices and electronic
systems. In the past, it has been applied for the printing of
electrodes,3334 high-performance field-effect transistors and
circuits,>% memory devices,*® sensors,l¥”38 and thin-film
solar cells.3%% An advantage of the inkjet printing is certainly
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that the materials are deposited with picoliter amounts on pre-
defined locations on the substrate so that the printing process
is highly material-economic. This is advantageous in respect to
the spin coating, where all the substrate area is covered, and
lots of material is flung from the substrate during deposition.
Besides, the composition and structure of the printed layers can
be easily and rapidly tuned by mixing separate inks from multi-
channel print-heads. It was shown that inkjet printing could
result in “single-crystal” structures from organic semiconduc-
tors."l However, these structures did not have any epitaxial
relation to the substrate and would be better called crystalline
domains. In comparison to that, here, the MHPs were depos-
ited on crystalline substrates, enabling the continuation of the
substrates atomic lattice by the deposited epitaxial layer. This
is the main feature of epitaxial growth, which is usually per-
formed in high-cost deposition chambers. Epitaxial structures
are starting materials for the fabrication of high-end electronic
devices such as lasers, light emitting diodes, high mobility
transistors, micro-electro-mechanical systems, or radio fre-
quency transducers, all required by the huge and rapidly
growing electronic market. While the classical epitaxial growth
on substrate wafers uniformly covers the whole substrate, epi-
taxial growth by inkjet printing offers the possibility to obtain
the precise deposition of epitaxial structures just at the posi-
tions on the substrates, where they are needed for further pro-
cessing. Thus, the inkjet printing is highly material economic
and the equipment needed for that deposition, here we use
a single nozzle device with some driver electronics, is about
100 to 1000 times cheaper than a classical epitaxial deposition
system, based on ultra-high vacuum chambers and thermal
evaporators. What remains is to find conditions on how to
achieve such an epitaxial growth, rather than an uncontrolled
crystallization on the crystalline substrates. Consequently, a
required feature as an indication for epitaxial growth, is that all
the deposited material is of crystalline nature, as is evidenced
by crystal shapes and facets, and all formed structures have the
same orientation on the substrate. The so far unsolved ques-
tion is how to obtain such structures by inkjet printing. While
parameters like lattice mismatch, substrate temperature, and
possibly deposition rates are known to be crucial from clas-
sical high vacuum deposition, it is still a question if these para-
meters are sufficient to obtain epitaxy from inkjet printing. In
the following the epitaxial growth of the archetypical MHPs,
CH;3;NH;PbBr;, CH;3;NH;3PbI;, (CH3NH; = methyl ammo-
nium, MA), CsPbBr;, and CsPbCl; is discussed. As a result,
we found Pb-chalcogenides as the most promising substrates
to achieve epitaxial MHPs. This choice for the substrates was
also guided by our previous work on the formation of epitaxial
ligand shells from perovskites onto colloidal PbS nanocrystals.
In particular, bismuth iodide and lead iodide based perovskites
were found to offer suitably small lattice mismatch to PbS to
provide shells with good crystalline properties.*”! As a novel
parameter for epitaxy, environmental humidity is shown to
be of crucial importance, as well as proper activation of the
surface of the substrate. Furthermore, the epitaxial single-crys-
talline structures show similar optical properties as perovskite
single-crystals, evidencing their high quality. The advantage of
the epitaxial system is not only that they are deposited in thin
films, which is advantageous for further device fabrication, but

© 2020 The Authors. Published by Wiley-VCH GmbH
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also that their cubic lattice structure is stabilized by the sub-
strate because it is maintained over an extended temperature
range. Thus, epitaxy by inkjet printing offers economic, envi-
ronmental, and technical reasons, including, low cost, material
effectivity, high-quality materials, and improved stability to
apply this technology for any solution-processed semicon-
ductor. The MHPs demonstrated here are a showcase example,
however, the method has the potential to be applied to a large
variety of semiconductors for electronic device developments.

2. Results and Discussion
2.1. Epitaxy of MAPbBr3 by Inkjet Printing

The special approach toward epitaxial growth in this paper is
that it was achieved by inkjet printing. For printing, a single
glass nozzle with an orifice of 80 um was used, allowing the
ejection of single droplets of the precursor solutions with a con-
centration of 0.25 M in dimethyl-formamide (DMF)/dimethyl-
sulfoxide (DMSO) 3:1 onto substrates (Figure 1A top panel).
As for classical techniques, a key toward epitaxial growth is
the choice of a suitable substrate, as well as the proper selec-
tion of the substrate temperature (Figure S1, Supporting Infor-
mation). For all following experiments, the substrates were
heated to 80 °C, measured on the substrates surface by an
attached thermo-element. This temperature was sufficient for
solvent drying. The substrate was moved under the nozzle by
a constant speed, so that the resulting pattern (single droplets

0000000/

with various distances (Figure S2, Supporting Information) or
merged to form a line with undulated borders) was controlled
by the ejection frequency. The crystallization of the MHPs was
checked by confocal-optical or scanning electron microscopy of
dried samples, which was completed by a second heating step,
performed at 100 °C in nitrogen atmosphere. Figure 1 shows
printed methyl ammonium lead bromide (MAPbBr;) perovskite.
Printing on cleaned glass substrates, (Figure 1B top) or on GaAs
wafers without removal of the natural oxide layer (Figure 1B
middle) resulted in spots covered by crystallites of the MHPs.
The crystallites exhibited random shapes and orientations, due
to the amorphous structure of the substrates surface. Epitaxial
growth requires substrates with crystalline surfaces, and a lattice
matching to the deposited material. Thus, we have chosen here
PDS single crystals as substrate, exhibiting a cubic lattice similar
as that of the MAPDBr;, with a lattice parameter difference of
only 0.3% (Figure 1A bottom). The single crystals were freshly
cleaved, and their surface was activated by etching in a bromine
solution in methanol for 5 s. As proven by X-ray photoelectron
spectroscopy (XPS), the etching removes oxygen and adds Br~
ions (Figure S3, Supporting Information). By slightly sputtering
the surface, the Br- ions are completely removed, suggesting that
Br- binds to surface Pb atoms only. Thus, the Br- ions form an
ordered interlayer, on which the nucleation of Pb?* and MA* cat-
ions occurs. The etching with a Br~ solution was found to be an
essential step to obtain any epitaxial growth on Pb-chalcogenide
substrates (Figures S4, Supporting Information). Inkjet printing
of MAPbBr; on such prepared PbS (100) surfaces resulted
in rectangular shaped and well faceted crystallites, randomly

Figure 1. The role of substrate for inkjet printer CH;NH3PbBr; perovskites. A) Ejection of a single droplet from a piezoelectric driven glass nozzle with
an orifice of 80 um (top). Schematic interface between CH;NH;PbBr; perovskite and PbS having a cubic rock salt structure with a lattice mismatch
=0.3% (violet = iodide, blue = CH3;NHj3, silver = lead, yellow = sulfur) (bottom). B) Printed structures on non-crystalline surfaces: glass (top), untreated
GaAs (middle). Confocal optical microscope images of printed CH3;NH;PbBr; microcubes exhibiting an epitaxial relation to the PbS substrate (bottom).
C) Scanning electron microscope images, exhibiting samples with increasing amount of deposited material showing an evolution from cubic crystallites
merged to islands, to closed film. The full film at (C-bottom) and the big crystallites in (B-bottom) were obtained at a humidity of 80%, whereas the
structures in (b-middle, c-top and middle) were printed at 40% humidity.
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distributed within the deposited droplet. The lateral dimensions
were in the =10 um range whereas a typical height of the perov-
skite structures was around 1.3 um (Figure 1B bottom). While
some of the crystallites merged to form extended islands, all
of them exhibited the same orientation, which is a clear signa-
ture of epitaxial growth. The top facets of the cubes were par-
allel to the {100} oriented cleavage plane of the substrate and
the side facets were parallel to the <100> oriented substrate
edges. This orientation of the crystallites suggests coherent lat-
tice of the MAPDBr; crystallites on top of the PbS substrate.
Similarly, a coherent continuation of the crystal lattice across
a MAPDI,Br;_,/PbS interface was observed before of colloidal
PbS quantum dots embedded within a MAPbIL,Br;_, matrix.[*]
The coherent interfaces have been the essence to achieve high
quantum yields from infrared light emitting diodes,*)l as well as
high responsivity and electron mobility for infrared quantum dot
photodetectorst* based on this material combination. In respect
to the distribution of epitaxially grown rectangular structures on
the substrate, the pattern presented at the bottom of Figure 1B
are reminiscent to the case of NaCl on Ag/Au/Si(100), which was
obtained by spin-casting from solution in ref. [34]. The advan-
tages of inkjet printing are the material efficiency of the DOD
ejection of picoliter amounts of solvents at predefined locations,
and the facile control of the amount of material deposited at
each sample position. By increasing the ejection rate, the den-
sity of cubic epitaxial islands was controlled (Figure 1C). At lower
rate separate crystallites were generated which merged into
islands. At higher rate, the crystallites were merged to a com-
plete film, interrupted by a few holes, and covered by shallow
trenches, which are both formed due to solvent vapors escaping
from the film during drying. (Figure 1C middle). Under appro-
priately chosen deposition conditions (same ejection rate as
the Figure 1C middle, but increased relative humidity of 80%),
these imperfections could be avoided, and especially toward
the edges of the printed lines, films with smooth surfaces were
found (Figure 1C bottom, Figure S5a, Supporting Information)
with a film thickness of more than 300 nm (Figure S5b, Sup-
porting Information). The presence of the film on the substrate
surface was detected by tiny cracks, continuously formed under
the bombardment in the scanning electron microscope, or by
traces of scratches produced into the film with plastic tweezers
(Figure 1C, bottom, Figure S5, Supporting Information).

2.2. Photoluminescence and Lattice Anchoring

In spite of the lability of the perovskite layers under e-beam
exposurel* it is astonishing that the isolated cubic nanostruc-
tures provide cathodo-luminescence even at room temperature,
and each of the cubes was found to be luminescent by compar-
ison of panchromatic to secondary electron images (Figure S6,
Supporting Information). The luminescence, as investigated
under an optical microscope shows the typical signatures of
MAPDBr;. Even though the structures were grown on a semi-
conductor with a substantially smaller band gap, acting as
carrier acceptor for photoexcited electrons and holes, the struc-
tures exhibited under laser excitation at 405 nm intense green
luminescence (Figure 2A). The variously sized crystals exhib-
ited variations in emission intensity from structure to structure
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Figure 2. Optical properties of MAPbBr; epitaxial micro-cubes. A) Micro-
scopic image of the luminescent structures under laser excitation at a
wavelength of 405 nm. B) Room temperature spectra of three individual
nanocubes. C) Low temperature (5 K) Raman spectrum at 633 nm excita-
tion wavelength of a single microcube in comparison to that of a macro-
scopic reference single crystal.

and also within the cubes, however, each cube showed a peak
emission at the same wavelength of 538 nm and approximately
also the same linewidth of 18 nm (Figure 2B). This line width is
narrower as compared to the line width of single crystals, grown
for instance by inverse temperature crystallization method.*!
The single crystalline nature of the epitaxial MAPbBr; struc-
tures obtained by ink-jet printing was confirmed also by micro-
Raman spectroscopy, providing comparable spectra for the epi-
taxial structures and bulk reference samples (Figure 2C). The
Raman peaks below 200 cm™ are attributed to lattice vibrations
of the PbBr3~ component. The spectra of the bulk single crystal
sample are in good agreement with literature.**#] The Raman
peaks of the cubic shaped epitaxial structures are slightly
shifted to lower wavenumbers with respect to the reference
single crystal. This might indicate strain in the epitaxial struc-
ture due to the PbS substrate. The temperature dependence
of the Raman spectra (Figure 3) reveals various phase transi-
tions of MAPbBr3, from the low temperature orthorhombic
phase to two different tetragonal phases and the cubic phase at
room temperature. Spectroscopical evidence of the phase tran-
sition to the cubic phase is observed between 200 and 235 K
in the reference single crystal, in accordance with literature
(Figure 3A).178] The epitaxial structures show similar spectral
features of a phase transition at around 40 K lower tempera-
ture (Figure 3B, Figure S7, Supporting Information). This tem-
perature shift of the phase transition might be due to a lattice
anchoring effect due to the presence of the substrate, where
the cubic lattice of the PbS is stabilizing the MAPbBr; struc-
ture. Similar lattice anchoring effects have been reported to
occur when PbS quantum dots are embedded into a perovskite
matrix, with the same lattice parameter as the quantum dots.*”!
In that case, the lattice anchoring effect was substantially
increasing the stability and lifetime of the perovskite material.

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 3. Phase transitions. Raman spectra of A) MAPbBr; single crystal (SC, left) and B) epitaxial structures on PbS (right) as function of temperature.
Evidence of phase transitions is observed by changes of the spectral features. Phases of the single crystal are indicated according to ref. [47]. The red

line on the right panel shows a reference spectrum of the PbS substrate.

Recently, similar anchoring effects have also been reported
on solution grown formamidinium lead iodide FAPDbI; on
MAPbCI,Br;_, single crystal substrates.l*")

2.3. Quenching Uncontrolled Crystallization

A key to obtain epitaxial growth is that the solid substrate
surface acts as a seed for the attachment of precursor ions
from solution in a way that the deposited material continues
the atomic arrangement of the substrate. Nucleation and
crystal growth can take place, however, also at other loca-
tions, considering that the used solvents, in particular DMSO
support also single crystal growth from solutions by the inverse-
temperature-crystallization process,*! performed at similar
temperatures as our substrate is kept during epitaxial growth.
DMSO as well as DMF is known to form intermediates in solu-
tion with the precursors used for perovskite growth (Pbl, and
MALI).BU Crystallization of intermediates in solution and on
substrates, will result in rather uncontrolled crystal orientations
and undesired crystal directions, which should be avoided,
when optimized epitaxial metal halide perovskites are desired.
As shown in the following, as a tool to reduce competitive crys-
tallization of intermediates and thus optimized growth of perov-
skites environmental humidity can be used as control nob.

The closed films with smooth surfaces discussed above were
obtained under high humidity of >80% (Figure 1C, bottom),
and also the most perfect cubic structures where obtained at
high humidity (Figure 1B, bottom). At lower humidity of 40%
much smaller crystallite sizes were observed as well as com-
plete films with holes and other surface damages (Figure 1C,
top and middle). An even more drastic effect of humidity we
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observed for the growth of MAPDI; on (111) oriented surfaces
of PbTe substrates. In particular, =1 micrometer thick layers
of PbTe, grown by conventional molecular beam epitaxy on
cleaved surfaces of BaF, single crystalline substrate, were
used. On these substrates at 40% humidity, elongated crys-
tallites were grown, found in three orientations on the sub-
strate. The needle like crystallites were elongated into the three
<110> directions within the (111) plane, pointing parallel to the
cleaving edges of the BaF, substrates (Figure 4A). The composi-
tion of the needles was proven by X-ray diffraction (XRD) to be
that of MAPDI; with only small inclusions of PbI, (Figure S8a,
Supporting Information). Pole figures of the 001 Bragg peak
evidenced three different growth directions of the crystallites
(Figure S8b, Supporting Information) but having one axis
in common. The common axis is a [310] axis (in cubic nota-
tion) which is found to be perpendicular to the (111) oriented
substrate surface. Thus, at the interface the <111> crystalline
directions of the perovskite are tilted by an angle of 43.1° in
respect to the [111] direction of the substrate. Thus, the top layer
is of multi-crystalline nature and at the interface the lattice is
disrupted, due to the lattice mismatch between the (111) ori-
ented PbTe surface layer and the (310) oriented bottom layer of
the MAPDI; perovskite (Figure 4B left, Figure S9, Supporting
Information). By considering the interface energies between
the MAPDI; and the PbTe we could not find any justification
for the <310> growth directions of the MAPDI; on the (111) ori-
ented PbTe surfaces. Thus, other possibilities had to be taken
into account to explain the generation of this particular growth
direction. A possible solution of this problem is provided by
considering the so-called solvent engineering process for depo-
sition of MAPDI;, as was introduced by N. J. Jeon et al. to pro-
duce uniform and dense films.’? In his process, the perovskite

© 2020 The Authors. Published by Wiley-VCH GmbH
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Sl JR AN SR
60% RH, mixtur [310] and [111]

Figure 4. Influence of humidity. A) MAPbI; on a (111) oriented surface,
deposited at relative humidity of 40%, showing growth of oriented nee-
dles. B) Left: Sketch of the interface between [310] MAPbI; on a PbTe
substrate. Shown is the (211) zone axis of the substrate. Right: Interface
between the intermediate phase with intercalated DMSO molecules in
between sheets of Pbl,. C) Scanning electron microscopy images of
MAPbDI; printed at elevated humidity of 60% on [111] oriented PbTe. In
between the needles surfaces are partly covered by perovskites.

precursors are deposited from a solvent mixture containing
DMSO on the substrate. After dropping a further solvent on the
film during spin casting and removal of the solvent, an interme-
diate phase was formed. This intermediate phase was identified
as MAI-PbI,-DMSO, which was converted into a MAPDI;
perovskite by a subsequent annealing step. The annealing was
performed at 100 °C for 10 min, similar to the annealing step
we used after deposition of the material by inkjet printing and

Adv. Funct. Mater. 2020, 30, 2004612

2004612 (6 of 10)

www.afm-journal.de

drying of the solvent. Considering the crystal structure of the
intermediate phase, where the DMSO is separating Pbl, sheets,
an approximate lattice matching between the PbTe [111] plane
and that of the intermediate phase can be found, when the PbI,
sheets are tilted in respect to the interface (Figure 4B, right,
Figure S9, Supporting Information). This indicates a scenario,
that by the inkjet printing initially at the interface an interme-
diate phase was formed, which was converted during annealing
by removal of the DMSO molecules in between the lead iodide
layers. A recrystallization from the intermediate phase to the
perovskite, however, without reorienting all the crystal planes,
resulted finally in the oblique, [310] orientation of the MAPDI,
on the [111] interface. Interestingly, this orientation of the
MAPDI; was found to be metastable, and the MAPDbI; showed
on a time scale of days a conversion to crystallites with a [111]
direction being perpendicular to the [111] oriented PbTe sur-
face (Figure S10, Supporting Information). This observation
underlines, that the [310] oriented perovskite crystallites are not
the thermodynamic equilibrium case, but another orientation
(MAPDI; [111]//PbTe[111]) would be more beneficial.

Increasing the humidity during deposition resulted in a
drastically different crystallite growth. Above 60% humidity
in addition to the needle shaped crystallite network the areas
in between the needles were partially filled by MAPDI;, exhib-
iting indications of crystallites with hexagonally shaped basis
(Figure 4C). Above 80% humidity exclusively hexagonal prisms
were obtained (Figure 5A). By optical confocal microscopy, the
single hexagons were determined to be =2 um high and their
lateral extend varied (Figure 5B). Almost all the hexagons had a
width exceeding 10 um. The top surface of the prisms was par-
allel to the (111) substrate surface in the center of the hexagons.
The center plateaus were surrounded by inclined facets, exhib-
iting an angle of 54.7° to the (111) plane, which indicated that
these are oriented in <100> equivalent directions (Figure 5B).
The compositions of the hexagons were confirmed to be
MAPDI; by wide angle XRD spectra (Figure S1la, Supporting
Information), evidencing only a small inclusion of PbI, phases.
Also, these structures showed coherent interface to the sub-
strate, which was visualized by the continuation of atomic rows
in the cross-sectional transmission electron microscopy image
(Figure 5C). A closer inspection of the TEM image and local
electron diffraction spectra revealed the presence of PbI, at the
interface to the PbS substrate. The Pbl, could be formed during
deposition and cause the orientation of the MAPbI; grown
on top of it, or it could also be formed due to damage during
lamella preparation by a focused ion beam or under the intense
electron radiation of the TEM, as is suggested in ref. [44]. All
hexagons exhibited the same orientation in lateral direction
and the pole figure, performed for the 110 Bragg reflection
of MAPDI;, confirmed the growth direction of the hexagons
to be a [111] direction (in cubic notation) (Figure S11b, Sup-
porting Information). This brings us to the conclusion, that the
humidity results in addition of water to the DMSO based solu-
tion, at least after ejection of the micron sized droplets form the
inkjet nozzle. An effect of water addition is that intermediate
phases of PbI>’ DMSO-MAI, which are reported to be formed
in solution,’! subsequently forming the intermediate phases
in the deposited films, are effectively quenched (Figure S12a,b,
Supporting Information). Furthermore, the boiling point of the

© 2020 The Authors. Published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

Y 20 pm

AS ”"7/. ‘<'CH NH,Pbl[111]| |[PbTe[111]

AD @)
: o\o\o\o\os
: 0\0\0‘0\0‘.

'TTII1I:I

BARRRRIRRR RIS

Figure 5. Growth at high humidity. A) At a relative humidity of 90% hexagonal platelets of MAPbl; are grown on PbTe [111]. B) Confocal optical micro-
scope image of a single hexagonal perovskite platelet on PbTe [111] together with a height profile. C) High-resolution cross-sectional transmission
electron image of a MAPbI; or a Pbl,/PbTe interface, exhibiting a coherent continuation of the atomic lattice planes. D) Sketch of the MAPbI;/PbTe

interface for two zone axes, [211] and [110].

solvent mixture is reduced (Figure S12c, Supporting Informa-
tion).>3 Thus at the substrate temperature used for the inkjet
printing, the DM SO evaporation was accelerated and no met-
astable intermediate phase was formed. The direct growth
resulted in an orientation of the crystallites, provided by the lat-
tice match between the [111] oriented PbTe surface and that of
the MAPbI; (Figure 5D) and the concomitant interface energy
minimization. Thus, quenching the intermediates in the
DMSO/DMF solution promotes epitaxial growth on the sub-
strates surface, and allows the formation of well-ordered crys-
tallites (Figure 5A) and closed epitaxial films (Figure 1C).

2.4. Epitaxial CsPbHal3 on Various Substrates

In history, the Pb-chalcogenides used as substrates in the studies
above acted most importantly as pioneering materials for funda-
mental investigations. PbS, in particular, was the first material for
which any semiconducting properties had been observed already
in 1822.54 Similarly, epitaxial PbTe has been a key in the dem-
onstration of first 3D quantum dot crystals ever grown.! Later
on, the fundamental insights gained from the Pb-chalcogenides
were transferred to other semiconductors such as silicon and
III/V compounds semiconductors, which are nowadays pre-
vailing in electronics. A similar development can be expected
for the epitaxial growth by inkjet printing, which is by no means
restricted to lead-containing chalcogenides or lead-containing
metal halide perovskites. To propose alternative substrate mate-
rials, which are readily available either from natural sources or
from large scale production, in the following, we tested several
more substrate/epistructure material combinations. Naturally
available crystals often used as test-substrates for epitaxial
growth is Muscovite mica, which allows a “Van der Waals” type
of epitaxial growth.”®l As a possible second material provides by
nature, we used FeS; (pyrite, also called “Fools Gold”) as a crys-
talline substrate, providing a cubic lattice with a lattice spacing of
5.4 A7) A most crucial substrate frequently used is GaAs, which
would allow the integration of perovskite epitaxial structures to
conventional optoelectronic devices. For comparison, the growth
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of CsPbBr; on [100] PbSnSe is demonstrated, which acts as a
favorable substrate due to its similar spacing distances and sur-
face atom arrangement to the perovskite. The experiments were
performed with CsPbCl; and CsPbBr;, due to their similar lat-
tice constants as compared to those of the substrates (except of
mica). As the Pb-chalcogenide substrates described above, GaAs
and PbSnSe, and the natural crystal FeS, substrates with [100]
interfaces were treated with Br,-methanol solutions for surface
activation, whereas for the muscovite mica the substrate was
freshly cleaved to obtain clean surfaces. After deposition on all of
these four substrates we found areas within the deposited drop-
lets, where well faceted crystallites were formed. Within these
areas the crystallites had also an orientation which was related to
that of the substrates. On Fools Gold and on PbSnSe we found
the [100] facets of the CsPbCl; and CsPbBr;, respectively, to be
parallel to the [100] of the substrates, evidencing epitaxial growth
(Figure 6A,B). On mica, three orientations of the crystallites were
found (Figure 6C), which is similar to the case of metal halide
perovskites structures grown previously by chemical vapor depo-
sition methods,®® and is explained by the hexagonal arrangement
of surface atoms on the mica cleavage plane. The three orien-
tations of the crystallites are confirmed unambiguously by the
Fourier transform image shown in the inset of Figure 6¢c. Most
importantly, however, on GaAs substrate also epitaxial growth of
CsPDbBr; was achieved. Our first attempt showed close to cubic
shaped crystallites with two orientations (Figure 6D). In addition
to those exhibiting their edges in parallel to that of the substrate
also crystallites oriented in the [110] direction of the substrate
were observed. While these results are a first step in direction
of epitaxial growth from solutions by inkjet printing on GaAs,
further improvements are required in order to obtain a thin film
with controlled thickness. These improvements might include:
i) Attempts to obtain a better lattice match between the perovskite
and GaAs by using lattice tuning of mixed halide perovskites,
ii) since GaAs has very different chemical properties as lead
chalcogenides, a different surface activation process might be
needed, iii) changing the environment from air to inert atmos-
phere or even better to vacuum, to avoid an instantaneous forma-
tion of a surface oxide layer on the GaAs which is amorphous.

© 2020 The Authors. Published by Wiley-VCH GmbH
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B
CsPbCI [100]|| FeS, [100]  CsPbBr,[100]||PbSnSe[100]

CsPbBr,|| GaAs

Figure 6. Various substrates. A) CsPbCl; and B) CsPbBr; epitaxial growth
on natural (FeS,, mica) and commonly used substrates (GaAs). Growth on
PbSnSe [100] is shown for comparison. The substrates were either activated
by bromination or freshly cleaved to obtain clean surfaces, enabling epitaxial
growth. The material/substrate combinations are described in the figure.
The Fast Fourier Transform of image (C) shown in the inset highlights the
orientation of the crystallites on Mica substrate into three distinct directions.

3. Conclusion

The ordered micro- and nanostructures and their evolution
form separate islands to a complete closed film as described
above, evidence an epitaxial growth of solution processed metal
halide perovskites on various substrates. The growth mode of
heteronucleation of islands followed by a subsequent merging
to an epitaxial layer is similar than what is observed in standard
liquid phase epitaxy of conventional inorganic semiconductors,
where materials are grown from a melt at high temperatures.
In contrasts to the standard liquid phase epitaxy for the epitaxy
of the perovskite solutions, extremely low substrate tempera-
tures are sufficient to achieve the desired ordered growth of a
single crystalline material on top of a substrate. The deposition
of the liquids by an inkjet printer was found here to be very cost
and materially economic, and in a simple way several perov-
skite/substrate combinations were tested. As for conventional
epitaxial growth, there are a set of crucial parameters to be
adjusted, to obtain crystalline structures and films. Humidity,
surface activation, substrate temperature are the most impor-
tant to be listed besides the choice of the substrate. For the lead-
halide perovskites investigated here, lead chalcogenides seem
to be the best choice, which are not commonly available in the
form of large wafers. However, they can be prepared by mole-
cular beam epitaxy, even on substrates such as silicon. Thus,
a combination perovskite epitaxy from inkjet printing with
and epitaxial lift off process, which allows multiply use of the
substrates, could allow also fabrication of epitaxial structures
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in large scale. This will enable the development of scalable
single-crystal, LEDs, lasers, X-ray detectors and solar cells,
with optimized performances in respect to the commonly used
polycrystalline structures, currently produced by solution pro-
cessing. While the work here was restricted to the archetypical
MAPDX3 and CsPbHal3 halide perovskites, the epitaxy by inkjet
printing is certainly also a good option for further perovskite
and non perovskite based ionic semiconductors, and insulators
as a versatile platform for organic/inorganic (opto-)electronic
devices with the advantages of single crystal materials.

4. Experimental Section

Chemicals: Lead chloride, lead bromide, lead iodide, caesium
chloride, caesium bromide, hydrochloric acid in water, hydrobromic acid
in water, methylamine solution in ethanol, bromine, methanol, ethanol,
DMSO, DMF were obtained from Sigma-Aldrich and Alfa Aesar and
were used without purification. Methylammonium bromide and iodide
were synthesized by mixing methylamine solution with appropriate acid
according previously published methods.!

Substrates: Single crystals of lead sulfide (PbS) were grown by self-
selecting vapor growth method.l®% Substrates were cleaved from single
crystals with razor blade along crystallographic planes (100). The <111>
oriented lead telluride on barium fluoride, <100> oriented lead telluride
on potassium chloride, <100> oriented lead-tin selenide on sodium
chloride were grown by molecular beam epitaxy. Gallium arsenide
wafers were purchased from University Wafer. Iron disulfide (pyrite) and
muscovite mica were purchased from commercial suppliers.

Substrate Activation: Lead sulfide single crystal, lead telluride, lead-tin
selenide, gallium arsenide, iron disulfide were activated 5 min prior to
the printing experiments. For activation, the substrates were dipped into
a 0.125 mass% bromine/methanol solution for 5 s and then was washed
two times by dipping into pure methanol. The substrates were dried
by blowing solution rests off with compressed air. Muscovite mica was
freshly cleaved before printing.

Printing: The perovskite ink was prepared by mixing stoichiometric
amounts of methyl-ammonium halides or caesium halides with
appropriate lead halides, to achieve a 0.25 m concentration in DMF/DMSO
mixture with a volume ration of 3 to 1. The printing substrate stage was
preheated to 80 °C surface temperature. The substrate was placed after
the activation step to the stage and was kept for 1-2 min to allow the
substrate to reach the desired surface temperature. The printed samples
were transferred into a nitrogen filled glove box and were annealed
at 100 centigrade for 1 h. The perovskite inks were printed in a setup
including a single MJ-AT printing nozzle (Microfab Technologies) with
an 80 um orifice. For droplet monitoring, stroboscopic illumination by
a light-emitting diode was used, synchronized to the pulses applied to
the piezoelectric print head. The substrate was moved by a motorized
translation stage (Standa, 8MT173) and a step size of 1.25 um. Stable
drop ejection was achieved by proper selection of the electrical drive
parameter for the piezo jetting device (applied was a trapezoidal shaped
double-pulse with an amplitude of +80 V, a dwell time of 6 s, and
rise and fall times of 4 s). Pattern formation on the glass substrates
was controlled by adjusting the printing frequency from 5 till 40 Hz
at constant stage speed (5 mm s7'). The substrate temperature was
controlled by a heater coupled with a thermos-controller.

Electron Microscopy: Field-emission scanning-electron-microscopy
was performed with a JEOL 7610F instrument. With this instrument
also panchromatic cathodoluminescence in the spectral range of
400-1200 nm was carried out at room temperature, by making use of
Deben Centaurus detector. Electron energies up to 20 keV were applied
as excitation. Lamellae for structural characterization were prepared with
a standard lift-out technique using a Helios Nanolab 660 dual beam
FIB/SEM system from FEI Company. The high-resolution transmission
electron microscopy was performed with a Titan Themis3 300 (FEI

© 2020 The Authors. Published by Wiley-VCH GmbH
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Company, Hillsboro, USA) instrument, equipped with a high-brightness
field-emission gun operated at an accelerating voltage of 200 kV.

Optical Microscopy: A confocal microscope from NanoFocus was
used to measure height profiles from printed epitaxial perovskite
crystals. An IMA fluorescence microscope was equipped with a hyper
spectral camera was used for imaging of epitaxial perovskites together
with photoluminescence measurements at selected spots under back
continuous wave back side illumination with a with 405 nm laser.

Spectroscopy: Raman spectroscopy was performed with a LabRAM
microscopeHR800 spectrometer (Horiba Jobin Yvon) with an excitation
wavelength of 6332.816 nm. Measurements were taken at temperatures
between 4K-300K and pressure of around 10-6 mbar in an OXFORD-
CryoOxford ~ Microstat-He. XPS measurements were performed
at a commercially available PHI Quantera Il machine equipped with
a monochromated Al K& X-ray source (1486.6 eV) and a multi-channel
electron detector. Argon sputtering (2 kV, 1 min) was used to remove the
topmost layers (=10 nm).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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