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Abstract

Mixed-organic-cation perovskite absorbers as formamidinium doped methylammonium tin iodine (NH,CH),_ (CH;NH;), Snl;
(x < 1) can provide a pathway to highly efficient lead-free solar cells. Although this class of materials is known to be severely
susceptible to degradation, induced among others by enhanced temperatures, humidity and illumination, an improved layer
quality in view of crystal size and homogeneity is the key to diminish or even to block certain degradation channels. In this
work, we present the fabrication of fully tin-based perovskites via pulsed laser deposition. The morphology is analyzed for
different deposition energies and temperatures to find the optimum process window. The thin films already reveal crystal-
line structure at room temperature, while they are smooth and homogeneous above a critical thickness for carefully adapted
deposition parameters. In contrast to the assumption that at elevated temperatures, the crystallinity is improved, and we
find that the films reveal a strong organic depletion and simultaneously tin enrichment. As a measure for their suitability
to be employed as photovoltaic absorbers, the band gap of the differently doped perovskites is estimated by spectroscopic

ellipsometry in the range of 1.3 to 1.4 eV.

Keywords Lead-free organic-inorganic halides - Pulsed laser deposition - Mixed-cation tin perovskites - Ellipsometry -

Solar cells

1 Introduction

Thin film hybrid organic—inorganic perovskite (HOIP) solar
cells were identified to be a suitable alternative to conven-
tional Si-cells, since they are cheap, scalable and fabricated
from abundant materials. In terms of light-harvesting prop-
erties, they are capable to even exceed the latter in view
of power conversion efficiency (PCE) due to their higher
theoretical Shockley—Queisser limit of 30.5% [11]. The
most important component is the absorber layer that con-
sists of a metal halide in perovskite structure, where metals
from group IV (Ge, Sn and Pb) and organic complexes as
methylammonium iodine (MAI) and formamidinium iodine
(FAI) are frequently used. These complexes reveal excep-
tional photovoltaic properties due to a balanced transport of

< Sarah Hoffmann-Urlaub
shoffma3 @gwdg.de

Institute of Materials Physics, University of Gottingen,
Friedrich-Hund-Platz 1, 37077 Géttingen, Germany

4th Institute of Physics - Solids and Nanostructures,
University of Gottingen, Friedrich-Hund-Platz 1,
37077 Gottingen, Germany

electrons and holes, high absorption coefficients [44], direct
and tunable band gaps [36] and long carrier diffusion lengths
[32, 45]. Hence, a lot of effort was put in developing perovs-
kite solar cells, resulting in an increase of PCE from 3.8 to
25.2% [52] within a few years.

However, record breaking cells of this class of highest
PCE simultaneously reveal lead toxicity [2]. Recently, it
became apparent that replacing lead by tin is a promising
approach to circumvent this problem [18]. Nonetheless, the
stability under illumination and humid conditions of the
absorber material is still an unsolved issue [28] that cur-
rently limits their usage to the bench scale. For the most
part, performance instability and degradation in HOIPs can
be attributed to ion migration and decomposition of the lat-
tice structure due to illumination or exposure to moisture
[23]. In detail, it is assumed that photo-generated holes react
with iodide in the perovskite lattice forming a vacancy and
a neutral iodine transferred to the interstitial lattice. This
way more iodine is excorporated from the lattice than toler-
able in equilibrium, potentially leading to decomposition
of the perovskite structure and hence loss of the directly
coupled characteristic properties. An approach to block this
governing degradation channel is to add surplus iodine to
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the perovskite structure to occupy the interstitial sites. For
the fabrication of layers in a non-equilibrium state, conven-
tional fabrication procedures like spin- or spray-coating [6]
cannot be employed. Thus, vapor-based techniques such as
pulsed laser deposition (PLD) can give access to deposit
layers under such conditions.

In 2015, it was first demonstrated that metal-halide lead
and tin-based films can be grown by PLD [4]; hence, in this
work extensive characterizations of lead-free films are pre-
sented, where several targets with a substantially increased
amount of the organic component are used, since the latter
is known to be reduced in thin films compared to the target
stoichiometry. For PLD grown lead-containing cells, a PCE
of 10.9% was reached from a standing start [5], while hys-
teresis in current—voltage measurements was still observed
due to charges trapped at internal interfaces such as grain
boundaries [24] or ferroelectric polarization in the perovs-
kite [10]. In detail, many/small grain boundaries/sizes limit
the carrier diffusion lengths [32] and hence shorten their
lifetime [14], because they act as pinning centers and foster
recombination of differently charges species [40]. Therefore,
in a next step an essential prerequisite is smooth and homo-
geneous thin films.

It was shown that with mixing FA and MA, the film mor-
phology is improved [53], the charge carrier recombination
[9] and the extent of Sn oxidation are notably reduced, and
also the new structure is more sensitive to water absorp-
tion [48]. This compositional engineering incidentally leads
to a strengthening of the thermal stability [8, 20]. This is
even more convenient, considering that during operation
the temperature of solar cells can easily exceed 100 °C. In
this range, reversible phase transitions of the crystal struc-
ture have been reported in the absorber material [3], which
can affect the photovoltaic performance due to their direct
impact on the band structure. Furthermore, as a consequence
of diffusion for thermally activated processes, irreversible
changes are expected to happen. These can even be benefi-
cial for photovoltaic devices, since crystallinity, grain size
and continuity of the film can be enhanced as a result of
low-temperature treatment (77 < 100 °C) [7, 15].

In generic ABXj perovskites, the A cations (here MA™
or FA™) are located in the middle of a (cubic) unit cell and
the B cations (Sn™) occupy the corner sites, surrounded
by an octahedron of X anions. To pre-estimate, whether
a certain combination of ions exhibits perovskitic struc-
ture, the tolerance factor ¢ can serve as a measure [16].
Here, the effective ionic radii for the A and B cations r,
and ry, respectively, are related to the anionic radius ry by
t=(ry + rx)/[\/z(rB + ry)]. Values 0.8 <t < 1.0 denote
that a perovskite is formed, while for a cubic structure
t > 0.9 is required. For components used in this paper, the
tolerance factors are t = 0.922 (MA) and ¢ = 0.998 (FA)
[38]. Although for MA and FA various crystal structures
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have been reported at room temperature [12], here the pure
perovskites both reveal cubic structure [42] as well as their
mixture.

In this work, we present the deposition conditions where
metal-halide perovskites with different cation mixtures can
be fabricated by PLD technique. Furthermore, we investi-
gate the effect of the deposition temperature in comparison
with room temperature deposition in regard to improvement
in smoothness and crystallinity. The suitability of the PLD
fabricated films for applications in photovoltaics is checked
by evaluating the band gaps.

2 Experimental section
2.1 Target fabrication

The targets were fabricated from initial powders of Snl,
(99.999% pure, Sigma-Aldrich), MAI (> 99% pure, Sigma-
Aldrich) and FAI (> 99% pure, Sigma-Aldrich). The pow-
ders were weighed according to their molar ratios. Two
targets with an equal amount of organic and inorganic com-
ponents, one target with a fourfold and one with an eightfold
enhanced organic portion, were fabricated (see Table 1).

Each of the mixtures was homogenized by manual milling
in a glovebox under argon atmosphere. Afterward, the reac-
tants were heated in a glass tube to 200 °C for 2 h (targets
[-III) or 160 °C for 2.5 h (target IV), respectively, in order
to initiate the solid-state transformation.

Finally, the reaction product was compressed into a com-
pact pellet by 120 bar for 20 min (Fig. 1) that served as a
target for pulsed laser deposition. The tin-to-iodine ratios are
estimated in the compacted target.

2.2 Thin film deposition

The perovskite thin films were deposited by PLD on silicon
(911) substrates, revealing no reflexions in XRD scans that
may overlap with the ones of the thin films as it is the case
for commonly used transparent conducting oxides such as
ITO or FTO. Since the crystal growth of the thin film is not
conveyed by any epitaxial relations but is governed by means

Table 1 Compositions of the four targets

Target Snl, MAI FAI Sn/I ratio
L 1 1 0 2.49
1L 1 0.2 0.8 2.64
III. 1 4x%x0.2 4x%0.8 4.89
Iv. 1 8x0.2 8x0.8 7.19

The listed values denote the moles per component and the Sn to 1
ratio given in atomic percentage, respectively
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Fig.1 SEM images of reacted powder of MAFASI (a) and the cor-
responding target II (b). Surfaces of the MASI target (I) after irradia-
tion (c) and (d). e and f targets III and IV, respectively

of self-organization, the actual substrate type or lattice con-
stant is of minor significance. Preference is given to silicon
compared to quartz or glass due to the well-defined surface
finish and purity, which excludes the impact of inhomoge-
neous interfaces and therefore allows to study only the per-
ovskite properties. In case of PLD as deposition method, the
substrate material is easily interchangeable as well as depo-
sition of additional top or bottom layers required for com-
plete solar cell devices in the future. A KrF excimer laser
(COMPex 205F, Coherent) with a wavelength of 248 nm,
a pulse duration of 30 ns and a repetition rate of 5 Hz was
used. The background pressure in the vacuum chamber dur-
ing the deposition was approximately 1.5 x 107 mbar. The
substrate temperature was varied from 20 to 160 °C and the
laser fluence from 0.16 to 0.41 J/cm? or the energy in the
deposition chamber 80 mJ to 200 mJ, respectively. The laser
spot size was kept constant throughout all experiments at
0.49 cm?.

2.3 Characterization methods

X-ray diffraction (XRD, D8, Bruker) was used to analyze
the crystallographic structure of targets and thin films. Here,
angles between 10° and 70° were scanned, since for both
cubic perovskites all characteristic features are visible in
this range. A scanning electron microscope (SEM, Nova
NanoSEM, FEI) was used to record images of the speci-
mens surfaces. The same facility was used to analyze the
chemical composition of the samples by energy-dispersive

X-ray spectroscopy (EDX). The accuracy of the EDX meas-
urements is about 5%. The extraction of a lamella from the
thin film for transmission electron microscopy (TEM) was
conducted in an Helios G4 focused ion beam (FEI). In
order to prevent damage at the sensitive surface, a platinum
protection bar with several hundred nanometer thickness
was deposited with the electron beam prior any ion beam
impingement. The subsequent TEM measurements were
taken in an Titan G2 80-300 (FEI) operated at 300 kV and
equipped with a Gatan Quantum 965 ER image filter for
electron energy loss spectrometry (EELS) and an X-Max
80 mm? detector (Oxford Instruments) for EDX data acqui-
sition, respectively. Before integrating the EDX counts, a
background subtraction was conducted using HyperSpy [13].
The film thickness was estimated by profilometry (Dektak
150, Veeco). The corresponding error is 10 nm. Optical
properties were analyzed using an ellipsometry system (EP?,
Accurion) equipped with nanofilm_ep4 modelling software
to model die dielectric functions from the two observables A
and ¥ that were directly measured by the instrument.

3 Results and discussion
3.1 Targets

The reacted powders for the MA ,FA, 4Snl; (MAFASI) in
Fig. 1a exhibit an open-cell-like structure consisting of cohe-
sive crystallites with a diameter of approximately 3 pm and
for the most part planar surfaces.

These features are still visible when the powders are com-
pacted (b), while additionally crystallites with a size of a
few hundred nanometers are present on top of the granular
structure.

The general target structure is similar for the MASnl,
(MASI) powder and pellet. The condition of an irradiated
target is depicted in (c,d). The granular structure is intact,
while the grain sizes are comparable to (a), but their sur-
face shows extensive roughness. In detail, wavy facets of
Snl,_; (6 < 2) with a smooth shape and surface are formed.
In these areas, the organic component is volatilized during
the melting step of the laser ablation. The inorganic part
remaining on the target surface reveals a morphology typical
for a solidification process. This local inhomogeneity in the
chemical composition is extended over time and can only be
removed by polishing the target surface. Since this is only
a surface-near phenomenon, neither the overall structure
nor the composition of the target are affected. The targets
of (MA,FA3),Snl; (MAFA,SI) and (MA,FA,¢)sSnl,
(MAFASI) are both composed of larger agglomerates and
hence a higher densification but an enhanced porosity and
number of crystallites, respectively, as well.
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As a unique feature of the PLD technique, it is not man-
datory to provide a target in the same structure for grow-
ing a film in a specific orientation, since the target material
is evaporated during the process, dissolving most of the
structural connections. Indeed the deposition of organics
or polymers, respectively, is a special case, as the material
is not split up into single atoms or at most atom clusters,
but it is often found that the molecules or agglomerates are
decomposed into fragments and transferred to the substrate
[27, 29]. Hence, in the run-up to deposition it is inevitable
to find the ideal the starting material leading to the desired
composition on the substrate. In order to achieve this, we
fabricated several targets with different ratios of the inor-
ganic and organic part (see Table 1).

XRD is performed to monitor, whether the solid-state
reaction was completed or if residuals of the initial powders
remained. In Fig. 2, the diffractograms of the four fabri-
cated targets are depicted, clearly revealing a cubic perovs-
kite structure in all cases. While the two bottommost targets
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Fig.2 Diffractograms of four different targets. Labeled peaks are
assigned to the planes of a cubic perovskite lattice (space group
Pm3m, no. 221). Note that only the most intense peaks are indexed
for reasons of clarity and that the intensities are plotted in linear scal-
ing
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with equal amounts of organic and inorganic components
are both phase pure, the two uppermost targets with an
increased organic portion contain foreign phases that are
mostly related to FAI and MAL

Using the (002)-reflection for the two bottommost targets,
lattice constants of 6.256(1) A for MASI and 6.279(1) A
for MAFASI are calculated. Other groups reported values
of 6.241-6.246 A and 6.318 A [12, 51], respectively. It
is worthwhile to mention that these results were obtained
with crystals or powders that were fabricated by very dif-
ferent methods, often employing additives like H;PO, or
SnF,. Thus, the MA-based perovskite we fabricated from
the pure powders by solid-state reaction reveals a slightly
modified cubic lattice. As a consequence of the integration
of the smaller MA cations into the FA sublattice, the mixed
perovskite reveals an intermediate lattice parameter between
the pure substances.

3.2 Thin films
3.2.1 Chemical composition

As described above, a suitable process window for thin film
deposition has to be identified, where the laser fluence is of
the utmost importance.

When the fluence is increased, more and more target
material is ablated; hence, the rate is increasing. Above
a certain value, the Knudsen-layer formed by evaporated
material is (partially) shielding the target [41]; therefore,
the ablation is inefficient and the rate decreases again. Simi-
larly, the amount of the organic part is reduced for high flu-
ences. Here, the higher density of the ablated component
[46] results in a broadening of the angular distribution of
the plasma due to multiple collisions [50]. Since this is, in
particular, true for the lighter species, they are scattered to
larger angles and do not contribute to the film growth. Like-
wise, for the intense laser beam the degree of ionization is
enhanced [37, 47], leading to a pronounced damage of the
organic molecules [49]. Hence, the more volatile organic
fragments are lost during plasma expansion. Furthermore,
high fluences can induce the decomposition of the target
(compare Fig. 1c) and this way a depletion of the organic
component.

In coincidence with the deposition rate, the highest
composition is measured for a laser energy of 160 mJ for
MAFASI, although there is still a considerable lack of the
organic compound (Fig. 3). From these results, we draw the
conclusion that as a matter of principle the organic-to-inor-
ganic ratio of the target cannot be transferred to a thin film
under any combination of deposition parameters (substrate
temperature, fluence, gas pressure and target-to-substrate
distance) due to the mechanisms mentioned above, and
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Fig. 3 Ratio of iodine to tin (black symbols) and deposition rate (red
symbols) as a function of the energy density for MAFASI, MAFA,SI
and MAFASI thin films
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Fig.4 Diffractograms of MAFASI thin films deposited at various
energies, ranging from 80 to 200 mJ. The dotted lines indicate the
positions of [001]}-reflections of a-Snl, [39], while the dashed ones
indicate the (111), (002), (022) and (222)-lattice planes of the perovs-
kite structure from left to right, respectively. Note that the intensities
are plotted in linear scaling

hence, a target with an unequal composition of both species
has to be used.

The targets enriched in the organic component also reveal
maxima in the I/Sn ratio and the deposition rate, although
not at the same value of the fluence. While for the fourfold
amount of MAFA, the ideal stoichiometry of 3:1 is still not
reached, it can even be exceeded for MAFASI.

3.2.2 Phase composition

Whether the perovskite structure can be built despite organic
deficiency is analyzed using the example of MAFASI by
recording diffractograms of thin films deposited at room
temperature using different energies from 80 to 200 mJ
(Fig. 4), the diffractograms are dominated by the [001]
-reflections of Snl, (dotted lines). In spite of the organic
deficiency, a polycrystalline perovskitic phase is formed at
room temperature, namely in (111), (002), (022) and (222)
orientation (dashed lines). The intensities of the perovskite
peaks are most pronounced at 120 mJ. As mentioned before
for higher energies, especially the volatile organic fragments
are lost during the deposition process. Hence, less material is
available to form the perovskite phase and surplus inorganic
species can be found. For lower fluences, we assume that the
energy of the particles during nucleation is not sufficient to
form the MAFASI complex but the more simple Snl, crystal-
lites. The film at 120 mJ shows a high degree of crystallinity
of 90.6%, while 43.0% is attributed to the perovskite, 41.8%
to Snl, and 5.8% to foreign phases, respectively. The value
of the lattice parameter of the perovskite is 6.342(1) A, again
calculated from the (002)-reflection. To our knowledge, lat-
tice constants of laser deposited MAFASI thin films have
not been reported so far.

For MAFA,SI and MAFASI, the same effects are
observed, while the energy densities resulting in the most
pronounced perovskite portion are 120 mJ and 100 m],
respectively.

3.2.3 Surface morphology and crystallinity

Since the process windows for film deposition is identified,
the crystal structure and morphology of the films are inves-
tigated next.

For every target, the energy density for thin film deposi-
tion is chosen according to the highest Sn/I ratio (see Fig. 3).
The corresponding thin films are depicted in Fig. 5. Com-
paring the areas of the crystalline peaks in (a), it becomes
apparent that MAFASI contains equivalent portions of the
perovskite and Snl, phases and that in the case of MAFASI,
the latter is significantly decreased to half of the perovskite
amount, whereas for MASI and MAFA,SI the diffracto-
grams are dominated by Snl, reflections and foreign phases.
We relate the underperforming of MAFA,SI in view of per-
ovskite growth to its minor amount in the target (see Fig. 2).
MASI is expected to be less stable than the mixed cation
halides giving rise to the almost complete deterioration of
the perovskite structure.

For MASI and MAFASI films in Fig. 5b, c, the grain
size of the crystallites is below 10 nm for all species;
hence, the surface appears homogeneous and laminary
covered, which is very likely to be related to the high Snl,
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Fig.5 Thin films deposited from all targets. a XRD scans with aster-
isk (*) denoting the Snl, phase [26] and dashed gray lines, the posi-
tions of the perovskite peaks. b—e SEM surface images of the films
reveal thicknesses of 280 nm, 975 nm, 250 nm and 514 nm and were
deposited at 130 mJ, 120 mJ, 120 mJ and 100 mJ. In d, e detailed
views are shown. f Overview ADF-STEM image of a cross section

content. Indeed due to charging effects, the grain bounda-
ries cannot be depicted. In the SEM images, droplets and/
or exfoliations, respectively, can be identified as bright
spots. They were chosen on purpose to demonstrate the
good focus on the surface. The MAFASI films are just
as smooth as the MASI ones even though the thickness
is increased by a factor of three. According to the lack of
organic species, the least amount of perovskitic phase is
formed. Since this is particularly evident for MASI, the
stabilizing effect of FA is explicitly demonstrated. The
addition of FA ions entails a minimized oxidation of Sn**
to Sn** which is attributed to the formation of Sn** vacan-
cies in the perovskite lattice [17, 35]. This is the conse-
quence of the larger ionic size of FA, leading to higher
formation energies of Sn vacancies [43].

The over-stoichiometric films (d,e) show a very differ-
ent behavior, and here, micron-sized islands are embedded
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MAFASI

through a TiO,/MAFA4SI/TiO, multilayer stack. In the inset, an
EELS measurement of the integrated Ti L-edge after power-law back-
ground subtraction is depicted. g Enlarged view on the perovskite
layer with spatially resolved intensities of EDX line scans of Ti K,
(blue) and Sn L, (green). Note that the intensities are normalized

in a granular matrix. For MAFA,SI, the grains in the
underlying film reveal sizes of approximately 100 nm and
for the MAFASI film of doubled thickness, they are twice
as large in average with a few exceptions with diameters up
to 600 nm. Consequently, in the detailed views two stages
of thin film growth can be identified: island formation with
islands and voids of the same size (d) and coalescence
where the grains are separated by grain boundaries (e).

For comparison, with solvent-based preparation meth-
ods, the fast crystallization of tin-based perovskites is the
determining factor for crystal growth limiting the grain
size to 300 nm [30] without anti-solvent additives.

In the annular dark-field TEM image (f), a cross section
of a TiO,/MAFA4SI/TiO, multilayer stack on a Si substrate
is shown with a titanium oxide droplet on the right side of
the image that impinged on the specimen during the deposi-
tion of the first layer and was than covered by the perovskite
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and second titanium layer. This is evidenced by the EELS
measurement at the Ti L-edge in the inset. An enlarged
view on the multilayer is depicted in (g). The oxide layers
appear homogeneous, while the perovskite layer is textured
but compact and reveals a wavy surface. Normalized line
scans summing up the intensities of the Ti K, at 4.51 keV
(blue) and Sn L, at 3.44 keV (green) EDX signals in the
horizontal direction show that due to the impact of the heav-
ier TiO, clusters, the intermixing zone of the two layers is
more extended compared to the interface of the perovskite
growing on the oxide. Due to thinning of the lamella and
the reduced layer thickness as a result of the pronounced
intermixing, the signal of the topmost oxide layer is weaker
than the other oxide layer.

An absorber layer in solar cells typically reveals a thick-
ness of a few hundreds of nanometers. Nevertheless, the
films have to be compact which, in particular, means void-
free. An approach to facilitate this is to improve the cover-
age by enhancing the deposition temperature or to further
increase their thickness.

3.2.4 Elevated temperature studies

Since the MASI films are most prone to humidity-induced
degradation and the fraction of the perovskite phase in thin
films is low, we focus on the mixed-cation variant to inves-
tigate the optimization potential of thin films by depositing
at elevated temperatures or rather the resilience of initially
smooth films against exposure to these temperatures, again
using the example of MAFASI.

The films in Fig. 6 were deposited at 160 mJ and reveal
slightly higher thicknesses referring to the films presented
before of about 1 pm (a, ¢) and 600 nm (b, d), in order to

Fig.6 SEM images of MAFASI films at different substrate tempera-
tures a 60 °C, b 80 °C, ¢ 100 °C and d 120 °C. Scale bars denote
10 pm

strengthen the visibility of structural changes and to simul-
taneously gain information about the impact of the layer
thickness. Starting at 60 °C (a), the crystallites are separated
by crack-shaped voids and pinholes. When the temperature
is increased, the crystallites are even more detached. Hence,
growing thicker films do not lead to an improvement in the
homogeneity at all.

At 80 °C for a thinner layer, no cracks are found, but
isolated islands on top of the film, while the latter appears
to be very smooth. The higher the temperature, the more
islands of roundish shape occur, this way destroying the film.
Annealing films at temperatures below 80 °C may indeed
help to improve quality.

This was checked using X-ray diffraction. The ratio of
Snl, to perovskite is continuously deteriorating when com-
paring surface area of the peaks as the temperature is raised
(see Fig. 7). Therefore, the crystallites in Fig. 6 are most
likely to consist of a tin-rich phase. Exceeding 80 °C, only
pure Snl, is detected.

3.3 Optical properties
3.3.1 Ellipsometry

After structural characterization, the films are inspected
with regard to their optical properties and hence suitability
as absorber layers in solar cells. Employing ellipsometry,
all four perovskite materials are characterized and optical
models on basis of a two-term Forouhi—-Bloomer function
are built. Therefore, direct fitting of the band gaps is not
possible due to their twofold usage in the model. Instead,
fixed numbers between 0.5 and 2.0 eV are utilized and the

i —120°C
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T T T T T T T T T
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2 Theta [deg]
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—80°C
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Fig.7 Diffractograms of MAFASI thin films, deposited at 120 mJ
and various temperatures, ranging from room temperature to 200 °C
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Fig. 8 Ellipsometric observables 4 and ¥ as a function of the wave-
length for a MASI (91 nm), b MAFASI (345 nm), ¢ MAFA,SI
(125 nm) and d MAFA4SI (342 nm). The measurement data are
depicted as solid symbols, the build model as a solid line and the
fit of the model to the data as open symbols. Additionally in a the
refractive index is shown as a function of wavelength
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least deviation of fit, data and model is applied as a quality
criterion to determine the value of the band gap. This is
expressed by the root mean square error (RMSE) revealing
values of 4.2, 8.7, 0.651 and 3.6, respectively (Fig. 8a—d),
indeed above 800 nm for MAFASI the deviation of model
and data increases, and hence, the RMSE value is notably
larger.

The curve of the refractive index as a function of the
wavelength for MASI (a) reveals a characteristic shape that
is also documented by other groups [1]. In detail, the value
is in the range of 2.0-2.6 and the function is decaying toward
larger wavelengths after passing a local minimum first.

In Table 2, the results gained in this work are listed
together with values documented in the literature. For MASI
and MAFASI, we find our results in excellent agreement
with the reported values. The band gaps of the organic-rich
MAFA,SI and MAFASI reveal values close to MAFASI,
the perovskite in ideal stoichiometry.

Table 2 Values for the indirect band gap in perovskites

Composition References Band gap (eV)
MASnI, [17, 44] 1.20-1.30
MASnI, This work 1.30
MA,),FA ¢Snl; This work 1.40
MA,,sFA 75Snl; [19, 53] 1.33-1.40
(MA,,FA 4),Snl; This work 1.325-1.350
(MA,),FA ¢)sSnl; This work 1.375

FASnI, [21, 22, 25] 1.40-1.41

4,0x10°

MAFA,SI

2,0x10°

0.0
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Fig.9 Photovoltaic characterization. Current—voltage characteristic in
the dark (solid squares) and under illumination with a Xe lamp (open
squares). The inset shows a sketch of the sample geometry
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3.3.2 Photovoltaic characterization

After verifying that the band gaps of the laser deposited per-
ovskite layers are suitable for solar cells, a rudimentary ver-
sion is tested in a photovoltaic measurement setup at room
temperature. The sample is constructed of the essential parts
only, consisting of the 400-nm-thick MAFA4SI absorber
layer on a conductive substrate (Nb:SrTiO5 (STNO) at 0.5
wt% Nb) and metal contacts (see inset in Fig. 9). The ohmic
contacts on STNO with dimensions of 0.95 x 0.45 mm? are
fabricated by means of sputter deposition through a shadow
mask at room temperature, the top-contact by manually add-
ing conductive silver paste. In two-point geometry, they are
connected to a Keithley 2430, which serves as voltage source
and amp meter, while the voltage drop between top and bot-
tom electrodes is measured by a Keithley 2182A Nanovo-
Itmeter. Polychromatic illumination near the top contact is
provided by a xenon lamp at fixed power of 175 mW and a
spot diameter of about 3 mm.

The current—voltage curves in Fig. 9 exhibit a rectify-
ing behavior. For positive voltages, an almost exponential
increase in current is detected, whereas the voltage depend-
ency is only weakly pronounced in the negative voltage
direction. In the dark, the curve passes the origin, while
under illumination an offset toward negative currents is vis-
ible, demonstrating clearly the photovoltaic effect character-
ized by a short-circuit current /g~ = 14 nA and an open-
circuit voltage Vo =0.24 V.

For MA,, ,sFA ) 755n];, a maximum value of Vo =0.61V
was documented [53], while the corresponding layer
revealed a thickness of 150 nm and for thicker layers this
value was notably reduced. For this type of perovskites,
high carrier mobilities and diffusion lengths up to 550 nm
(MASI) or 250 nm (FASI) are reported [31, 33]. Never-
theless, the thickness of approximately 400 nm chosen to
ensure a complete coverage of the substrate in order to avoid
leakage currents is definitely disadvantageous in view of
device performance, due to the enhanced number of pinning
centers in the form of defects or grain boundaries acting as
recombination sites for the charge carriers, both scaling with
the thickness.

Furthermore, due to the simplified measurement geom-
etry no protection layers were employed to prevent or at
least reduce the degradation of the perovskite. Although the
deposition steps and the photovoltaic characterization are
carried out in vacuum conditions, the transfer between the
various facilities cannot be neglected, since the decomposi-
tion is happening on the minute-scale [34].

Despite the manifold drawbacks, the gained result in the
absence of compact electron and hole transmitting layers for
efficient charge transport, beyond that serving as protection
layers, can be regarded as very promising.

4 Conclusions

In summary, we showed the manufacture of
[(NHZCH)l_x(CH3NH3)X]y Snl; (y=1,4,8 and x = 1,0.2)
PLD targets by means of solid-state reaction from the initial
powders and the deposition conditions under which thin
films can be grown using the variety of target compositions.
Here, the usage of over-stoichiometric targets in regard to
the organic component is motivated by the literature docu-
mented loss of volatile species during the deposition pro-
cess, that is also in agreement with our findings. All films
revealed perovskite structure at room temperature, where the
thin film lattice constant of 6.342(1) A is in good agreement
with the bulk value for this system. The films grown from
the organic rich targets revealed the highest perovskite frac-
tion but were composed of a porous matrix and large crystal-
lites. However, further annealing procedures do not reveal a
purely positive effect on the morphology. Indeed, a tin-rich
phase is formed, while the amount of the organic component
is continuously decaying. The same effect is evident for high
deposition energies. Though, for intermediate energies of
100-130 mJ and room temperature, smooth and homogene-
ous films with a high surface coverage were grown from
MASI and MAFASI and likewise films with an enhanced
portion of the perovskitic structure from MAFASI, their
optical properties were analyzed, revealing band gaps
between 1.3 and 1.4 eV suitable for energy conversion in the
visible spectrum. Additionally, the functionality of a simpli-
fied solar cell with a MAFA4SI absorber layer was demon-
strated as well. Combining all the gained results, the fabrica-
tion of thin film hybrid organic—inorganic perovskite solar
cells via PLD is a feasible approach, since it is enabled to
specifically manipulate the film properties by tuning the
deposition parameters. Hence, it is possible to address ques-
tions about the impact of certain variables as the grain size
on the carrier diffusion length, which is only possible to a
limited extent with other fabrication methods.
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