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t between high electronic and low
ionic transport influenced by perovskite grain
boundaries†
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A better understanding of the materials' fundamental physical processes is necessary to push hybrid

perovskite photovoltaic devices towards their theoretical limits. The role of the perovskite grain

boundaries is essential to optimise the system thoroughly. The influence of the perovskite grain size and

crystal orientation on physical properties and their resulting photovoltaic performance is examined. We

develop a novel, straightforward synthesis approach that yields crystals of a similar size but allows the

tuning of their orientation to either the (200) or (002) facet alignment parallel to the substrate by

manipulating dimethyl sulfoxide (DMSO) and tetrahydrothiophene-1-oxide (THTO) ratios. This decouples

crystal orientation from grain size, allowing the study of charge carrier mobility, found to be improved

with larger grain sizes, highlighting the importance of minimising crystal disorder to achieve efficient

devices. However, devices incorporating crystals with the (200) facet exhibit an s-shape in the current

density–voltage curve when standard scan rates are used, which typically signals an energetic interfacial

barrier. Using the drift-diffusion simulations, we attribute this to slower-moving ions (mobility of 0.37 ×

10−10 cm2 V−1 s−1) in combination with a lower density of mobile ions. This counterintuitive result

highlights that reducing ion migration does not necessarily minimise hysteresis.
Introduction

Perovskite solar cells have undergone extraordinary develop-
ment within only a decade. The highest certied single-junction
device performance exceeds 25% making the material
a respectable competitor against or, in the case of tandem
devices, ally with silicon solar cells.1,2 The exact parameters
required for highly efficient perovskite photovoltaic devices
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remain debated. More so, a question arises as to which extent
perovskite crystallinity and specic crystallographic alignment
of the perovskite grains affect the device efficiency.

With the superior defect physics in hybrid lead-based
perovskite materials, grain boundaries seem to become rela-
tively insignicant and non-radiative recombination is more
pronounced at the interfaces than in bulk.3 Thus, the highest
efficiencies, as is the case for the 25% record, are achieved with
polycrystalline mixed cation and anion perovskite-based
absorber layers.1–4 The wider bandgap perovskite methyl-
ammonium lead iodide (MAPbI3) typically performs less effi-
ciently in photovoltaics, with reported record efficiencies of
21% for single-crystalline MAPbI3-based devices.4,5 Similar high
device efficiencies with polycrystalline thin MAPbI3 lms only
resulted from perovskite grain sizes in the micrometre to mil-
limetre ranges with preferred perovskite crystal alignment in
one direction.6 Devices incorporating smaller and less ordered
MAPbI3 grains reach slightly lower efficiencies.7–9 However, it is
not entirely clear whether improving crystal size and alignment
in one direction is the objective for further enhancement of
polycrystalline perovskite-based device performance with the
highest potential or whether the specic crystal alignment
directions have an additional impact. We note here that an
appreciation of the crystallisation of triple cation perovskite
devices is also important; however, due to the continued
J. Mater. Chem. A
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popularity of MAPbI3-based devices this study will focus solely
on this class of material.

Although the impact of perovskite grain boundaries on the
optoelectronic performance of the material is small with poly-
crystalline lms, especially with passivation, limitations apply
to charge transport through the borders.10,11 Additionally, bulk
defect heterogeneities from different grains are evident in
photoluminescence and cathodoluminescence investigations of
polycrystalline perovskite lms.12–14 Studies on other perovskite
single-crystal facets also conrm a difference in trap and ion
densities at varying crystal facets.15–17 Ion mobility is a crucial
parameter in perovskite-based devices. Rather than trapping
the charges, the defects formed at grain boundaries seem to
assist ion migration in the perovskite lms, dictating the overall
solar cell performance and stability.18 Mobile ions negatively
affect perovskite device stability, such as inducing phase
segregation19 or negatively accumulated ions at the interface
leading to energetical barriers;20 encapsulation does not avoid
this type of degradation.21,22 The ion movement also inuences
anomalies in current density–voltage (J–V) measurements,
mainly observed as hysteresis in perovskite-based devices.23 Ion
mobility is linked to the Coulomb interaction between crystal
planes and the mobile ions, and hence, modication of such
crystallographic planes of the perovskite crystal can show the
exact impact of certain crystal facets at the interfaces to the
charge transport layers and between grain boundaries; control
over this could further improve perovskite solar cell
performance.24

In this work, we take a closer look at the inuence of the
amount and the nature of perovskite grain boundaries arising
from grain size and orientation. We developed a thin-lm
synthesis procedure that allows us to vary the grain size and
crystal alignment while retaining similar deposition conditions.
Using time-resolved microwave conductivity (TRMC) and time-
of-ight (ToF) transient photoconductivity, we attribute an
improvement in charge carrier mobility to increased grain sizes
and degree of crystal alignment in the lms but not to one
specic crystal orientation direction. However, in devices, the J–
V curves measured show a highly pronounced s-shape and
overall lower performance if perovskite lms consisting of the
largest grains and perfect alignment in one direction are
applied in combination with a TiO2 or SnO2 electron charge
transport layer. We show that this s-shape is a result of
a combination of the scan rate used and reduced ion mobility in
these lms. Furthermore, the s-shape can be removed by
employing organic interface materials such as PCBM, C60 or
PEDOT:PSS which can compensate for the detrimental effects of
ion accumulation at the interface by introducing an energy
offset or passivating the perovskite surface. More importantly,
the devices implementing the largest and most highly ordered
crystallites with organic interfaces have the highest perfor-
mance and higher charge mobilities.

Results & discussion

The fabrication of perovskite thin lms with varying degrees
and directions of crystal alignment usually requires signicant
J. Mater. Chem. A
changes in the synthesis procedures.25 Different fabrication
conditions can alter the defect formation, grain size orientation,
etc. Here, we demonstrate a synthesis approach to overcome
these challenges by only introducing up to 20 vol% of the
solvent additive dimethyl sulfoxide (DMSO) to a Pb-acetate-
based precursor solution. The amount of DMSO additive in
specic precursor solution concentrations changes the crystal
alignment dramatically from highly disordered polycrystalline
thin lms to highly aligned systems with the long c-axis of the
tetragonal crystals perpendicular or parallel to the substrate.
Moreover, we can tune the grain size while maintaining the
perfect alignment in one direction by exchanging the DMSO
additive with tetrahydrothiophene-1-oxide (THTO). Effectively,
our approach allows control over crystal orientation, grain size
and other morphology-related differences, allowing us to study
its inuence on the resulting devices.

We attribute the change in crystal orientation to the stabi-
lisation of different low-dimensional non-perovskite precursor
phases through the solvent additives. These precursor phases
can either originate from the lead acetate precursor or
DMSO.26,27 Thus, the crystal alignment in the perovskite lms of
our study strongly depends on which of the two precursor
phases dominates during the layer deposition. In short, our
previous report shows that a strongly stabilised lead acetate-
based precursor phase results in perfectly oriented (200) fac-
ets of the resulting tetragonal perovskite crystals.26 To achieve
this alignment, our experiments required using an equal molar
ratio between the lead precursor and DMSO additive or excess
DMSO up to double the amount compared to lead. Perovskite
lms with the preferred (002) facet alignment formed using less
or more DMSO additive than necessary for the perovskite lms
with (200) facets. The typical complex of perovskite with DMSO
has the stoichiometric formula MA2Pb3I8(DMSO)2 typically
resulting in a highly preferred crystal alignment of the (110)
perovskite facet parallel to the substrate even with a high molar
excess of DMSO compared to lead in the precursor solution.27–29

However, in this study, we obtain the preferred crystal align-
ment of the (002) facet parallel to the substrate instead of the
similar crystal lattice distanced (110).16 Fig. 1a and the ESI† give
detailed synthesis conditions.

To analyse the type and degree of perovskite crystal align-
ment concerning the substrate, we performed grazing-
incidence wide-angle X-ray scattering (GIWAXS) experiments.
This technique captures a two-dimensional slice through
reciprocal space, reconstructing the structure and extracting
information on the crystal planes' orientation from the
azimuthal intensity distribution.30–33 Hence, with the GIWAXS
data shown in Fig. 1, we can conrm the synthesis of perovskite
lms with strong alignment parallel to the substrate of the (002)
facet. Here, the perovskite crystals stand with their c-axis
perpendicular to the substrate 10 vol% DMSO in a 62 wt%
precursor solution in dimethyl formamide (DMF). Changing to
an approximately equal molar ratio of lead and DMSO additive
in the precursor solution using 15 vol% DMSO in a 62 wt%
precursor solution, we identify a mixture of two facets, hereon
termedmixed facets; about half of the crystals are present in the
(200) orientation while the second orientation is the best
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) Schematic illustration of the synthesis process with varying DMSO concentrations to achieve either (002) or (200) facet alignment in
a precursor solution containing 1.875 mmol mL−1 PbAc2 and 5.625 mmol mL−1 MAI. (b–d) Schematic illustrations (left) of the different crystal
facets parallel to the substrate, representing the main orientation deducted from 2D GIWAXS data (middle) and the SEM images of the respective
films (right). (b) Perovskite film with the (002) facet parallel to the substrate; (c) perovskite film with (200) and (321) facets parallel to the substrate;
(d) perovskite film with the (200) facet parallel to the substrate.
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corresponding to the (312) crystal plane, parallel to the
substrate. The pure alignment of the (200) crystal facet parallel
to the substrate, hereon termed the (200) facet, results from
a similar precursor solution with a slight excess in the molar
ratio of DMSO to lead using 20 vol% DMSO. No preference in
crystal alignment results from pure DMF-based solutions
(Fig. S1d†). To further investigate orientations in the various
lms produced, contrast-enhanced intensity mapping of the
GIWAX measurements was performed, the results of which are
displayed in Fig. S2.† For the lms formed from 10 vol% and
20 vol% DMSO, the dominance of the (002) and (200) peaks
respectively suggest a near-perfect alignment of the crystal fac-
ets to the substrate, and therefore a percentage close to 100%.
The lm formed from 15 vol% DMSO shows two dominant
phases. Their ratio was determined by comparing their
respective intensities, extracted from a pixel-intensity map
analysis of their peaks. Here, the (200) facet was found to
correspond to 57.8% of the mixed-phase system, with the
remaining 42.2% corresponding to the (312) orientation.

We note here that the crystal alignment direction and degree
of variation are highly reproducible and are conrmed with
GIWAXS and XRD studies (see Fig. S3†). The results were
reproduced in two different labs (in Germany and Australia)
with slight adjustments to the synthesis protocol described in
the ESI.† This indicates that the crystal orientation in the nal
perovskite lm deposited via the one-step method results from
the precursor species' coordination chemistry and the orienta-
tion of intermediate phases.34

On the le of Fig. 1b–d, we show the schematics of the three
main differences in the perovskite facet alignments studied
here. The scanning electron microscopy (SEM) top views on the
right in Fig. 1b–d and the images of the thin lm cross-sections
in Fig. S1a–c (ESI)† show that the morphology of the lms
remains similar with a slight increase in grain size with a higher
amount of DMSO in the precursor solution. The thin lm
thickness dened by a single grain is, in all cases, similar. When
This journal is © The Royal Society of Chemistry 2024
using the THTO additive instead of DMSO, we have approxi-
mately tripled the sizes of the grains aligned with the (200) facet
parallel to the substrate, as shown in our previous work and
some additional SEM analyses in ESI Fig. S1f†.26

To study if the differences in the number and nature of grain
boundaries in the lateral direction result in changed physical
properties, we investigate their charge carrier mobilities with
time-of-ight transient photoconductivity (ToF). ToF allows the
determination of charge carrier mobility upon pulsed laser
excitation; the experimental setup can be seen in Fig. S4a.† To
this end, we employ a lateral sample layout with the twelve
electrode pairs spaced (d) at varying distances between 20 and
80 mm (shown in Fig. S4b†), which allows us to perform
photocurrent measurements at constant applied electric elds
E (here: 5 kV cm−1). Illuminating the perovskite lm directly
(excitation with a 510 nm laser) in contact with the electrodes at
the edge of one contact creates charge carriers locally (an
approximate area of 13 mm2 gives a laser spot size of 2 mm) and
extracts them at the opposite electrode with a lateral distance d,
as shown in Fig. S4c.† Hence, the applied eld's polarity
determines the type of charges probed (positive or negative
charges, hereon termed as holes and electrons). The obtained
transients, as shown in an example in ESI Fig. S3d,† are plotted
on a double log scale while the intersection of the pre-and post-
transit denes the transit time ttr, which is needed to calculate
the mobility according to:

m ¼ d

E$ttr
(1)

A detailed description of the ToF setup and the results ob-
tained from the measurement can be found in Fig. 2a, b and the
ESI.† Table 1 summarises the extracted charge carrier mobility
values of lms with no preference for crystal alignment and the
high order in each of the two distinct directions. The grain sizes
are only slightly smaller for the perovskite lms showing
J. Mater. Chem. A
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preferred crystal alignment with (002) facets compared to the
lms with a high degree of order with the (200) facets, as indi-
cated in the SEM top-view images in Fig. 1b, d and S1f.†
However, the charge carrier mobility extracted from ToF anal-
ysis is very similar for DMSO-based (002) and (200) facet lms.
Smaller values (reduced by 3 cm2 V−1 s−1) are deducted from
perovskite lms with no preferential crystal alignment with
similar grain sizes as the (002) facet-based lms, as shown in
Fig. S1e.† Therefore, we attribute a positive impact on electron-
or hole-carrier mobility to the improved degree in crystal order
of (002) and (200) facet samples, but no differences appear for
the charge carrier mobilities crossing the two distinct types of
grain boundaries. With larger grain sizes (more than double on
average) and similar crystal alignment, the charge carrier
mobilities further improve by around 3 cm2 V−1 s−1 26. However,
Fig. 2 (a and b) ToF analysis data of perovskite films prepared from di
electrons from ToF analysis; (b) extracted transit times for holes from
recorded with an incident intensity of 2.3× 1010 photons cm−2 with a 10 H
facet (d) on quartz (red) and planar TiO2 (black).

Table 1 The extracted electron- and hole-mobility from ToF measurem

Crystal facet
alignment Electron mobility/cm2 V−1 s−1

(200) THTO 16
(200) DMSO 13
(002) 12
No. pref 9

J. Mater. Chem. A
the perfect alignment of the perovskite crystallites only corre-
sponds to the out-of-plane direction and not the lateral direc-
tion to which our ToF setup is limited.

Time-resolved microwave conductivity (TRMC) enables the
investigation of the local perovskite charge carrier mobilities in
the in-plane direction with local information on charge trans-
port throughout the whole sample without the need for elec-
trical contacts. TRMC is a powerful method to study the
dynamics of photoinduced charge carriers, based on the inter-
actions between the electric eld component of microwaves and
mobile carriers.35 In Fig. 2c and d, intensity-normalized pho-
toconductance transients are shown for both ((200) and (002))
orientations deposited on quartz (red) or TiO2 (black) on exci-
tation at 650 nm. Typically, on pulsed excitation, the photo-
conductance increases sharply as a result of the photo
fferent solvent additive concentrations: (a) extracted transit times for
ToF; (c and d) time-resolved microwave conductance (TRMC) traces
z repetition rate (l= 650) for MAPbI3 with the (002) facet (c) and (200)

ents

Hole mobility/cm2 V−1 s−1 Standard deviation

15 1
12 1
11 1
8 1

This journal is © The Royal Society of Chemistry 2024
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generation of mobile charge carriers, which is followed by their
decay due to charge recombination and/or immobilisation of
charge carriers in trap states. We observe maximum mobilities
between 15 and 20 cm2 V−1 s−1 for both orientations deposited
on a quartz substrate, comparable with previously reported
values.36 Although the obtained values are higher than the ones
obtained by ToF, both techniques clearly show that the direc-
tion of crystal orientation has no impact on charge carrier
mobility if measured in the direction perpendicular to the
ordered facets. With TRMC, we observe a gradual reduction in
charge carrier lifetime and signal height on increasing the laser
intensity, which is characteristic of higher-order recombina-
tion.36 Under similar excitation conditions, the lifetime is
somewhat shorter for the (200) orientation. In a bilayer
combination of MAPbI3 on top of TiO2, our TRMC results in
Fig. 2 suggest an inefficient electron transfer for both bilayer
combinations with (200) or (002) facets. Thus, our TRMC results
Fig. 3 (a) Schematic illustration of the solar cell device architecture. (b) J
with the architecture from (a) without the optional interface and the varyin
simulation results from Driftfusion. A low ionic mobility of 0.37 × 10−10 c
shape behaviour, whilst higher ion mobilities of 0.96× 10−10 cm2 V−1 s−1

and (321) facet perovskites, respectively; (c and d) hysteresis index of s
perovskite crystal alignments; the graphs in grey indicate the results from
colour, devices with an additional PCBM interface with a thin layer in (c)

This journal is © The Royal Society of Chemistry 2024
indicate no heterogeneities for charge transfer for different
perovskite facets at the interface. These results are analogous to
previously reported MAPbI3/TiO2 bilayer systems.37 In the case
of efficient electron transfer into TiO2, we expect that the TRMC
signal lowers since the excess electrons in TiO2 have low
mobility and will hardly contribute to the photoconductance as
has been reported.38,39 The anomaly to this in Fig. 2d shows that
there is a higher mobility aer 200 ns for the (200) facet on TiO2.
This is likely due to poorer electron extraction which is inves-
tigated in the discussion below. We note here that surface
defects are likely to have a greater effect on the charge carrier
lifetime and mobility that on the grain orientation alone.40

However, since the same perovskite system is used in compar-
ison of experimental and simulated techniques we focus on the
effects of the grain size and orientation solely.

To study the impact of the amount and nature of grain
boundaries on the photovoltaic performance, we prepare devices
–V curves: solid lines represent the experimental results from devices
g perovskite crystal alignment preferences. Dashed lines represent the
m2 V−1 s−1 was used to fit the (200) facet perovskite, which showed s-
and 1.06× 10−10 cm2 V−1 s−1 were used to simulate the (002) and (200)
olar cell devices with an architecture as indicated in (a) with varying
devices with only TiO2 at the interface with the perovskite, and those in
and thick layer in (d).

J. Mater. Chem. A
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in the regular architecture with the perovskite layers sandwiched
between TiO2 and Spiro-OMeTAD as displayed in Fig. 3a. Typi-
cally, perovskite-based devices with this architecture show very
high J–V hysteresis on the forward and reverse scans. Our results
show an additional anomaly in the J–V curve with devices
perfectly aligned with the (200) facet parallel to the substrate, as
shown in Fig. 3b. In particular, an s-kink exclusively appears in
the J–V curves for all devices incorporating absorber layers with
perfect alignment of the long perovskite c-axis parallel to the
substrate, either with the DMSO or THTO additive (see Fig. 3b,
S5a and S7a†). We note that the growth of the MAPbI3 lms with
the (200) facet from DMSO and THTO also results in larger grain
sizes but, doubling the overall grain to around 10 mm has no
effect on the s-shape of the J–V curves. The appearance of the s-
kink mainly reduces the open-circuit voltage (VOC) and ll factor
(FF) of the devices. A counterintuitive result is that the mixed
facet orientation device (i.e. most disordered) displays the high-
est VOC and FF (see Fig. 3b and S5a†).

The change in the SnO2 electron transport layer instead of
TiO2 can help to decrease the hysteresis in perovskite-based
solar cells.41 In our experiments, both the hysteresis and the
appearance of the s-kink strictly related to (200) perovskite facet
in devices remain unchanged if SnO2 or TiO2 is used as the
charge transport layers (see Fig. S5c†). Only the addition of a C60

monolayer or a phenyl-C61-butyric acid methyl ester (PCBM)
layer at the metal oxide/MAPbI3 interface avoids the appearance
of the s-kink using the perovskite lms with the (200) facets
aligned (see Fig. S5c†). Therefore, the overall device efficiency
improves, such that the (200) facet devices in this conguration
show the highest performance at around 18.5% efficiency
compared to the other perovskite lms.23 Persistent hysteresis is
observed in the (200) facet with the addition of the fullerene
layers whereas in the (002) facet case hysteresis is diminished
(Fig. 3c, d and S6†). In an inverted device conguration with
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) and PCBM, the high-quality perovskite (200) facet
lms reveal the highest potential with ll factors of around 80%
and the lowest hysteresis in the range of our experiments (see
Fig. S5d, S6c and f†).

The hysteresis, as understood, is caused by the redistribu-
tion of mobile ion vacancies at the interfaces to the charge
extraction layers screening the perovskite's internal electric
eld.23,42–44 According to simulations, J–V hysteresis vanishes in
the presence of mobile ions if the surface recombination at the
perovskite interface to the charge extraction layers is low and
the charge carrier diffusion length in the perovskite lm is
high.45 Therefore, the choice of charge transport material can
affect the J–V hysteresis.23,43,46,47 The disappearance of the s-
shape in all of our J–V curves and reduction of hysteresis with
organic interfaces sandwiching the perovskite layer is in line
with reported single-crystalline MAPbI3 devices.4,5,48 In the study
by Chen et al., the single-crystal lms were grown with the (200)
facet parallel to the substrate, similar to our highest crystalline
and ordered layers prone to s-shapes of the J–V curves in
devices. In their study, the single-crystal growth protocol
required using substrates covered with poly(triaryl amine) PTAA
due to an ion diffusion constant compared to the high surface
J. Mater. Chem. A
energy substrates like glass or ITO resulting in the continuous
growth of the single-crystal layer.48 Thus, PTAA acted as
a promoter for ionic transport during crystal growth and most
likely during the solar cell device operation.49 Studies on ion
migration in perovskite-based devices reached a similar
conclusion that the organic interface material accelerates ion
migration at the interface avoiding charge accumulation.23,47

To conrm the effect of ion mobility on the shape of the J–V
curve, we perform a computational study using the Drifusion
soware package.44 Using all the experimentally extracted
materials' optoelectronic values, such as mobility, thickness,
etc., as inputs for the model, we show that the s-shape in Fig. 3b
can be reproduced with a low ionmobility of approximately 0.37
× 10−10 12 cm2 V−1 s−1. Indeed, as the ion mobility increases
beyond 0.5 × 10−10 12 cm2 V−1 s−1, the s-shape disappears, as
shown in Fig. S11.† These ion-mobility values generally rank in
the lower range of the reported values spanning from 10−6 to
10−12 cm2 V−1 s−1.42,50–53 Experimentally the ionic concentration
can be determined through transient measurements such as
time-resolved KPFM54 or step-dwell-step-probe measurements;55

however, exact determination of this quantity for our devices is
out of the scope of this study. Here, ion mobility controls how
ions behave at an applied voltage. With lower ion mobility, ions
within the perovskite will accumulate less at the perovskite/ETL
boundary under a forward bias than those with higher mobility
(Fig. S8a†). This change in ionic redistribution controls the
conduction band energy shape (Fig. S8b†), electrostatic poten-
tial prole (Fig. S9c†) and the local concentration of electrons
and holes within the perovskite layer. Drifusion simulations
nd that in the region of the J–V curve where the s-shape
appears, there is a greater density of electrons at the
perovskite/HTM boundary and a greater density of holes at the
perovskite/ETL boundary for a simulated perovskite solar cell
with lower ion mobility (Fig. S9a and b†). This leads to a greater
interfacial recombination rate of charge carriers (Fig. S9d†),
reducing the overall current from the solar cell and forming an
s-shaped J–V curve. Effectively, we nd that ions control the
electronic charge transfer rate across perovskite interfaces, as
Moia et al. demonstrated with a perovskite solar cell modelled
as a bipolar junction transistor where ionic contributions are
correlated with the base current.56 Ultimately, however, the role
of scan rate cannot be underestimated. In our experimental
results, measurements of our devices at 0.2 V s−1 show
pronounced s-shaped J–V curves in the (200) facet devices. Our
simulations further indicate that at slower scan rates for this
device (with a predicted ion mobility of 0.37 × 10−10 cm2 V−1

s−1) s-shaped J–V curves are not observed, but on increasing the
scan rate beyond 0.2 V s−1 muchmore pronounced s-shaped J–V
curves are seen (Fig. S10†). For the device with the (002) orien-
tated facet with a larger ionic mobility of 0.96 × 10−10 cm2 V−1

s−1, a different scan rate dependence is observed; both
increasing and decreasing the scan rate from 0.2 V s−1 leads
modication of the shape of the J–V curves in detrimental ways,
indicating that for this device a scan rate of 0.2 V s−1 achieves
the highest ll factor. This further corroborates the role of ions
in controlling the J–V curve shape and the importance of the
scan rate with mobile ions present.44,57,58
This journal is © The Royal Society of Chemistry 2024
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The ndings from Drifusion simulations are consistent
with our device results. Here, an increased grain size leads to
fewer grain boundaries, so defect formation is minimised,
resulting in reduced ionmobility. Additionally, the nature of the
grain boundaries seems to inuence ionic motion greatly, with
the general consensus in the literature suggesting that ionic
motion is faster in grain boundaries than in the bulk itself18,59–61

pointing to minimizing the quantity of grain boundaries59 or
passivation60,62 of this physical feature to increase the activation
energy of mobile ions.59 Naturally, the increased density of
defects in these regions is linked to the intrinsic stability of the
perovskite. There is still no clear consensus on whether grain
boundaries are benecial or detrimental to the long-term
stability of perovskite solar cells with some research suggest-
ing that the electrical response of the grain boundaries can
cause degradation to the pristine perovskite63 as well as the
grain boundaries being suggested as the origin of thermal and
moisture degradation via a process of separation of the bulk
grains hindering optoelectronic performance and creating
highways for moisture travel.64 On the other hand, other studies
suggest that grain boundaries possess a similar photo-response
compared to the bulk grains and hence are not the nucleation
sites for degradation mechanisms.65 In some particular cases,
with careful control of the grain boundary angle, moisture
ingress and degradation channels can be suppressed.66 Ulti-
mately, however, the morphology and composition of the grain
boundaries are going to control the extent to which the various
degradation pathways and ion migration channels affect the
performance and stability of perovskite devices. In our experi-
ments, specic devices with the (200) perovskite facets parallel
to the substrates indicated the lowest ion mobilities in direc-
tions parallel to the crystal planes. In reported experiments
comparing aligned (ribbon) lms and non-ordered lms with
confocal photoluminescence microscopy, more uniform ionic
transport was observed in the aligned (ribbon) lms.67 These
ribbons have crystal alignment comparable to our (002) perov-
skite facet lms, pointing towards anisotropic ion motion
depending on the perovskite crystal plane. These results also
agree with the ndings of anisotropy in charge carrier mobil-
ities in varying perovskite crystal facets.68 Importantly, the route
to control the grain size and orientation presented in this work
is key to allowing further development and optimization of
performance and stability relating to grain boundaries.

Conclusions

All in all, we have developed a straightforward synthetic
approach that allows targeting a specic perovskite crystal
orientation and size in polycrystalline lms by manipulating
THTO and DMSO solvent ratios, respectively. Through this
approach we are able to synthesize perovskite solution-
processed lms containing crystals well in excess of 30 mm
while we are able to target perfectly oriented crystals in the (200)
orientation or the (002) orientation, making this approach
useful for applications where crystal orientation is important
such as in optics applications. Furthermore, our approach leads
to the minimisation of crystal disorder at grain boundaries
This journal is © The Royal Society of Chemistry 2024
which leads to a clear improvement in charge carrier mobility
and device performance while simultaneously reducing ion
mobility. We validate this result using two complementary
techniques, time of ight and microwave conductivity
measurements which place the mobility of our developed lms
at about 18 cm2 V−1 s−1, approximately twice what is achieved
for disordered lms. Our results show no indications of
dependence on the crystal orientation direction for charge
carriers' movement but we observe that ion diffusion is signif-
icantly affected depending on the orientation of the crystals.
When incorporated into perovskite solar cells, our results show
the appearance of s-shaped J–V curves for devices composed of
crystals oriented with the long axis parallel to the substrate, i.e.
(002). This s-shape seemingly disappears when employing
organic materials as the charge extraction contacts instead of
metal oxides, i.e. SnO2 and TiO2. Overall, our approach
demonstrates that minimising disorder at the perovskite grain
boundaries is an effective route to maximise charge transport in
perovskite lms and leads to clear improvements in device
performance. Furthermore, our results challenge the pervasive
notion in the eld that minimising ion migration is an effective
route to eliminate hysteresis. Indeed, our results conclusively
show that minimising ion migration may exacerbate hysteresis
and yield anomalous results, particularly when experiments are
performed at scan rates that correlate with the timescales of ion
migration.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

The authors acknowledge funding from the German Federal
Ministry of Education and Research (BMBF) under the agree-
ment numbers 03SF0516B and 03SF0514A, the Bavarian
Ministry of the Environment and Consumer Protection, the
Bavarian Network “Solar Technologies Go Hybrid” (SolTech),
and the DFG Excellence Cluster Nanosystems Initiative Munich
(NIM) and funding from the ACAP postdoctoral fellowship. The
authors also acknowledge the use of facilities within the Mon-
ash X-ray Platform and the ALD synthesis of NiOx layers by
Alexander Hufnagel. N. S. H. acknowledges funding from
EPSRC-UKRI DTP at Newcastle University. E. M. H. and T. J. S.
acknowledge funding from the Dutch Research Council (NWO).
P. D. acknowledges funding from the Engineering and Physical
Sciences Research Council as part of the EP/T010568/1 and EP/
S031103/1 projects.

References

1 NREL, Best Research-Cell Efficiency Chart, https://
www.nrel.gov/pv/cell-efficiency.html, accessed 7 May 2023.

2 J. J. Yoo, G. Seo, M. R. Chua, T. G. Park, Y. Lu, F. Rotermund,
Y.-K. Kim, C. S. Moon, N. J. Jeon, J.-P. Correa-Baena,
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