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ron transport layer in dictating the
nanoscale heterogeneity in all-inorganic perovskite
absorbers – correlating the optoelectronic and
crystallographic properties†

Stefan Nicholson, ab Jochen Bruckbauer, b Paul R. Edwards,b Carol Trager-
Cowan,b Robert W. Martinb and Aruna Ivaturi *a

Within the field of perovskite photovoltaics, there has been heavy focus on either improving the

conductivity/mobility of the charge transport layers [electron transport (ETL) or hole transport layers

(HTL)], or tuning their energy alignment with the perovskite absorber for optimising the device efficiency,

with little attention paid to the impact of the underlying charge transport layer on the structural and

optoelectronic properties of the perovskite overlayer. For example, in the n–i–p device architecture, the

ETL provides a key surface upon which the perovskite film grows. In this work, electron backscatter

diffraction (EBSD) and cathodoluminescence (CL) spectroscopy are used to show a direct correlation

between optical emission and structural properties of all-inorganic CsPbI2Br perovskite absorber thin

films with a selection of inorganic underlying ETLs, giving insights into the vital role of the ETL.

Comparisons are drawn between the effect of three commonly used electron transport layers (zinc

oxide, titanium dioxide and tin oxide) on the optical emission and crystallographic properties of the

CsPbI2Br perovskite thin films processed at two different annealing temperatures. Among the ETLs, zinc

oxide is found to promote perovskite films with enhanced grain size and preferred growth along the

[100] orientation, and relatively uniform light emission for the high temperature processed layer, showing

its strong potential as a low-cost electron transport layer for the development of perovskite solar cells.

Titanium dioxide is found to result in a high level of heterogeneity in the light emission when the

perovskite is processed at low temperature, while tin oxide is found not to promote large grain growth.

The observed variations are understood in terms of the differences in thermal expansion coefficient of

the perovskite as compared to those of the ETLs as well as the leading strain in the lattice. The results

from the study show the importance of considering perovskite growth effects when selecting an

underlayer.
Introduction

The use of metal halide perovskites as solar absorber materials
has gained signicant attention in recent years, with nearly
1200 articles published in the rst 3 months of 2024 alone.1

There is a drive towards achieving high efficiency and long-
lifetime devices, while minimising manufacturing cost. Long-
term stability is enhanced by improving absorber materials
through dopants and by employing encapsulants, while cost
reduction is achieved by improving deposition methods and
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f Chemistry 2025
reducing annealing temperatures. In the pursuit of high effi-
ciency devices, hybrid metal halide perovskites such as meth-
ylammonium lead iodide (MAPI) or formamidinium lead iodide
(FAPI) have been extensively researched. A record power
conversion efficiency (PCE) of 25.8% has been achieved using
FAPI, thanks to the ideal and tunable bandgap.2 However, these
cells face temperature, moisture and oxygen-induced degrada-
tion issues due to volatile organic components of the absorber
layer.3–5 Among the various perovskite materials, CsPbI2Br has
garnered particular interest due to its useful bandgap of 1.9 eV,
enabling both sunlight and indoor light harvesting.6 It also has
great potential for use as absorber material in silicon-perovskite
tandem solar cells, with a theoretically predicted PCE of over
31%.7 CsPbI2Br has distinct advantages over organometal
mixed halide perovskites due to improved heat stability than
other all-inorganic materials, for example CsPbI3/CsPbBr3.
While CsPbI3 has a suitable bandgap of 1.73 eV, it suffers from
J. Mater. Chem. A, 2025, 13, 11003–11014 | 11003
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rapid moisture-induced degradation to a non-photoactive
phase.8 In contrast, CsPbBr3 is more stable but has a bandgap
of 2.3 eV which is not ideal for an efficient single-junction solar
cell.9 The CsPbI2Br mixed-halide material offers the best of both
worlds.

Perovskite solar cells can be fabricated in different congu-
rations: p–i–n or n–i–p, both of which can be planar or meso-
scopic. The n–i–p architecture generally consists of a bottom
electrode made from a uorine-doped tin oxide layer (FTO) on
glass, followed by an electron transport layer (ETL) such as
SnO2, TiO2, ZnO etc., the perovskite absorber, a hole trans-
porting layer (HTL) like spiro-OMeTAD and ametal electrode on
top. In contrast, p–i–n cells have the perovskite layer grown on
top of an HTL, commonly PEDOT:PSS.10 An ETL is then
deposited on top, chosen to allow good band alignment without
dissolving or reacting with the absorber layer. Each of these
layers plays a key role in the functionality of the overall device.
Dependant on the choice of p–i–n or n–i–p conguration, the
perovskite absorber material needs to be deposited on either
the hole transporting material, or the electron transporting
material. The reported literature on n–i–p conguration shows
variation in the fabrication processes and type of ETL used, and
many efforts have focused on improving the ETL itself or the
interface between the ETL and the perovskite. This also
includes the use of interlayers to ensure that there is a gradual
stepwise change in energy alignment heading towards the
electrodes. Ideally, the highest occupied molecular orbital
(HOMO) of the electron transport layer should be close to that of
the perovskite, but slightly lower than that of the HTL. Similarly,
the lowest unoccupied molecular orbital (LUMO) of the perov-
skite should be close to, but slightly higher then, that of the
HTL.11 Interlayers (ILs) can help to achieve this by bridging the
gap where there are large energy jumps.

Table 1 summarises efficiency and processing conditions of
highly efficient CsPbI2Br solar cells in n–i–p conguration,
recently reported in literature, using the three common inor-
ganic ETLs: SnO2, TiO2 and ZnO. ETLs are deposited by various
solution processing methods, and the perovskite is commonly
annealed at low temperatures of around 160 °C or higher
temperatures > 250 °C.

SnO2 is a commonly used ETL with the CsPbI2Br perovskite,
either in the form of a nanoparticle layer or as a compact layer.
Amorphous SnO2 lms have also been explored and are re-
ported to lead to exceptionally high open circuit voltage (VOC),
attributed to the morphological changes in the SnO2 lm and
improved charge extraction due to aging of the ETL precursor
solution.19 Although lm morphology was cited as a reason for
the improvement, analysis was limited, with only topography
shown in secondary electron images. Commercially available
SnO2 nanoparticles dispersion at desired dilution (5 wt%,24

3 wt%,25 2.5 wt%26) or with surface modications have been
widely used to form the ETL layer. Modications include com-
plexing with ethylenediaminetetraacetic acid (EDTA),27,28 or
addition of NaCl,29 both with the intention of reducing
agglomeration to produce a better dispersed and smoother
layer. Another common choice of ETL is TiO2, with proven
electron extraction capability30,31 and chemical stability.32 TiO2
This journal is © The Royal Society of Chemistry 2025
is the ETL material used in the rst reported solar cell using
perovskites in 2009.33 It is oen annealed at high temperatures,
as shown in Table 1, which does however make it unfavourable
for plastic substrates, compared to other generally lower
temperature produced ETLs. Many studies also reported use of
a mesoporous TiO2 layer for a mesoscopic perovskite solar cell
(PSC) device structure.34–36 However, this adds an additional
layer and cost into the process. Some examples within the
literature describe high efficiencies from TiO2 ETL based
CsPbI2Br devices, including a 17% efficient device with
a mesoscopic structure using a rubidium-doped perovskite re-
ported by Patil et al.,37 or the 17.5% efficient device based on
undoped CsPbI2Br and standard bath-deposited TiO2 layer, re-
ported by Liu et al.15 To date, these reported efficiencies are the
highest reported for this type of device. However, despite the
successes of TiO2, the drive towards lower cost ETLs has
continued to drive explorations into other ETL materials. ZnO is
one such ETL material that has gained more attention over the
past year due to a useful bandgap and extraction capabil-
ities.38,39 However, it is a hygroscopic material, requiring careful
handling when used with the moisture-sensitive CsPbI2Br
perovskite material. Within the literature, there are a number of
reports on using dopants in ZnO to help with further improved
band alignment,22,40 leading to higher efficiency cells. There is
a correlation between performance and reduction in the
roughness of the ZnO lms, which translates into smoother
perovskite lms.40

It is important to note that in all the studies discussed above
and compiled in Table 1, limited attention has been paid to how
the ETLs impact the growth of the perovskite and dictate the
nanoscale chemical, compositional and structural heterogene-
ities. Two potentially useful techniques to investigate the effect
of these ETLs on perovskite growth, crystallisation and opto-
electronic performance are electron backscatter diffraction
(EBSD) and cathodoluminescence (CL) hyperspectral imaging
in the scanning electron microscope (SEM). Some studies have
been carried out exploring these techniques in perovskite solar
cell research.41–46 These, however, have largely focussed on how
localised grain structures and boundaries inuence the lumi-
nescence of the material, or impact on non-radiative recombi-
nation, as well as how different phases can cause variation in
luminescence across samples. Notably, a study by Chatterjee
et al. showed how the emission of all-inorganic perovskite
nanorods changed as the halide composition is altered, show-
casing the adaptability of the growth method for synthesis of
nanorods with emission over the entire visible light spectrum.41

A study on perovskite lms has shown the impact of ion
segregation on the creation of species-rich regions in the
sample, which inuence the emission energy.42 Monochromatic
images showing specic emission wavelengths have been used
to show areas of a lm where iodide rich species are formed,
segregated from the bulk lm emission, leading to areas where
absorption is affected, which in turn impacts device perfor-
mance.42 Examples of EBSD carried out on perovskite solar cells
include the study by Schulz et al.,43 where the technique was
used to investigate specic protruding grains from a MAPI
perovskite, identifying the grains as having differing orientation
J. Mater. Chem. A, 2025, 13, 11003–11014 | 11005
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to the bulk of the lm, and linking this to signicantly differing
electrical properties. The overall perovskite structure in this
case showed a large scale [110] orientation preference with
respect to the sample normal.43 There have been reports within
the literature relating to the avoidance of the [110] orientation
in CsPbI2Br perovskite layers, which is considered undesirable
for device performance, as surface states in this orientation can
affect light adsorption performance due to material energetics,
as suggested in a study by Hu et al. The use of phenethy-
lammonium iodide (PEAI) dopant was explored to reduce
preferred orientation along this direction from the surface of
the perovskite lm.44

Research combining luminescence and EBSD have proven to
be effective in linking crystallographic orientation information
to emission intensity. One such study using a ash annealing
process focused on misorientation within individual grains. It
was found that increasing the grain size in the lms led to
a greater spread in grain orientation, which correlated with
reduced emission due to increased strain.45 Such studies reveal
features within the crystallographic mapping that are not visible
through topography of the material, or by the PL/CL emission
alone, highlighting the enhanced insights which the correlative
measurements provide into the reason behind emission
changes.46

In the present study, we investigate the effect of different
electron transport layers—namely TiO2, SnO2 and ZnO—on the
growth of CsPbI2Br perovskite thin lms annealed at two
different temperatures, and their resultant crystal orientation,
by mapping localised and wider orientation effects using EBSD.
Additionally, the impact of different orientations on the light
emission from CsPbI2Br perovskite thin lms is investigated by
spectrally and spatially resolved CL. The EBSD and CL studies
are supported by X-ray diffraction (XRD) analysis, to ensure both
the localised EBSD effects and bulk crystal effects are revealed.
Experimental
Chemicals

PbI2 (99.99%, trace metals basis) and PbBr2 (99.98% trace
metals basis) for perovskite precursors were acquired from TCI
Chemicals. Dimethyl sulfoxide (99.8%+ extra dry), zinc acetate
dihydrate (ACS Reagent $ 98%), titanium isopropoxide
(99.999% trace metals basis) (TTIP), tin(IV) chloride pentahy-
drate (98%), caesium iodide (99.999% trace metals basis),
ethanolamine ($98% ACS Reagent) were purchased from
Sigma-Aldrich. 2-Methoxyethanol ($99.9% extra pure) and
ethanol for use in TiO2 production (99.5% absolute, extra dry)
was acquired from Acros. Ethanol for use in SnO2 was acquired
from Fisher ($99.8%, absolute, analytical reagent grade).
Acetone and 2-propanol used for substrate cleaning were
acquired from VWR chemicals and were of $99.5% and
$99.7% purity respectively.
Precursor preparation

1.2 M CsPbI2Br precursor solution was made by the dissolution
of 312.0 mg CsI, 277.7 mg PbI2 and 220.0 mg PbBr2 in 1 mL
11006 | J. Mater. Chem. A, 2025, 13, 11003–11014
dimethylsulfoxide (DMSO). The solution was stirred in a vial
holder for 1 hour at 60 °C, ensuring all powders were completely
dissolved. The resultant solution was ltered through a 0.2 mm
polytetrauoroethylene (PTFE) lter. The ZnO sol–gel was
prepared by dissolution of 400 mg zinc acetate in 4 mL 2-
methoxyethanol and 110 mL ethanolamine, stirred overnight
prior to deposition. The SnO2 precursor solution was formed
from 0.225 g SnCl2$2H2O dissolved in 10 mL absolute ethanol,
stirred overnight. TiO2 precursor was prepared from 2 vials, one
containing 2.5 mL absolute ethanol and 300 mL titanium iso-
propoxide (TTIP), and another containing 2.5 mL absolute
ethanol, to which 35 mL 2 M HCl was added outside the glove-
box. The contents from acid containing vial was added to the
TTIP containing vial. This completed the precursor for TiO2. A
polymethylmethacrylate (PMMA) precursor solution used for
protective coating on CsPbI2Br lms for XRD measurements
was prepared by simple room temperature stirring of 10 mg
PMMA in 1 mL chlorobenzene until dissolved.

Sample preparation

Pilkington TEC 15 FTO-coated glass substrates (2 cm × 1.5 cm)
were cleaned with Hellmanex and sonicated subsequently in
deionized water, 2-propanol and acetone. The substrates were
then dried and plasma cleaned for 10 minutes prior to further
processing. Electron transport layers were prepared by spin
coating at 4000 rpm for 30 seconds for SnO2, ZnO, or 2000 rpm
for 1 minute for TiO2, followed by annealing at 150 °C for
30 min for ZnO, 100 °C for 10 min then 180 °C for 1 hour for
SnO2, and 150 °C for 10 min then 500 °C for 30 min for TiO2.
These conditions were chosen and adapted from methods re-
ported in the literature (Table 1). Just before the perovskite
deposition, ETL coated substrates were annealed at 150 °C for
30 min (to remove any moisture), followed by UV/ozone clean-
ing for 10 min, and then immediately transferred to the glove-
box. CsPbI2Br lms were then deposited on the ETL coated
substrates by static spin coating at 2000 rpm for 120 seconds,
then annealing at 50 °C for 2 minutes, and nal annealing at
160 °C for 10 minutes, for low temperature (LT) annealed
samples, or 280 °C for 2 minutes for high temperature (HT)
annealed samples. The samples were then allowed to cool to
room temperature. For samples for XRD and other analyses in
ambient air, a PMMA solution was spin coated on the samples
at 2500 rpm for 20 seconds, prior to annealing at 100 °C for 10
minutes. This was used as a protective layer to prevent exposure
to air for the length of analysis.

Cathodoluminescence hyperspectral imaging analysis

For CL analysis, CsPbI2Br lms coated on different ETL layers
were transferred from glovebox to SEM laboratory within an
airtight box with silica beads. The samples were mounted on
a pre-tilted rotatable specimen holder and loaded into the
vacuum chamber. To limit image dri due to sample charging,
silver paint was used to make an electrical contact to the surface
of the lm and areas near the silver paint were chosen for
analysis. CL hyperspectral images were measured using an FEI
Quanta 250 microscope with a bespoke CL system47–49
This journal is © The Royal Society of Chemistry 2025
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Fig. 1 SE images of the CsPbI2Br perovskite grown at low temperature
(LT 160 °C) and high temperature (HT, 280 °C) on different ETLs, tilted
to 70° for EBSD.
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employing a 0.125 m focal length spectrograph with a 200 mm
slit, a 500 nm blaze, 400 lines per mm ruled grating and an
electron-multiplying CCD. The CL measurements were carried
out in high vacuum (∼1 × 10−6 mbar) using 4 kV accelerating
voltage and the hyperspectral images were taken across a 5 mm
× 5 mm area, with a step size of 0.05 mm and an acquisition time
per pixel of 50 ms.

Electron backscatter diffraction analysis

The EBSD measurements were performed using an Oxford
Instruments Nordlys EBSD detector attached to the same SEM
used for CL imaging. All measurements were performed at high
vacuum, an accelerating voltage of 20 kV and a sample tilt of
70°. Dynamic focus and tilt correction were enabled. As for the
CL, to limit image dri due to sample charging, silver paint was
used to make an electrical contact to the surface of the lm and
areas near the silver paint were chosen for analysis. Multiple
small-area high-resolution maps were taken of different areas,
to investigate localised grain orientation effects. Further to this,
one larger area scan with lower resolution was taken, to deter-
mine whether there are changes in preferential orientation
across the sample, i.e. to assess the repeatability and uniformity
across the sample. The size of the mapped area was altered
between the high and low temperature samples, due to the
difference in grain size observed for the samples. For the high
temperature annealed samples, EBSD datasets were recorded
from smaller areas of 12 × 12 mm2 with a step size of 150 nm
and from a larger area of 180× 160 mm2 with a step size of 2 mm.
For the low temperature annealed samples, EBSD datasets were
taken from small areas of 8 × 8 mm2 with a step size of 100 nm
and from a larger area of 180× 160 mm2 with a step size of 2 mm.
The EBSD data, taken with a pattern resolution of 336 × 256
pixels, were indexed using Oxford Instruments' Rened Accu-
racy method. Initial indexing was performed using the CsPbBr3
cubic phase structure, before being re-indexed using the CsPbI3
cubic phase structure from the materials project.50,51 Compari-
sons were made conrming that data was not altered by
indexing using the different alloy combinations, concluding
that a CsPbI3 cubic phase structure was suitable for the analysis
of CsPbI2Br. The EBSD data was analysed using the MTEX
toolbox using MATLAB.52

X-ray diffraction analysis

XRD measurements were performed on a Bruker D2 Phaser
system with monochromatic Cu Ka radiation with a wavelength
of 1.5406 Å. Samples scans were run for a 5–50° range with 0.04°
increments on the 2q scale. Throughout the measurement
a rotation speed of 8 rpm was set for all samples.

Results

Plan-view topographic (secondary electron) SE imaging of the
electron transport layers was performed to gain an overview of
the general structure of these underlayers (Fig. S1†). From this
we can note that all the layers show grain structure similar to
that commonly observed for FTO substrates, conrming
This journal is © The Royal Society of Chemistry 2025
a conformal coating over the underlying FTO lm. For the
CsPbI2Br perovskite lms grown on the respective ETLs, SE
images were also taken prior to the EBSD analysis. SE images
taken of the tilted perovskite samples (with tilt correction and
dynamic focus applied) are shown in Fig. 1, with additional
images taken top-down (zero sample tilt) are shown in the ESI
(Fig. S2).† A top-down image gives an overall indication of the
grain structure of the lm, however when it is tilted to 70° for
the EBSD, the surface roughness can be clearly seen. An
increased grain size can be observed for the high temperature
(HT) annealed perovskites, particularly in the case of a ZnO
underlying layer, compared with low temperature (LT) prepared
lms. In the case of a SnO2 underlayer, the structure looks
similar in both cases, with the only difference when a higher
temperature annealing is performed being a change in the
apparent roughness of the lm.

EBSD analysis was carried out on these samples to determine
whether growth on differing ETLs, or changing annealing
temperature of the perovskite, results in any variations in the
structural homogeneity and preferential orientations in the
perovskite lms. Inverse pole gure (IPF) maps, shown in Fig. 2,
were used to compare the orientation of the grains in the
perovskite lms grown on different ETLs and using different
annealing temperatures. IPF maps show the crystallographic
orientation/direction with respect to the sample reference
frame directions X, Y and Z corresponding to the horizontal,
vertical and sample normal directions, respectively. The crys-
tallographic directions (or orientation) of grains are shown by
the colour scale in the IPF map. With respect to the sample
normal direction (Z direction), grains across all samples show
a preference for the [100] direction (red grains), with some
secondary preference for [110] (green grains), particularly
observable in the low temperature annealed CsPbI2Br lms
deposited on TiO2 ETL. Fig. 2 shows the IPF maps with respect
to Y and Z, with the X map included in the Fig. S5.† In the
sample plane (e.g. IPF Y) a more random distribution of orien-
tations is observed as seen by a range of differently coloured
grains. White regions are where the data has not been indexed
J. Mater. Chem. A, 2025, 13, 11003–11014 | 11007
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Fig. 2 Inverse pole figure maps with respect to Y and Z directions for CsPbI2Br grown with the low temperature (160 °C, LT) and high
temperature (280 °C, HT) annealing on the different ETLs (SnO2, TiO2 and ZnO).
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due to poor signal-to-noise ratio as a result of shadowing of
regions of the lm due to changes in sample topography and
poor-quality patterns at grain boundaries. Table 2 below
compares the number of indexed pixels in the EBSD maps.
There is an increase in the percentage of pixels indexed for the
high temperature annealed perovskite lms (as compared to the
low temperature annealed lms) grown on theTiO2 and ZnO
ETLs, but not for that grown on the SnO2 ETL.

The high temperature annealing of perovskite grown on the
TiO2 substrate allowed the grains to reorient into a preferred
[100] direction in Z, the sample normal, reducing the preference
towards [110] seen by the schematically green coloured grains in
the low temperature annealed sample (Fig. 2), and this is sup-
ported by a reduction in intensity of the [110] central spot in the
Fig. 4 pole gures shown later. One can also note from Fig. 2
that there are smaller grains in the CsPbI2Br lm grown on TiO2

at low temperature. The CsPbI2Br grains on TiO2 are enlarged
when annealed at high temperature, but remain smaller than
those on the ZnO ETL.
Table 2 EBSD indexing statistics

LT SnO2 LT TiO2 L

% pixels indexed 72% 65% 6

11008 | J. Mater. Chem. A, 2025, 13, 11003–11014
Band contrast maps can be used to help visualise the grain
structure and for the rough estimation of grain sizes. A band
contrast map is a measure of the quality of the Kikuchi patterns,
with low intensity obtained where indexing is not possible due
to no acquisition of patterns or acquisition of poor patterns, for
example due to shadowing as a result of surface topography,
and at grain boundaries. IPF maps, in addition to band contrast
maps, can be used to estimate how the grain size changes across
different samples. A difference in grain size is far more
observable when comparing the two annealing temperatures, as
opposed to between different ETLs within one temperature
sample set. Comparison of the band contrast maps for the
samples grown at both the high and low temperatures reveals
these changes, as displayed in Fig. 3.

The ZnO samples displayed the largest increase in grain size
and most of the grains appear to be of similar size when
annealed at higher temperatures; this contrasts with the lms
annealed at lower temperatures, where the maps show very
small grains between some larger ring-shaped grains. For the
TiO2 ETL sample, the grain size increased, whereas only a very
T ZnO HT SnO2 HT TiO2 HT ZnO

4% 72% 80% 79%

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 The comparison of band contrast maps of CsPbI2Br perovskite
film annealed at low temperature (LT, 160 °C) and high temperature
(HT, 280 °C).

Fig. 4 Comparison of stereographic projection pole figures showing upp
on different ETLs and annealed at low temperature (LT, 160 °C) and high
[100] and [110] pole figures.

This journal is © The Royal Society of Chemistry 2025
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minor change in grain size was observed for the SnO2 ETL case.
It is important to note that the sensitivity of these materials to
the electron beam provides a challenge to the recording of large
detailed maps for high statistical condence. Additionally, the
Kikuchi patterns near and at the grain boundaries are of lower
quality, which prevents the indexing of the patterns in areas
shown white in the IPFmaps (Fig. 2). Grain sizes were estimated
from the band contrast maps using ImageJ,53 with a selection of
10 of the clearest grains in the sample and averaging across
length and breadth, to give an estimated range of grain sizes for
the samples grown at high temperature. For the low tempera-
ture annealed lms, as the grain boundaries are not well
dened, it is challenging to estimate grain size from the band
contrast maps. Samples grown on ZnO and TiO2 at high
temperature have grains in the approximate range of 1400–
2350 nm and 750–1450 nm, respectively, whereas in the case of
a lm grown on SnO2, the grains are visibly smaller and
indistinguishable.

Pole gures give overall orientation information across the
entire sample area and have been constructed using data
recorded over a large area to provide good statistics. Pole gures
for the [100] and [110] directions from all samples are shown in
Fig. 4. All samples display the distinct preferential orientation
in [100] as evidenced by the most intense spot in the centre of
the [100] pole gure. The [110] spot intensity is lower in all cases
er hemisphere for the [100] and [110] directions, for the CsPbI2Br films
temperature (HT, 280 °C). Note the different intensity scale bars for the

J. Mater. Chem. A, 2025, 13, 11003–11014 | 11009
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in the high temperature samples, showing that the high
temperature preparation route enhances the preferential
orientation of the samples. Full comparisons of the pole gures,
secondary electron images before and aer EBSD measure-
ments, and the IPF maps including along the X plane are given
in the ESI, Fig. S3–S5.†

Mapping of the FTO substrates was also attempted by EBSD,
however the Kikuchi pattern quality was very low, grain size very
small, and the substrates could not be successfully measured.
XRD analysis of the samples was carried out to conrm the
conclusions from the EBSD. The XRD patterns in Fig. 5 show
clear, strong (100) and (200) peaks conrming the preferred
(100) orientation in the cubic phase CsPbI2Br lms. All samples
showed a limited presence of (110) orientation as observed in
the EBSD, revealing the polycrystalline nature of the lms.
However, it is notable that the lm deposited on TiO2 and
annealed at high temperature exhibits a signicant shi of the
XRD peaks towards higher angles (in contrast to the one grown
at low temperature), followed by that grown on SnO2 which
shows a relatively smaller shi, whereas no shi was observed
for lm grown on ZnO. This shi could be linked to additional
strain within the CsPbI2Br lms when the sample is annealed at
high temperatures, due to the difference in thermal expansion
coefficient of the perovskite and the ETLs.54 When the CsPbI2Br
lm formed at high temperature and then cools to room
temperature, it contracts owing to its positive thermal
Fig. 5 (a) XRD plot for CsPbI2Br films grown on top of three different
ETLs – SnO2, TiO2 and ZnO, annealed at low temperature (LT, 160 °C)
and high temperature (HT, 280 °C), (b) magnified (200) peak for all the
samples.

11010 | J. Mater. Chem. A, 2025, 13, 11003–11014
expansion coefficient (a). However, since the CsPbI2Br lms are
deposited on substrates with a lower a [perovskite ∼ 3–8.4 ×

10−5 K−1, TiO2 ∼ 8–11 × 10−6 K−1, SnO2 ∼ 3–8 × 10−6 K−1, ZnO
∼ 1–2 × 10−5 K−1],55–57 the contact between the lm and the
substrate limits the perovskite from contracting when it cools
back to room temperature aer the high temperature anneal-
ing. This leads to a tensile strain along the in-plane directions
and a simultaneous compressive strain in the out-of-plane
direction due to the positive Poisson's ratio in the perovskites.
A shi to higher angles in XRD for the out-of-plane direction has
been observed for compressive strain.58 Since Da is higher for
SnO2 and TiO2 than for ZnO, we would expect higher shis in
the XRD peaks for lms grown on SnO2 and TiO2 than those on
ZnO, which is in reasonable agreement with the observation in
the present study. Additionally, lattice strain will also arise at
the interface between the perovskite and the ETLs due the
lattice mismatch between the two layers. The observed XRD
shis can thus be elucidated as due to an interplay between the
thermal and lattice mismatch between the perovskite and the
ETLs.

The stress present within the CsPbI2Br lms due to the
difference in thermal expansion coefficients, dependant on the
annealing temperature and the underlying ETL material, can be
calculated by using the following formula59

sDT ¼ Ep

1� np

�
as � ap

�
DT

The value is calculated for a range of annealing tempera-
tures, taking the modulus of the perovskite (Ep) to be 10 GPa,60

Poisson's ratio vp in the perovskite to be 0.3,61 and the thermal
expansion coefficients of the materials to be the highest value
from the ranges reported in literature. as and ap are the thermal
expansion coefficients of the relevant ETL (ZnO/TiO2/SnO2) and
the perovskite absorber material CsPbI2Br, respectively. Plotting
the calculated values of the stress versus annealing temperature
of the perovskite grown on each of the ETLs (Fig. 6), it can be
noted that the SnO2 introduces the highest level of thermally
induced stress in the perovskite lm, followed by the TiO2, then
Fig. 6 Plot of film stress in samples of all-inorganic CsPbI2Br grown
atop the three different ETL's – SnO2, TiO2 and ZnO as function of the
annealing temperature.

This journal is © The Royal Society of Chemistry 2025
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followed by the ZnO. This can be correlated with the grain sizes
observed in the CsPbI2Br lms grown on different ETLs in this
study. Cathodoluminescence hyperspectral imaging experi-
ments were conducted on the perovskite lms to determine
whether the structural changes in the lm resulted in variations
in the light-emitting properties of the lm. Fig. 7 shows CL
maps of the centroid wavelength (a statistical measure of the
wavelength shi extracted from the full spectrum recorded at
Fig. 7 Maps of CL centroid wavelength (colour), CL intensity (greyscale
CsPbI2Br films grown on the differing ETLs (SnO2, TiO2, and ZnO) and anne
Scales are identical throughout.

This journal is © The Royal Society of Chemistry 2025
each pixel), along with secondary electron images, for CsPbI2Br
lms annealed at 160 °C (LT) and 280 °C (HT). Variation is
observed in the emission across the samples, from the expected
value of 650 nm reported in the literature.20,62 This is linked to
heterogeneities and misorientations in the lms, leading to
strain being induced in the absorber in those samples.63

Considering the CsPbI2Br lms grown on SnO2 it is notable that
both in high and low temperature annealed perovskite lms,
) and secondary electron images (greyscale) of the mapped region of
aled at low temperature (LT, 160 °C) and high temperature (HT, 280 °C).
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the nature of emission from the lms stays relatively the same.
There is clear heterogeneity within the sample grown on TiO2 at
low temperature, however this is reduced (and becomes similar
to the SnO2 reference) when annealed at high temperature. On
the other hand, there is a major emission peak shi revealed in
ZnO when one moves from annealing at 160 °C to 280 °C, as can
be seen by the change in predominant colour from blue to red/
green on the centroid wavelength scale. In both ZnO samples
there is an improved level of homogeneity relative to the TiO2

low temperature sample. The redshi could be resultant of
some change to the lm either bymorphological change such as
the large grain growth (seen in the EBSD earlier), or due to
release of moisture, related to the hygroscopic nature of ZnO.
All samples show reduced heterogeneity when prepared at the
higher temperature. Shis within the lm, particularly in the
low temperature TiO2 case, could be related to localised
compositional changes as reported previously in literature,63

however all lms were deposited using the same precursor
under same ambient conditions within the nitrogen glovebox
and so should have the same overall composition. As
mentioned earlier, it is suggested that there could be some
strain effects in the lm. The effect is not observed on the other
ETLs.

In the integrated CL intensity plots, it is notable that signal
has fewer dark regions in the lms on ZnO ETL, in contrast to
the lm on TiO2 which shows a more variable behaviour with
large areas of reduced CL signal. These large dark areas shown
in the lms grown-on TiO2 sample suggest large defects where
losses will occur from the solar cells, affecting efficiency. The
large grain structure seen in the high temperature sample
grown on ZnO (as shown in EBSD), combined with the uniform
CL seen here, is desirable, as reduced numbers of grain
boundaries lead to lower losses and higher efficiencies.

Conclusions

The role of the electron transport layer in dening the growth of
perovskite lms has been revealed, showing a signicant
dependence on the correct choice of underlayer for grain size,
orientation and the crystal quality. The large-scale grain growth
seen within the high temperature processed CsPbI2Br perov-
skite grown on ZnO reveals this as a suitable choice of transport
layer. In addition, the ZnO layer can be prepared at reduced
temperatures compared to TiO2, a positive step towards cost-
effective commercial viability of perovskite solar cells and
application to temperature-sensitive substrates. The results of
this work show that the structure of the electron transport layer
must be considered fundamental when designing perovskite
solar cell architecture, as this can effect the stability and
performance, alongside the commercial and environmental
implications.
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