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The polar material bournonite (CuPbSbSs) is of interest as a new absorber layer for thin-film
photovoltaics. At present, efficiencies are low and there is a lack of fundamental knowledge on the
structural and optoelectronic properties of the material in thin-film form. In this study, we report
complete experimental Raman spectra, which are interpreted with the help of ab initio calculations.
Raman maps reveal variation of relative peak intensities both within grains and across grains as most

Received 13th February 2025, likely caused by crystal anisotropy. We also present correlated hyperspectral cathodoluminescence (CL)

Accepted 14th April 2025 results and observe a red shift of the CL peak wavelength of 5 to 15 nm at the bournonite grain
DOI: 10.1039/d5tc00630a boundaries. Transmission electron microscopy reveals Cu enrichment along grain boundaries that,

together with Cup, antisite and interstitial Cu point defect formation, is proposed to cause the
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1. Introduction

Bournonite (CuPbSbS;) was identified as a potential absorber
layer for thin-film photovoltaics in a theoretical study by
Wallace et al.," which searched for polar minerals with band
gaps suitable for single-junction solar cells. Bournonite is
orthorhombic and belongs to the space group Pmn2,. The
resultant non-centrosymmetric unit cell leads to a net electric
dipole moment and, based on theoretical work," bournonite
can be classified as a (weakly) ferroelectric photovoltaic mate-
rial (or photoferroic). Photoferroics have a potential advantage
over traditional thin-film photovoltaic materials, as the internal
electric field due to polarisation may aid charge separation,
leading to an improved open circuit voltage (Voc). Bournonite
has favourable optical properties including a band gap of
~1.3 eV and a large absorption coefficient (~10* cm™* to
10° ecm ™ ).* Additionally, it has previously been shown through
density functional theory (DFT) calculations that bournonite is
defect-tolerant.* Although the ferroelectric nature of bourno-
nite has not been directly confirmed, recent experimental work
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has shown that observed domain walls do not contribute to
Shockley-Read-Hall recombination of charge carriers or block
charge carrier transport.” Various techniques have been used to
synthesise bournonite, including those suitable for nano-
crystals® and thin-films*™” as well as through solid-state bulk
powder reactions.®*° The record efficiency for a bournonite
solar cell is currently 2.65%,> where the device was fabricated in
a superstrate architecture, with TiO,, spiro-OMeTAD, fluorine-
doped tin oxide (FTO), and gold contacts. Limitations to
efficiency improvements were highlighted to be the grain sizes
attainable and morphological quality of the thin-film.

In this work, we use the experimental techniques of Raman
spectroscopy, cathodoluminescence (CL) spectroscopy, and trans-
mission electron microscopy (TEM) to examine thin-films of
bournonite. Raman spectroscopy has been used in other photo-
voltaic absorbers to determine, for example, secondary phases,"
doping concentrations through peak broadening,'* and to uncover
order-disorder transitions.”> Order-disorder transitions occur
when there is a structural change to the material due to a change
in temperature, as occurs in the photovoltaic absorber Cu,ZnSnS,
(CZTS). For CZTS the order-disorder transition results in Cug, and
Zng, antisites that are thought to contribute to a V¢ deficit.'*"?
Evidence from Raman spectroscopy for the order-disorder transi-
tion can be peak broadening, changes to the relative peak inten-
sities, or the presence of additional peaks.'*'* The Raman spectra
reported so far for bournonite are of a limited range of wavenum-
bers and with broad peaks,®” while no luminescence measure-
ments (i.e. photo-, electro- or cathodo-) of bournonite have been

This journal is © The Royal Society of Chemistry 2025
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reported. As such, this work aims to use these techniques to
evaluate the quality of thin-films of bournonite and to give
insight into correlations between the optoelectronic properties
and the underlying structure. From this study we determine the
role of crystal anisotropy on Raman peak intensities in bour-
nonite, confirm a previously unreported secondary phase tetra-
hedrite (Cu;,Sb,4S;3), as well as detect a red shift of the CL peak
at the grain boundaries relative to the grain interiors, which is
caused by Cu enrichment at the grain boundaries.

2. Experimental and
computational details

Thin bournonite films were prepared using a thiol-amine
solution, following a methodology similar to that of Koskela
et al.’> The chosen masses conform to stoichiometric bourno-
nite and for the synthesis, 29.7 mg copper (un) oxide (CuO),
77.7 mg lead (u) oxide (PbO) and 67.5 mg antimony (u) sulfide
(Sb,S;3) were combined in a round-bottom flask with 0.8 mL 1,
2-ethylenediamine (C,H, (NH,),) and 0.2 mL 1,2-ethanedithiol
(CyH,4 (SH),). The mixture was stirred on a hot plate at ~25 °C
for over 12 hours resulting in a fluid brown solution. 2.5 ¢cm?
soda lime glass substrates were sequentially scrubbed with
decon-90 and deionised water before they were sonicated in
deionised water twice, acetone and isopropanol for 15 minutes
each with drying by a N, gun in between each sonication. The
ink was deposited on the cleaned glass slides by spin coating
using a Laurell WS-400B-6NPP/Lite spin coater at 3000 rpm and
with 60 pL of solution per coat. After spin coating, the samples
were annealed in a tube furnace at a range of temperatures
from 400 °C to 500 °C for 1 hour under flowing N,.

X-ray diffraction (XRD) measurements were performed using
a Bruker D8 Advance X-ray Diffractometer and Cu Ko source.
Rietveld refinement was performed using General Structure
Analysis Software (GSAS) IL.'® Raman measurements were per-
formed at the Luxembourg Institute of Science and Technology
(LIST) using a Renishaw InVia Raman microscope using both a
633 nm laser and 785 nm laser. The 633 nm laser with 43 pW
power and 1 um spot size was used for single point high
resolution spectra, with each spectrum the result of 60 expo-
sures of the sample to the laser for a time of 60 s each. The
785 nm laser with 87 yW power and 1 pum spot size was used for
the Raman maps. The Raman was performed at a magnifica-
tion of 100x with a numerical aperture of 0.9. Each point
spectrum in the map is the result of 10 exposures to 60 s of
laser. Data analysis of the Raman map data was performed
using Gatan Digital Micrograph software. CL measurements
were done at the University of Cambridge using an Attolight
Allalin 4027 Chronos scanning electron microscope (SEM)
operating at 8 kV and at room temperature. For data analysis
of the CL measurements, Hyperspy-CL-v3 was used, an adapted
version of Hyperspy which is an open-source Python library.'”
To prepare cross-sections for TEM, a Helios 600 focused ion
beam microscope (FIB) was used at Durham University using a
Ga ion beam. TEM, scanning transmission electron microscopy

This journal is © The Royal Society of Chemistry 2025
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(STEM) and energy-dispersive X-ray analysis (EDX) were done at
Durham University using a JEOL 2100F field emission gun
transmission electron microscope operating at 200 kV using
an Oxford Instruments X-Max 65T silicon drift detector. Sec-
ondary electron (SE) imaging and EDX chemical analysis was
also performed in a Hitachi SU70 SEM operating at 10 kV.

AD initio calculations were performed using density func-
tional theory (DFT) using the quantum ESPRESSO (QE)
package'® with the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional (XC).'® We used scalar-relativistic norm-
conserving pseudopotentials from the PseudoDojo project.”®
We performed structural relaxation imposing the experimental
lattice constants a = 7.79 A, b = 8.15 A, and ¢ = 8.69 A employing
4 x 4 x 4 k-point sampling and an energy cutoff at 100 Ry. We
then used density-functional perturbation theory (DFPT)*' for
the calculation of phonons at I' (wave vector g = 0). We
calculated the non-resonant Raman spectrum at 300 K using
the implementation of Lazzeri and Mauri** for the Raman
tensor. This implementation is currently only for the local-
density approximation (LDA), so we used LDA to calculate the
Raman tensor but kept the phonon frequencies and eigenvec-
tors calculated with the PBE functional. In parallel, we per-
formed calculations of the Raman spectra using DFT with
Gaussian orbitals as implemented in the CRYSTAL17
code.”®?® This gives similar results (see ESIf), but due to
uncertainties in the convergence of basis sets, we present the
calculations using plane waves in the main text. We also note
that our calculations are in close agreement with the entry on
bournonite in a recent high-throughput data base of non-
resonant Raman spectra.>®

3. Results and discussion

Plan-view and cross-section secondary electron (SE) images of
the thin-films annealed at different temperatures are shown in
Fig. S1 (ESIt). Fig. S2 (ESIT) presents comparative histograms of
grain sizes for samples annealed at 450 °C and 500 °C, where
the average grain size increases from (0.39 + 0.01) pm to
(2.14 £ 0.06) pym with annealing temperature. This work
focused on bournonite thin films which had been annealed
at 500 °C, due to its large grain size which enabled grain to
grain spectroscopy.

XRD was performed to determine the phases present in the
500 °C sample. Rietveld refinement (Fig. 1) confirmed the
sample to be composed of primarily bournonite with minor
secondary phase peaks as denoted by asterisks. Possible candi-
dates for these peaks include PbS or Sb,S;, which are com-
monly reported for the synthesis of bournonite.>” We have also
explored the possibility of tetrahedrite (Cu,,Sb,S,3) which was
observed (see below) but which also cannot be assigned to the
secondary phase peak locations. The Rietveld refinement
had a weighted profile residual of Ry, = 4.52%, indicative
of an excellent fit. The bournonite lattice parameters were
a=7.81A,b=8.15A, and ¢ = 8.70 A.
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Fig. 1 X-ray diffraction for the 500 °C thin-film sample, Rietveld refined using a pure bournonite phase. The raw spectrum is marked by black spots
(‘obs’), the refined spectrum by the red line (‘calc’) and the calculated background by the blue line (‘bkg’). Markers designating peak locations for the
CuPbSbS3 phase are shown underneath the main plot. A plot of the weighted difference between the observed and calculated intensities is shown in
green. Minor secondary phase reflections are marked by asterisks. The fitting results in a R, of 4.52%. The figure inset is a secondary electron SEM image

of the thin-film grain structure.

3.1. Raman

Raman spectroscopy was used to further evaluate the quality of
the thin film. Raman spectra of bournonite in the literature
are limited to peaks located near 320 cm™ ', 290 cm " and
180 ecm™ ">’ A single point Raman spectrum acquired from
within a grain of bournonite is presented in Fig. 2a. Low power
and long acquisition times were found to be essential for
obtaining high quality Raman spectra. The spectrum presented
here notably covers all the peaks in the complete spectrum and
the peaks are noticeably sharper than in previous reports.*’
To identify the origin of individual Raman modes, we
calculated a polycrystalline Raman spectrum (direction and
polarisation averaged) for bournonite using DFT. The result is
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shown in Fig. 2b and reproduces the main Raman peaks
observed in the experiment. The peak positions calculated
using DFT are within the typical accuracy of DFT. For a
discussion and estimation of the error of ab initio calculations,
see the ESL.{ From the DFT results, we see that most of the
experimental peaks and also most of the smaller visible peaks
in the calculated spectrum are modes of A; symmetry. A full list
of all peaks and their symmetry classification is presented in
the ESIT where we also show sketches of the phonon modes
that give rise to the most intense Raman peaks. The low
wavenumber peaks up to 111 cm ' can be attributed to
combined vibrations of all atoms in the lattice, whereas the
higher modes consist mostly of vibrations of the lighter
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Fig. 2 a) Single point Raman spectrum of bournonite with peak wavenumbers labelled. Lorentzian fits to individual peaks are shown in blue, while the
red line represents the cumulative fit. (b) PBE calculated DFT Raman for polycrystalline bournonite.
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Fig. 3 a) SE image of the area mapped by Raman (red box) with locations
of extracted point spectra and the Cu;,SbsSy; tetrahedrite grain labelled.
(b) Map of the 326 cm™ peak and (c) 74 cm~! peak intensity. (d) Map of
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S atoms: the 178 em ' and 200 cm™ ' modes are due to
Pb-S stretching (with associated Cu-S-Sb bending) and the
294 cm ™', 326 ecm ! and 338 cm ! peaks are related to Sb-S
stretching. Although DFT indicated that additional peaks
should be present, these are not resolved experimentally
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because of their proximity to more intense peaks and because
of some noise in the experimental data.

A Raman map of a region of bournonite revealed the
presence of a single grain of tetrahedrite (Cu;,Sb,S:3) as
labelled in Fig. 3a. A single point Raman spectrum of the
tetrahedrite grain is shown in Fig. 4a, and is consistent with
previous results.>” EDX mapping in the SEM also confirmed
local Cu enrichment and Pb, S depletion at the Cu;,Sb,S;3
tetrahedrite grain, relative to the CuPbSbS; bournonite matrix
(Fig. S3, ESIt). Tetrahedrite is a previously unreported second-
ary phase in the synthesis of bournonite; the more common
secondary phases PbS and Sb,S; were not detected anywhere in
this sample using Raman spectroscopy.

There was no broadening or shifting of the bournonite
peaks observed across the Raman map, but there was variation
in the relative intensities of the 74 cm ™' and 326 cm ™" peaks, as
well as more subtle changes between the 74 cm ™" and 294 cm ™!
relative peak intensities. To help determine if this was related
to possible order-disorder effects or due to anisotropy of the

. . . . . I .
grains, an intensity ratio Q was defined: Q = %, where I, is the
74

intensity of the peak at wavenumber x. Maps of the intensities
I556 and I, and Q intensity ratio are shown in Fig. 3b-d,
respectively. While the tetrahedrite grain and the large bourno-
nite grain labelled ‘D’ in Fig. 3a can be distinguished there are
no other clear morphological features resulting from these
maps. To further investigate the spatial variation in relative
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Fig. 4 Raman spectra for individual points labelled in Fig. 3a. (a) Raman spectrum extracted from the tetrahedrite grain. (b) Intra-grain Raman spectra

from points ‘A" and ‘B’. (c) Inter-grain Raman spectra from points ‘C' and ‘D'".

polarisation conditions.
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peak intensity, point spectra were extracted from two crystal facets
of the same grain (points ‘A’ and ‘B’ in Fig. 3a) and two separate
grains (points ‘C’ and ‘D’). These point spectra are shown in Fig. 4
and indicate that the value of Q changes for both cases. Given that
Q is relatively unchanged for the large grain ‘D’, which does not
exhibit any well-defined crystal facets, but has variation for points
‘A’ and ‘B’, suggests the change in Q-value can be attributed to
crystal anisotropy. However, applying a polarisation filter to the
laser source and detector did not show any significant changes to
the 74 cm™", 294 em™" or 326 cm ™" peaks for a point spectrum
acquired from grain ‘D’, though some changes to the peaks lower
than 100 cm ™" were present, as shown in Fig. 4d. DFT calculations
(Fig. S9, ESIt) show that for a polycrystalline sample the isotropic
intensity ratios for Q change from ~4 for the parallel components
to ~1 for the perpendicular components. Polarised Raman of a
bournonite single crystal oriented along the unit cell axes has been
shown by Kharbish et al.®® to affect the relative intensities of the
294 cm " and 326 cm ' peaks, in agreement with the DFT
calculations. Although the polarised Raman spectra in Fig. 4d
did not show the variation expected, this is likely due to the
particular grain chosen. For example, the grain may be oriented
along a high index (low symmetry) crystal direction where aniso-
tropic effects are suppressed, or the crystal orientation may be
continuously changing due to grain curvature. Furthermore, point
Raman spectra acquired from a bulk synthesised and naturally
occuring mineral of bournonite did show the expected changes
with polarisation (Fig. $4, ESIt). Therefore, anisotropy is likely to be
the dominant cause for the variation in Q-values across the mapped
region, and consequently no information can be extracted about
potential structural disorder in the material.

3.2. Cathodoluminescence

CL hyperspectral mapping was performed on the same area
analysed by Raman. Fig. 5 shows a secondary electron (SE)
image of this area as well as the panchromatic CL (PanCL) map

View Article Online
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after the background had been removed. The morphology of
the area, including all grains and grain boundaries (GBs), was
clearly resolved in the PanCL map (Fig. 5¢). The summed CL
spectrum from the entire map area is shown in Fig. 5a; two
peaks are observed at ~675 nm and ~989 nm. The ~989 nm
(~1.25 eV) peak agrees with the band gap for bournonite.'”
Applying bandpass filters to the CL hyperspectral data (Fig. 5d
and e) reveals that the source of the ~675 nm peak is the
tetrahedrite grain. The bright corners in the right hand side of
Fig. 5d are due to luminescence from the bare glass substrate.

Gaussians were fitted to the bournonite peak wavelength
range for each point in the hyperspectral map. The resulting
fitting parameters, i.e. peak centre, amplitude and full width at
half maximum (FWHM), are shown in Fig. 6. Apart from the
tetrahedrite grain, where the quality of fit is unsurprisingly
poor, there is a clear correlation of peak centre with grain
morphology. In particular, the CL of the GBs is red shifted
compared to the grain interiors by ~5 nm to 15 nm (~ 12 meV
to 18 meV). To confirm the red shift behaviour of the GB
luminescence, point spectra were extracted from multiple
pixels, including large grains, GBs and some of the smaller
grains. The location of some example extracted spectra is
indicated in the Fig. 6b inset. Interestingly some of the smaller
grains show blue shifted CL compared to the CL of the larger
grain interiors. The asymmetric Gaussian amplitudes at the
GBs are lower than the grain interiors, as is expected due to
higher levels of non-radiative recombination of charge
carriers.”® The FWHM is relatively constant across the bourno-
nite thin-film, suggesting uniform crystal quality (e.g. Urbach
tails) of the individual grains.

Red shifted luminescence at GBs has been reported before for
Cu,ZnSnS, (CZTS) on the order of 4 meV to 5 meV and
Cu(In,Ga)Se, (CIGS) on the order of 10 meV to 15 meV by Romero
et al®® The mechanism proposed for these observations was a
depletion of Cu content at the GBs resulting in shallow band gap
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Fig. 5 a) Summed CL spectrum over the mapped region, which is shown as an SE image in (b). The purple line is an asymmetric Gaussian fit with a peak
centre of x. =989.2 + 0.1 nm. The wavelengths used for the bandpass filters in maps d, e are shown as blue and red strips respectively. (c) Panchromatic
CL (PanCL) map extracted from the hyperspectral data. Bandpass filtered maps of (d) tetrahedrite (670 nm to 690 nm) and (e) bournonite (978 nm to

1005 nm). The colour bar in each map is the intensity measured in counts.
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Fig. 6 a) Map of the peak centre from fitting a Gaussian to the bournonite CL peak. Colour bar denotes the peak centre wavelength in nm. (b) Select point spectra
showing the variation in peak centre with sample microstructure. Inset shows the locations where the point spectra were taken. (c) Map of the amplitude of the fitted
Gaussian peaks (colour bar denotes amplitude value in ‘counts’). (d) Map of the FWHM of the fitted Gaussian peaks (colour bar denotes FWHM value in hm).

defect states. For CIGS these are V¢, and Ing, while for CZTS these
are Vg, and Zng,, which has since been confirmed by other
studies.*™*> For CZTS, intra-grain variation of the CL was suggested
to be related to the order—disorder of the kesterite structure.*

3.3. Transmission electron microscopy

To further investigate the cause of the red shifted GB lumines-
cence, a TEM sample was prepared from the same CL mapped
region, with the aim to identify if there was any variation in

Fig. 7 a) BF image of a bournonite GB with red arrows denoting its location. (b) HREM of the GB, with the left-hand grain oriented along the [110] zone axis (c).
HREM of the GB, with the right-hand grain oriented along the [001] zone axis. DP from the (d) LH side and (e) RH side of the GB with planes indexed.

This journal is © The Royal Society of Chemistry 2025
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elemental composition at the grain boundary. The GB chosen
was located away from the tetrahedrite grain, so that any
variation in elemental distribution is not related to tetrahedrite
formation (see Fig. S5, ESIt). Fig. 7a shows a TEM bright-field
(BF) image of the GB and Fig. 7b and c show high-resolution
electron microscopy (HREM) images of the GB atomic struc-
ture. The TEM sample in Fig. 7b and c is oriented along the
zone axis of the left-hand (LH) and right-hand (RH) grains
respectively. A difference in contrast is observable between the
two grains, due to the misorientation across the GB. Separate
diffraction patterns (DPs) of the zone axes were taken from the
LH and RH grains as shown in Fig. 7d and e respectively.
The XRD Rietveld refined bournonite lattice parameters of
a=7.81A b=815Aand ¢ = 8.70 A, which are similar to the
literature values,® were used to index the diffraction patterns.
The DPs confirm that both grains are bournonite, with the LH
grain oriented along [110] and the RH grain oriented along the
[001] zone axis.

A STEM EDX map of the GB is presented in Fig. 8, with
elemental maps for Cu, Pb, Sb and S. The region of darker
contrast at the GB triple point (top region of EDX map) is shown
to be rich in Pb and S. A DP of this region (see Fig. S6, ESIt) was
indexed to be PbS. Another feature suggested by the EDX
mapping is an increase in Cu along the GB. To elucidate the

Normalised Intensity (a.u.)

Fig. 8
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distribution of the elements at the GB, multiple linescans were
taken across the GB, one of which is shown in Fig. 8b. The
linescan confirms the GB to be Cu-rich, as evidenced by the
sharp increase in Cu. Additionally the linescan also suggests a
decrease in Pb and S along the GB. Similar trends were
observed for the other linescans as well (Fig. S7, ESI{). It is
proposed that the formation of the Pb, S-rich PbS phase at the
GB triple point in bournonite has resulted in Cu-enrichment
along the GB. Density functional theory (DFT) calculations by
Liu et al.” suggest shallow band gap defect states of Cup, and
Cu; (interstitial Cu) to have low formation enthalpies for a
perfect crystal of bournonite. These defects are consistent with
the Cu enrichment at the GB and are likely responsible for the
change in CL peak centre seen at the GBs. To reduce Cu
diffusion at GBs it may be necessary to anneal films at lower
temperatures, though this will limit the grain size. It may then
be beneficial to introduce dopants such as Se, Na or Li which
have been successful for other chalcogenides at improving
grain growth,3*3¢

As well as GBs and secondary phases, other planar defects
were also found in this thin-film sample, as seen in Fig. 9a. The
HREM image (Fig. 9b) shows sharp crystallographic boundaries
for the planar defect and the corresponding DP (Fig. 9c) shows
‘spot splitting’, indicative of a twin boundary. This is confirmed

(a) Bright-field image of the bournonite GB with EDX linescan location (dashed line) and mapped region (red box) annotated. (b) EDX linescan and

elemental mappings for (c)-(f) Cu, Pb, Sb and S. The white bar indicates a scale of 100 nm for all images.
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Fig. 9

(a) BF image showing a GB extending vertically along the bournonite film thickness, and twin boundaries to the bottom left (locations annotated

by red arrows) (b) HREM image of the end-on twin boundaries. Red arrows indicate the [001] crystal direction either side of the twin boundary. (c) [100]
zone axis DP acquired over the twin boundary showing spot splitting (such as those circled).

by the mirror symmetry of [001] crystal directions within grains
either side of the planar defect (Fig. 9b). Bournonite is a
ferroelectric material with polarisation oriented along [001].
The switching of the [001] direction indicates this planar defect
is a ferroelectric domain wall. Domain walls of this nature have
been reported before by Rigby et al.,”> and were found not to
affect the recombination properties of bournonite or to block
charge carrier transport. Their effect on photovoltaic device
performance is therefore benign.

4. Conclusions

Thin-film bournonite has been investigated through a corre-
lated study of Raman, CL spectroscopy and TEM. Complete
Raman spectra have been reported for the first time and DFT
calculations confirm the major experimental peak positions.
Raman maps revealed the presence of a tetrahedrite secondary
phase, as well as variations in the relative intensities for the
74 cm™ " and 326 cm ™! peaks in the bournonite matrix. Raman
maps, extracted point spectra, polarised Raman spectroscopy
and DFT indicate that this variation is most likely due to
anisotropy of the grains rather than any structural disorder.
CL of the bournonite shows that the luminescence at the GBs is
red shifted compared to the grain interiors. TEM revealed the
presence of a PbS secondary phase at the intersection of the GB
with the specimen surface. Additionally Cu enrichment at the
GB is observed and this is proposed to have been driven by the
formation of the PbS grain. A higher concentration of low
energy point defects, such as Cupy, and Cu;, is therefore believed
to be the origin of the CL red shift at the GBs. The small GB red
shift (12 meV to 18 meV) observed by CL suggests these point
defects have shallow energy levels within the band gap. Conse-
quently Cu-enrichment at the grain boundaries is not expected
to significantly increase Shockley-Read-Hall recombination
above that of a chemically pure grain boundary in bournonite.
Hence the grain boundary segregation observed here should
not adversely affect thin-film photovoltaic device performance
metrics. Further, given the p-type nature of bournonite is due to
Cupy, it is suggested enriching bournonite with Cu to improve
charge carrier separation would not have significantly detri-
mental non-radiative losses.

This journal is © The Royal Society of Chemistry 2025
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