Nanotechnology

PAPER « OPEN ACCESS

Characterisation of the interplay between
microstructure and opto-electronic properties of
Cu(In,Ga)S,, solar cells by using correlative CL-

EBSD measurements

To cite this article: Yucheng Hu et al 2024 Nanotechnology 35 295702

View the article online for updates and enhancements.

>

IUORESCENG

HORIBA

You'll find what you need
JY and love what you get
from HORIBA
www.horiba.com/fluorescence

You may also like

- Metastable grain boundaries: the roles of
structural and chemical disorders in their
energetics, non-equilibrium kinetic
evolution, and mechanical behaviors
Miao He, Yuchu Wang and Yue Fan

- Effect of grain boundary direction on
blistering in deuterium-exposed tungsten
materials: Parallel grain boundary versus
perpendicular grain boundary
Mi Liu, Long Cheng, Yue Yuan et al.

- Ab initio study of symmetrical tilt grain
boundaries in bee Fe: structural units

magnetic moments, interfacial bonding

local energy and local stress
Somesh Kr Bhattacharya, Shingo Tanaka,
Yoshinori Shiihara et al.

Fluoromss ;.

Duetta

FluoroMax Plus

Aqualog + QC/QA Analyzer

Explore the future HORIBA

This content was downloaded from IP address 158.64.79.9 on 28/08/2024 at 08:39


https://doi.org/10.1088/1361-6528/ad3bbd
/article/10.1088/1361-648X/ad4aab
/article/10.1088/1361-648X/ad4aab
/article/10.1088/1361-648X/ad4aab
/article/10.1088/1361-648X/ad4aab
/article/10.1088/1402-4896/ac1476
/article/10.1088/1402-4896/ac1476
/article/10.1088/1402-4896/ac1476
/article/10.1088/1402-4896/ac1476
/article/10.1088/0953-8984/25/13/135004
/article/10.1088/0953-8984/25/13/135004
/article/10.1088/0953-8984/25/13/135004
/article/10.1088/0953-8984/25/13/135004
/article/10.1088/0953-8984/25/13/135004
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjstqjjmeMldG6OxokCp6aTt6NmdDKQjgvIfePajqntXAwzmH3D0gljuwecGYd-35qhsVLirST5HDzmyobW7KBd0VRjbghh7_cfutQcfB4L7Gym-1LndATi17jWv66atLZEG5WYTya1En5g2d4n6kILw3dfzuHY3v6J9WEjA2wFppKACnRrd9x7Iq1-EvUwtfM03WDWNgFSPHxQNtKLzNt9kp3clWTPhwc6KTsxFiSu3xj-nAjVHUa9QREkUMf2lmIG1ecBARIvEXVNJtORnDUSnmk-1FvvIb8nMaH64v-333RnJWUgFea4ycpTx0Ab-jJEWjCI8j-Ygynd85YogE4A&sig=Cg0ArKJSzA5Yt5RGKyaP&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://www.horiba.com/int/scientific/products/fluorescence-spectrometers/%3Futm_source%3Dmaf%26utm_medium%3Dad%26utm_campaign%3Dmaf-ad-fluorescence-tree

OPEN ACCESS
10OP Publishing

Nanotechnology

Nanotechnology 35 (2024) 295702 (10pp)

https://doi.org/10.1088/1361-6528,/ad3bbd

Characterisation of the interplay between
microstructure and opto-electronic
properties of Cu(ln,Ga)S, solar cells by
using correlative CL-EBSD measurements

Yucheng Hu' ®, Gunnar Kusch' @, Damilola Adeleye’®,

Susanne Siebentritt’® and Rachel Oliver'

! Department of Materials Science and Metallurgy, Cambridge University, Cambridge CB3 OFS, United

Kingdom

2 Laboratory for Photovoltaics, Department of Physics and Materials Science Research Unit, University of

Luxembourg, 44 Rue du Brill, 4422 Belvaux, Luxembourg
E-mail: yh478 @cam.ac.uk

Received 17 October 2023, revised 22 March 2024
Accepted for publication 8 April 2024

Published 30 April 2024

Abstract
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Cathodoluminescence and electron backscatter diffraction have been applied to exactly the same
grain boundaries (GBs) in a Cu(In,Ga)S, solar absorber in order to investigate the influence of
microstructure on the radiative recombination behaviour at the GBs. Two different types of GB
with different microstructure were analysed in detail: random high angle grain boundaries
(RHAGBS) and >3 GBs. We found that the radiative recombination at all RHAGBs was inhibited
to some extent, whereas at >3 GBs three different observations were made: unchanged, hindered,
or promoted radiative recombination. These distinct behaviours may be linked to atomic-scale
grain boundary structural differences. The majority of GBs also exhibited a small spectral shift of
about +10 meV relative to the local grain interior (GI) and a few of them showed spectral shifts of

up to +40 meV. Red and blue shifts were observed with roughly equal frequency.

Supplementary material for this article is available online

Keywords: cathodoluminescence, electron backscatter diffraction, chalcopyrite, grain boundary,

solar cells

1. Introduction

As a renewable and clean energy source, solar energy has
received significant interest from society for many years. The
photovoltaics market is dominated by crystalline Si solar
cells, which have improved so strongly over recent years, that
they are approaching their theoretical limits [1].

In order to further improve the solar cell efficiency, tandem
solar cells, in which Si solar cells are part of a stack with

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any
further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOIL

another wide bandgap semiconductor on the top represent a
good strategy [1]. Such a multi-junction structure allows the
solar cell to break the Shockley—Queisser limit for Si, with
theoretical efficiencies up to 45% [2]. Among the various
available materials, chalcopyrite semiconductors have drawn
much attention because they have a wide and tunable bandgap
ranging from 1.0 to 2.4eV [3]. The wide bandgap sulphide
compounds are suitable for the absorption of short wavelength
light. The electronic properties and excellent stability make
wide gap chalcopyrite interesting for application as the top cell
in Si-based tandem solar cells. Sulphide chalcopyrite,
Cu(In,Ga)S, (CIGS), with a bandgap suitable for top cells in
tandem applications has achieved efficiencies above 15% [4, 5],
whereas the low bandgap selenide, Cu(In,Ga)Se, (CIGSe),

© 2024 The Author(s). Published by IOP Publishing Ltd
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reaches efficiencies above 23%[6]. A major difference between
the two types of devices is the open circuit voltage deficit,
which is considerably higher in the sulphide devices than in the
selenides [3]. Open circuit voltage losses in sulphides have been
attributed to deep defects [5] and to bandgap variation between
grains [7]. In selenide solar cells, these limitations are absent or
much weaker [8, 9]. One may expect that with more develop-
ment work these limitations can also be removed in sulphide
solar cells. It has been proposed that state of the art selenide
solar cells are limited by grain boundary recombination [10]. It
is therefore also important to understand the properties of grain
boundaries in sulphide absorbers.

According to the coincidence site lattice (CSL) theory, the
structure of GBs can be described by the finite fraction of
lattice sites that coincide between two adjacent lattices [11].
For convenience, the GBs in chalcopyrite are normally cate-
gorised into two types, 23 GBs and random high angle grain
boundaries (RHAGBs) [12]. >3 GBs are low energy GBs,
which can be described as twins. In the tetragonal chalcopyrite
lattice, the X3 GBs have a {112} grain boundary plane with a
(221) rotation axis. All GBs with X value larger than 3 are
classified as RHAGBs. The structural difference between >3
GBs and RHAGBs may lead to a change in the local band
structure, influencing absorber opto-electronic behaviours and
overall performance of the solar cell [12].

Several previous studies have reported the properties of
GBs in the chalcopyrite material system. For example, Abou-
Ras et al studied pure selenide chalcopyrite solar cells using
cathodoluminescence (CL) and found that all investigated
RHAGBsS are detrimental to radiative recombination rate while
>3 GBs were found to have little or even no effect on the
radiative recombination rate [13]. Miiller et al observed that
random GBs in CIGSe exhibit a redshift in CL emission
energy, whereas the emission wavelength at >3 GBs is shown
no shift [12]. Shifts may indicate compositional or strain var-
iation at the GB [12]. GBs in chalcopyrite materials have not so
far been extensively studied in plan view, which can provide
better statistics on the GB behaviour. Moreover, these studies
usually focus on selenium-based chalcopyrite CIGSe, whereas
its analogue, sulphur-based CIGS, has been little researched.

In this work, we focus on the direct correlation of the
opto-electronic and structural properties of GBs in CIGS by
CL and electron backscatter diffraction (EBSD) in plan view.
Multi-microscopy characterisation—in which exactly the
same area is studied in multiple different microscopy tech-
niques—was applied in plan view on a CIGS absorber which
had been carefully polished. The inter-relationship between
radiative recombination activity and GB microstructure were
investigated by analysing over 150 different GBs in directly
correlated CL and EBSD maps.

2. Methods

The sample used in this study is a CIGS thin film absorber
fabricated on a Mo-coated soda lime glass. The absorber was
deposited by a 3-stage co-evaporation method under S-rich
conditions, similar to absorbers reported in literature [5], with

two important differences: the first stage temperature is higher
and the Ga flux in first and third stage is not the same. The
first and second/third stage substrate temperature are 435 °C
and 590 °C, respectively. These temperatures are deduced
from the reading of a thermo couple near the heater and a
measured calibration curve using a pyrometer. The In flux in
first and third stage are the same, the Ga flux in third stage is
lower than in first stage. The Cu/(Ga+In) atomic ratio of the
resulting film is 0.95 and the overall Ga/(Ga+In) atomic ratio
is 0.11, both are determined from energy dispersive x-ray
spectroscopy (EDX), using an electron beam at 20 keV, and
contain the usual EDX errors of a few % in atomic compo-
sition. Room temperature photoluminescence (PL) spectra
show the maximum emission at 1.53 eV. The 3-stage process
leads to a Ga profile and a bandgap profile, the PL maximum
is expected to correspond to the bandgap minimum [14].

The as grown sample has a rough surface morphology (see
supplementary information figure 1). Thus, the sample front
surface was polished using a Gatan Ilion broad ion beam
system, to prepare a smooth surface for EBSD measurement
and to limit the influence of topography variation on the CL
signal. The polishing was done by an Ar" beam with an energy
of 4kV at a temperature of 80 K for 45 min. The beam angle
was 2° and the sample was slowly rotated during the polishing
steps with a speed of 3 rotations per minute. The resulting
surface has a bowl-like shape with a small circular area at the
centre of the sample where the film has been entirely polished
through. Six CL and EBSD maps were taken from different
positions across the polished surface and the full dataset is
illustrated in figure 2 in the supplementary information.

The opto-electronic properties of CIGS were measured
by using an Attolight Allalin 4027 Chronos dedicated CL-
SEM. All CL maps were acquired with 3kV beam energy,
1.25 nA measurement current, and 50 um aperture size. The
typical dwell time per pixel was 0.5s. Where specific maps
used a different dwell time, this is indicated in the supple-
mentary information. The estimated depth of the interaction
volume is about 55 nm according to Monte Carlo simulations
using the Monte Carlo CASINO software [15]. All mea-
surements were performed at room temperature. The CL data
analysis was performed using Lumispy, an open-sourced
python library [16].

The microstructure of the CIGS sample was acquired by
using a ZEISS GeminiSEM equipped with an Oxford
Instrument HKL Symmetry S3 EBSD Detector and Oxford
Instruments HKL AZtecHKL 4 software. The EBSD accel-
eration voltage is 15kV. Most EBSD maps have approxi-
mately 5 ym x 5 pm area, with 30 nm step size for each pixel.
The depth of the EBSD interaction volume under this voltage
should be comparable to the CL interaction volume. For
pattern indexing, the phase of the material is assumed to be
zinc blende lattice with lattice parameter = 0.558 nm. The
cubic lattice, rather than the tetragonal lattice, was used
because the tetragonal CIGS has pseudo-symmetry, with ¢/a
ratio too close to 2 [17]. With the presence of pseudo-sym-
metry, a few distinct phase orientations may have highly
similar EBSD patterns, which are hard to distinguish by most
EBSD indexing methods [18]. The application of cubic phase
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Figure 1. (a) SE image (Map 1), (b) panchromatic CL image from the same region and (c) CL mean spectrum of correlated Map 1. A small
area of SE was cropped out and adjusted for a clear visualisation of grain structure patterns.
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Figure 2. (a) NBE peak energy map, (b) NBE peak intensity map, and (c) NBE peak FWHM map.

indexing can avoid potential extensive EBSD mis-indexing
and does not have significant influence on GB CSL analysis.
The difference in GB computation results between cubic and
tetragonal phase will be explained in more detail in the EBSD
results section. The EBSD data was analysed using MTEX,
an open-sourced MATLAB toolbox [19]. During the data
analysis, indexed areas smaller than 5 pixels were removed
from dataset, and all indexed areas larger than 5 pixels were
identified as grains. Grains were reconstructed with a
threshold angle, namely the misorientation angle between
grain area and surrounding boundaries, of 5 degrees.

3. Results

3.1. Opto-electronic properties by CL

The SE image in figure 1(a) shows the surface morphology of
the polished sample. An example SE image of an unpolished
surface can be seen in supplementary information figure 1.
After the Ar" ion beam polishing, the resulting sample has a
much smoother surface with small edge- and groove-like fea-
tures. Several randomly distributed small particles can also be
observed on the SE image. These particles formed during the
surface polishing step due to the preferential sputtering of Cu
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Figure 3. (a) EBSD band contrast (or pattern quality) image and (b) orientation map in which grain orientations are coloured according to the
inverse pole figure colour key. >3 GBs are highlighted in (b) by yellow lines.

[20]. The size of Cu particles is usually quite small, with a
radius well below 100 nm. These particles thus only affect the
CL measurements on a highly localised area. The SE image
also reveals weak contrast that may be indicative of the
underlying grain structure. A small area of SE image with
adjusted brightness and contrast was cropped for better
visualisation of this structure and is shown alongside
figure 1(a). Figure 1(b) is a panchromatic CL map from the
same region, which highlights changes in recombination
activity. Grain-like structures separated by dark boundaries are
observed from the panchromatic CL. The CL intensity contrast
between grain and boundary may be attributed to the high
density of non-radiative recombination centres at typical GBs,
such as point defects and dangling bonds [21]. Apart from the
difference between GB and grain interior (GI), the CL intensity
also shows noticeable fluctuations within grains, which may be
attributed to variations in doping density and minority carrier
lifetime [10]. figure 1(c) shows the mean CL spectrum, which
contains a strong emission peak at 1.54eV and a broad low
intensity peak at 1.25-1.3 eV. We associate the former peak to
near band edge (NBE) transitions, in agreement with the PL
spectra, and the lower energy peak to a radiative defect-assisted
recombination process. To be more specific, the NBE peak
arises from the combination of several transitions with near-
band-gap emission energy, such as band-to-band transitions,
shallow donor-shallow acceptor pair transitions, and free car-
riers to donor or acceptor transitions. PL results acquired at low

temperature suggest that a clearer fingerprint of the NBE
recombination processes, such as the appearance of multiple
donor—acceptor pairs, can be obtained when measuring at
cryogenic temperatures [3, 22], possibly helping us to further
distinguish between different recombination processes in our
sample. The broad radiative defect-assisted recombination may
be attributed to deep defect transitions.

The panchromatic CL image was extracted from the
recorded hyperspectral dataset where each pixel contains a
full CL emission spectrum. To distinguish the band-to-band
recombination from the defect-assisted transition, we fit a
Gaussian peak to both the NBE peak and the defect-related
peak. The Gaussian fitting results, including peak emission
energy, intensity, and full-width-half-maximum (FWHM) of
the NBE peak, are shown in figure 2. Unlike the intensity and
FWHM maps, the NBE emission energy map does not show a
clear microstructure as there is no systematic energy differ-
ence between GI and GB. NBE emission energy non-uni-
formities with a standard deviation of 13 meV were observed.
This is considerably lower bandgap fluctuation than reported
in literature [7], indicating the higher quality of these newer
absorbers. In terms of FWHM, most of the apparent GBs
show a broadening of the CL peak relative to the GI which
may be due to overlap in measurement of two adjacent grains
with different emission energies. More analysis of the inten-
sity and the NBE peak energy changes at the GBs will be
presented in CL-EBSD correlative analysis section.
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Figure 4. Histograms showing the statistics of (a) the CIGS ET grain size, and (b) the CIGS IT grain size, and (c) the GB misorientation angle

as measured across 6 different EBSD maps.

3.2. Structural properties by EBSD

The EBSD band contrast map in figure 3(a) provides a clear
visualisation of the sample microstructure. The imaging area
of the EBSD map is exactly the same as that in figures 1 and
2. Figure 3(b) shows a map of the grain orientation, with the
orientation of each grain indicated by its colour. The random
distribution of colours, without any dominant shade, suggests
that there is no preferential grain orientation. This observation
is consistent across all measured areas. >3 GBs with 60°
misorientation angle are indicated as in yellow.

The grain size distribution statistics are presented in
figures 4(a) and (b). In this analysis, grain size was computed
in two ways, counting the size of only the parent grain and
counting the size of sub-grains within the same parent grain
but separated by twin boundaries, according to the method
proposed by Sahu et al [23]. We will refer to these two
counting methods as grain size excluding twin boundaries
(ET) counting and grain size including twin boundaries (IT)
counting, respectively. The results show that nearly 70% of
the IT grains are micro-grains with a grain size below
0.25 um?. In contrast, ET grains have a much larger variance,
with an increase in the maximum grain size. The ratio
between mean ET and mean IT grain size is 2.28, aligning
with the high density of twin boundaries or >3 GBs the
sample [24].

The histogram in figure 4(c) shows that 47.8% of all GBs
have a misorientation angle of about 60°, which corresponds
to the misorientation angle of >3 GBs. It is worth high-
lighting that the 3 GBs exhibited in the EBSD results stand
for {111} GB planes with (111) rotation axis in cubic
phase. These planes are equivalent to the actual >3 GB
planes, the {112} GB planes with a (221) rotation axis, in
the actual chalcopyrite tetragonal phase. The high relative
frequency of X3 GBs may be explained by their twinning
nature. Since twin boundaries typically contain nearly no
dangling bonds, the formation energy of twin boundaries is
relatively low, making the formation of twin boundaries
preferred over the formation of RHAGBs in the material [25].
Similar GB statistics dominated by 60° X3 GBs have been
reported in other studies with cubic phase EBSD indexing
[25]. It should be noted that the GB misorientation angle
statistics may be different in other research with tetragonal
phase EBSD indexing, where X3 GBs at both ~60° and ~70°
were observed as well [12, 26]. The difference in mis-
orientation angle calculation may be attributed to the differ-
ence in EBSD indexing phase [17]. Some distinct tetragonal
crystal planes may not be distinguished if the crystal system
changes to cubic from tetragonal, and hence the calculation of
misorientation angle will also be different.
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Figure 5. (a) EBSD band contrast diagram with highlighted 33 GBs and (b) CL panchromatic plot. Markers indicate the line spectra passed
through a RHAGB (red) and a >3 GB (blue). (¢) and (d) are line spectra extracted from the linescans.

3.3. CL-EBSD correlative analysis

The CL and EBSD maps were acquired on the same region of
interest for direct correlation of opto-electronic and structural
properties. The CL map in figure 1 and the EBSD map in
figure 3 were compared for correlative analysis, as shown in
figure 5. To analyse the change in CL intensity and wave-
length at different types of GBs, two line spectra were
extracted from the panchromatic CL image. Figure 5(a) is a
line spectrum taken along a line passing through a RHAGB,
indicated by a red arrow, while figure 5(b) is taken from a line
passing through a 33 GB, indicated by a blue arrow. The line
spectra revealed a significant reduction—of about 50%—in
the intensity of the NBE emission at the RHAGB, whereas
there was minimal change observed at the >3 GB. Similar
trends were found for the defect-related emission. Addition-
ally, no significant changes in the wavelength of the NBE
were observed in this case at either the 33 GB or the
RHAGB.

To increase the statistical robustness of our analysis, an
additional 5 maps were taken from different areas of the

sample surface using similar CL and EBSD characterisation
settings. More line spectra were extracted, and the signal
change at different GBs (ASignal) was quantified by the
formula shown below

ASignal=
(Gl Signal; g + GI  Signalgyg)
2

The opto-electronic properties of the GI, such as CL
intensity and emission energy, can vary substantially on the two
sides of a GB as a result of differences in grain orientation and
local defect density [7]. To minimise the impact of GI variation,
we used the CL signal of the GI sitting at the lefthand side
(GI Signal, ;1) and righthand side (GI Signalg,) of the GB to
calculate the mean GI signal. All 6 correlated maps and the
different linescan positions are shown in the supplementary
information.

A total of 74 33 GBs and 75 RHAGBs from 6 different
maps were analysed to investigate the effect of the GB
microstructure on the CL intensity, and the statistical results
are shown in figure 6. The results show that a reduction in CL

— GB Signal.
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intensity was observed at all RHAGBs, indicating a strong
inhibition of radiative recombination.

The situation regarding >3 GBs is more complicated
than that of RHAGBs. Out of the 74 >3 GBs analysed,
approximately 47% were found to be opto-electronically
neutral, exhibiting an intensity fluctuation of only + 20%,
similar to the example >3 GB line spectra shown in figure 5.
Apart from the neutral X3 GBs, about half of the X3 GBs
were found to have an impact on the CL intensity. As shown
in figure 6, 27% of X3 GBs appear darker than adjacent GI
with a CL intensity drop greater than 20% while 26% of >3
GBs shown an increase in the CL intensity. This implies that
radiative recombination activity may be degraded or even
promoted at some >3 GBs. The enhanced CL intensity at 23
GBs is an interesting observation which has not previously
been reported in chalcopyrite-based films. Two examples of
high CL intensity >3 GBs are highlighted by red arrows
crossing the GBs in figure 7, and the corresponding linescans
across these two bright >3 GBs are shown in figures 7(c) and
(d), further illustrating the increased intensity in the GB
region.

The NBE emission energy shifts at different grain
boundaries were investigated and the data of 74 >3 GBs and
75 RHAGBs are shown in figures 6(c) and (d), respectively.
Both ¥3 GBs and RHAGBs exhibit similar trend in terms of
NBE emission energy shift, with an approximately equal

proportion of blueshifts and redshifts. Most GBs show a weak
shift below 15 meV, which is comparable to the standard
deviation of the fitted NBE emission energy across the map
(~10-20 meV). Only 20% of ¥3 GBs and 35% of RHAGBs
show strong emission energy change greater than 20 meV.
Local element distribution and defect chemistry at GBs may
influence the energy levels of shallow donors and/or accep-
tors and the bandgap, resulting in the observed redshifts and
blueshifts of NBE transitions [3]. Previous studies in selenide
chalcopyrite have reported the presence of Cu depletion or Cu
enrichment at RHAGBs, leading to changes in local band
structure and spectral shift [26, 27]. Our observation is quite
distinct from the results reported by Abou-Ras et al [12] and
Romero et al [28], where only 10-15meV redshift were
observed at RHAGBs in CIGSe. Several factors, including the
sample deposition method, surface preparation method, and
sample composition homogeneity, may contribute to the
observation difference in spectral shift.

4. Discussion

Considering the high performance of over 15% conversion
efficiency [5] of polycrystalline CIGS solar cells, there are two
possible contributions to a reduced radiative recombination rate
at the RHAGBsS: (1) a higher density of defect states enhances
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Figure 7. (a) EBSD map and (b) CL NBE intensity map of Map 6. The ¥3 GBs were highlighted with yellow lines in EBSD maps. Red
arrows indicated 2 ¥3 GBs with enhanced CL intensity, and the corresponding extracted linescans were shown in (c) and (d).

competing non-radiative recombination; (2) local band bending
leads to effective charge carrier separation. The first situation is
commonly observed in most solar cell materials, such as Si
[29], GaAs [30], and CIGSe [10]. For the second option,
Raghuwanshi et al observed an enhanced electron beam
induced current (EBIC) signal at some GBs in a correlative
EBIC-EBSD measurements on CIGSe, which may indicate the
separation of charge carriers at specific GBs [26].

The radiative recombination activity change at >3 GBs is
more complicated. Three different explanations are proposed
for different observations:

1. For opto-electronically neutral >3 GBs, the possible
explanation may be associated with the twinning nature
of X3 GBs. In an ideal >3 GB, both sides of the GB are
highly symmetric and only differ in grain orientation.
Consequently, 33 GBs should be virtually free of
additional defects and have no or limited influence on
carrier recombination.

. The inhibition of radiative recombination at some >3
GBs may be explained by the presence of incoherent >3
GBs, which deviate slightly from the ideal twin boundary
plane. The small angle deviation allows the presence and
migration of point defects and dangling bonds at >3
GBs, potentially introducing non-radiative recombination
sites or band bending similar to RHAGBs [31].

3.

For ¥3 GBs with enhanced luminescence: Persson and
Zunger in a first-principles calculation of model >3 GBs
in CulnSe, and CuGaSe,, reported a possible reduction
in both the conduction and valence band energies
(downward band bending) at metal cation-terminated
323 GBs in addition to a wider bandgap than adjacent the
GI [32]. In addition, they noted an analogous upward
band bending at Se-terminated >3 GBs [32]. Compared
with downward bending, the upward bending had a much
smaller energy change, leading to much weaker charge
carrier confinement which may be relatively easy to
overcome at room temperature. If CIGS GBs show
similar electronic structure to CIGSe GBs, then the
stronger downward band bending at cation-terminated
GBs might provide an explanation of our results.
Figure 8 illustrates a possible band edge profile structure
at the bright >3 GBs, with downward band bending.
Electrons are confined at a CB minimum. Whilst holes in
this model experience a CB maximum at the same
location, they may be localised adjacent to the GB via
Coulomb attraction to the electrons. The 33 GB then acts
effectively like a type II quantum well. The resulting
carrier confinement may increase the radiative recombi-
nation rate and enhance the observed emission intensity
[33]. If this explanation is correct, the CL at these bright
3.3 GBs should thus be red-shifted relative to the GI (as
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illustrated in figure 8) and may exhibit a narrower
FWHM. By comparing the relative intensity change
across all the 23 GBs with corresponding NBE energy
change, a moderate negative correlation with a Pearson
coefficient of —0.43 was found. The scatter plot
illustrating the relationship between intensity change
and the NBE energy change is shown in supplementary
information figure 4. Nearly all 23 GBs that showed an
increase in their emission intensity also show a slight
redshift in their emission energy and a decrease in
FWHM, both of which is compatible with the possibility
that a quantum well-like structure is formed at the GB.

Although we are not aware of any reports of quantum
well formation at twin boundaries in CIGS, there have been a
few reports of quantum well behaviour at twin boundaries in
cubic zinc blende materials, such as CdTe [34] and InP [35].
The presence of quantum well in those scenarios was attrib-
uted to the formation of heterostructure, in which a thin layer
of hexagonal wurtzite phase at the twin boundary is embed-
ded by two normal cubic zinc blende phase crystal [34].
Further investigation of the detailed crystal structure at CIGS
twin boundaries, via TEM, may thus aid understand of the
observed phenomenon.

5. Conclusion

In summary, CL and EBSD measurements were conducted on
a polished CIGS absorber front surface in plan view to study
and link the opto-electronic and structural properties. The
CIGS absorber is polycrystalline with a high proportion of ¥3
GBs at 60° but without any observable preferred grain
orientation. The CL intensity and NBE energy exhibited
considerable variation within and across different grains. By
correlating the CL and EBSD results of GBs, we investigated
the influence of GB microstructure on the radiative recom-
bination activity in CIGS. All RHAGBs strongly inhibited the

radiative recombination, while >3 GBs were found with three
different types of behaviour: about 45% of ¥3 GBs are
neutral and the rest may either inhibit or promote radiative
recombination in CL. Ideal twinning behaviour, incoherent
>3 GBs and formation of local quantum well like features
were suggested to be likely explanations of the various
behaviours observed at 23 GBs. In terms of emission energy,
most of the RHAGBs and ¥3 GBs showed only £15 meV
spectral shift but a small number of GBs exhibited spectral
shifts of up to £40 meV.
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