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Abstract
Multi-microscopy offers significant benefits to the understanding of complex
materials behaviour by providing complementary information from differ-
ent properties. However, some characterisations may strongly influence other
measurements in the same workflow. To acquire reliable and valid datasets,
optimising multi-microscopy procedure is necessary. In present work, we stud-
ied the influence of the measurement order on the quality of multi-microscopy
datasets. Multi-microscopy incorporating tunnelling current AFM (TUNA),
electron backscatter diffraction (EBSD), and cathodoluminescence (CL) on a
polycrystalline solar cell absorber, Cu(In,Ga)S2 (CIGS), is used as an example.
The investigation revealed potential characterisation-induced contaminations,
such as surface oxidation and hydrocarbon layer coating, of the sample surface.
Their subsequent influence on the measurement results of following correla-
tion techniqueswas examined. To optimise the dataset quality, multi-microscopy
should be carried out in TUNA-EBSD-CLorder, from themost to the least surface
sensitive techniques. With the optimised multi-microscopy measurement order
on a CIGS absorber, we directly correlated the local changes in electrical and
opto-electronic properties with the microstructure of grain boundaries (GBs).
The described methodology may also provide insightful concepts for applying
other AFM-SEM-based multi-microscopy on different semiconductor materials.

KEYWORDS
cathodoluminescence, conductive-AFM, electron backscatter diffraction, grain boundary, solar
cell

1 INTRODUCTION

Multi-microscopy – also known as correlative microscopy
– is a widely used characterisation approach in many
materials and biology research fields. Specifically, multi-
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microscopy involves applying several complementary
microscopy techniques to the same region of interest to
study various aspects of the material properties.1 This
site-specific correlative characterisation strategy can over-
come the limitations of individual techniques and allows

J. Microsc. 2025;1–12. wileyonlinelibrary.com/journal/jmi 1

https://orcid.org/0009-0008-0888-0299
mailto:yh478@cam.ac.uk
http://creativecommons.org/licenses/by/4.0/
https://wileyonlinelibrary.com/journal/jmi
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fjmi.13393&domain=pdf&date_stamp=2025-02-02


2 HU et al.

for the correlation of different material properties, such
as structural, compositional, electrical, and optoelectronic
properties. The cross-verifying observation with differ-
ent techniques can improve the reliability of datasets
and may reveal important linkages between inter-related
properties.2 In recent years, multiple research studies
have applied multi-microscopy approaches, combining
different characterisation techniques, to various semicon-
ductor materials, including perovskite,3,4 GaN,5,6 GaAs,7
CdTe,8–10 Cu(In,Ga)S2 (CIGS),11,12 etc., and have hence
clarified the linkages between material properties and
device performance.
Our research focuses on sulphide CIGS, a tetragonal

chalcopyrite solar cell material. The wide and tune-
able bandgap makes CIGS a promising candidate for
the top cell of Si-based tandem solar cell.13 Similar to
its Se-analogue Cu(In,Ga)Se2 (CIGSe), CIGS has demon-
strated high energy conversion efficiency with polycrys-
talline absorber films, which are rich in grain boundaries
(GBs).14,15 These defects are nonradiative recombination
centres, limiting the charge carrier diffusion length and the
energy harvesting efficiency of solar cell modules.12 How-
ever, the high performance of polycrystalline CIGS solar
cells suggests that the effect of GBs in CIGS may be more
complicated. To fully understand the underlying physics
and facilitate futurematerial engineering, further research
on the GBs in CIGS is needed. Since the behaviours of
GBs may be influenced by several factors, such as orien-
tation and composition, multi-microscopy, which allows
direct correlation between different properties, is a suitable
research strategy.
Although the concept of multi-microscopy is quite sim-

ple and straightforward, its execution is often troublesome
and requires a good understanding of both techniques and
materials. Several papers have reported the application of
various atomic forcemicroscopy (AFM), scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM) based techniques to study various properties,
including electrical, opto-electronic, compositional and
structural properties, of GBs in CIGS or similar material,
such as Cu(In,Ga)Se2.16,17 Limited research has reported
the correlation of SEMand/or TEMobservations.12,18 How-
ever, the correlation across AFM and EM in CIGS has not
been reported so far. In one side, correlating the same
position across different machines in microscopic scale
is difficult to achieve. In another side, some AFM-based
measurements, especially some electrical AFMmodes, are
highly sensitive to measurement conditions and sample
surface status, which may be influenced by other mea-
surements or treatments during sample preparation. It
is meaningful to incorporate AFM-based electrical tech-
niques into multi-microscopy, as electrical AFM modes
can provide additional valuable information about mate-

rials, such as conductivity and surface potential, which
may be difficult to measure with EM. To achieve effective
multi-microscopy with surface sensitive AFM techniques,
optimising the measurement procedure is essential.
In this paper, we present a multi-microscopy study

combining tunnelling current atomic force microscopy
(TUNA), cathodoluminescence spectroscopy (CL), and
electron backscatter diffraction (EBSD). The first sec-
tion focuses on the optimisation of the multi-microscopy
measurement routine on a representative CIGS sample.
Optimising the measurement routine to minimise each
techniques impact on the following techniques is cru-
cial for high quality multi-microscopy measurements as
an improper measurement order may not only introduce
contamination on sample surface but may also strongly
influence the quality of subsequent measurement results.
In section two, an example correlative TUNA-EBSD-CL
study on a polished CIGS absorber, measured with an opti-
mised multi-microscopy routine, is given. Our approach
allowed us to directly correlate the electrical and opto-
electronic properties of a solar cell absorber with its
microstructure. We find, from our EBSD results, that we
can classify GBs in CIGS into two distinct types, twin
boundaries (TBs), and random high angle grain bound-
aries (RHAGBs). CorrelatingTUNA,EBSD, andCLwe find
that RHAGBs show low electric conductivity and strongly
inhibit radiative recombination activity when compared to
their adjacent grains. TBs on the other handwere observed
to be mostly indistinguishable from the grain interior (GI)
in the CL and TUNA signal, with a few exceptions that
have a similar impact as RHAGBs.

2 METHODS

2.1 Sample preparation

The CIGS sample was fabricated on aMo-coated soda lime
glass substrate using a 3-stage co-evaporation.14 The first
stage was ∼260◦C and the second and third stage was
∼570◦C. The process was completed under a high sulphur
partial pressure condition. The substrate kept constant
rotation with 4 rpm during the growth.
To eliminate the as-grown surface features and improve

surface smoothness for TUNA and EBSD measurements,
the sample was polished using a Gatan broad ion beam
system. The sample was first polished by a 4 kV Ar ion
beam for 45 min, followed by 15 min gentle polishing at
1 kV. All the polishing was completed at a temperature
of 80K to minimise the formation of by-products, such as
Cu or CuO (Cu-based) particles, under a high-energy ion
beam.19,20 During the polishing, the sample stage was con-
stantly rotated with a speed of 3 rotations per minute and
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HU et al. 3

F IGURE 1 (A) Setup of sample polishing by broad ion beam. (B) Schematic shows the correlative TUNA-EBSD-CL measurements. In
EBSD measurements, the sample was tilted 70◦ relative to the incident electron beam to maximise the collection of backscatter electrons by
EBSD detectors. In both TUNA and CL measurements, the sample was placed horizontally.

the ion beam was tilted 2◦ relative to the sample surface,
as shown in Figure 1A. The sample was kept in vacuum
or under a nitrogen atmosphere between the polishing
and the TUNA measurements, to minimise the potential
influence of sample oxidation.

2.2 Characterisation techniques

The measurement setup for all three different measure-
ments is listed below. The final correlative dataset was
acquired in the order TUNA-EBSD-CL on the same region
of interest, as shown in schematic Figure 1B.
TUNA measurements were carried out using a Bruker

Dimension Icon AFM equipped with a Platinum-Iridium-
coated SCM-PIC-V2 tip. The tip is scanned in contact
mode over the sample surface. The sample is negatively
biased relative to the conductive tip and the measurement
was performed under ambient condition. The minimum
sample bias to maintain a stable tip-sample current flow
across the map is applied in TUNA measurements. The
surface topography and the electrical properties of sample
were acquired simultaneously using a Bruker Peakforce
TUNA module. The topography and electrical data were
processed and analysed with using Bruker Nanoscope
Analysis software and an open-source Python toolbox
PySPM.21
EBSD data were acquired using a Zeiss Gemini SEM

equipped with an Oxford Instrument HKL Symmetry S3
EBSD detector. Kikuchi pattern indexing was achieved
using the Oxford Instrument HKL AZtecHKL 4 software
and a zinc blende lattice with lattice parameter of a0 =

0.558 nm. The cubic lattice was applied to eliminate the
influence of pseudo-symmetry onHough-indexing results.
The potential influence of indexing lattice and pseudo-
symmetry on EBSD indexing results is discussed in detail
in Supplementary Information. An acceleration voltage of
15 kV, a pixel step size of 35 nm, and 30 ms pixel dwell
timewere used for the EBSD acquisition. The EBSD results
were processed and analysed by an open-source MAT-
LAB toolbox MTEX.22 An open-source Python toolbox,
Kikuchipy,23 was used for Kikuchi pattern analysis.
Hyperspectral room temperature CL measurements

were performed byusing anAttolightAllalin 4027Chronos
dedicatedCL-SEM.An acceleration voltage of 3 kV, a probe
current of 1.25 nA, 50 µm aperture size, and 500 ms per
pixel exposure time were used during the CL measure-
ment. The CL data was processed and analysed with the
open-sourced python toolbox Hyperspy24 and Lumispy.25

2.3 Correlation

To facilitate the finding of region of interest under dif-
ferent microscopies, we created L-shaped markers on the
sample by scratching with a blade, as shown in Figure 1B,
which may act as a simplified coordinate system. The
characterisations were carried out mainly adjacent to the
markers. After the completion of AFM-based characteri-
sation, a series of optical microscopy images around the
AFM mapped area were taken by using the optical micro-
scope installed inAFM, as shown in Figure 2A andB. Then
the sample was moved to EBSD-SEM and CL-SEM with
the same sample imaging orientation. By comparing the
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4 HU et al.

F IGURE 2 (A, B) Zoomed-out optical microscopy images at AFMmapped region, which is shown in (C). Red regions in optical
microscopy images come from laser light shooting on the apex of cantilever. By using the optical microscopy images as reference, the same
region with different field of views (D–F) is found in SEM.

feature shown in optical microscopy images and AFM
maps with the topography under SEM, the specific region
of interest can be correlated in SEM. An example correla-
tion process between AFM and SEM is shown in Figure 2.

3 RESULTS AND DISCUSSION

3.1 Optimisation of TUNA-EBSD-CL
multi-microscopy procedure

Depending on the sample stability and the operational
parameters of the experiments, many characterisation
techniques can alter thematerial to varying extents.26–28 In
a correlative measurement, potential changes to the sam-
ple can strongly influence the results of subsequent mea-
surements. Therefore, to optimise the multi-microscopy
procedure, it is crucial to understand the influence of dif-
ferent characterisation techniques on the sample and on
how changes affect other involved techniques.

3.2 Influence of TUNA and SEM-related
technique on sample surface

Several studies have reported sample damage in the
form of oxidation caused by TUNA or conductive AFM
under ambient conditions.28–30 If a positive sample bias is

applied, the conductive tipmay effectively act as a cathode,
and the water film on the sample surface may dissociate
and behave as an electrolyte, leading to electrochemical
oxidation of the sample surface.31 This process can bemin-
imised with a negative sample bias, but oxidation via this
or other mechanisms may still occur if improper experi-
mental parameters, such as very high bias and long contact
time, are used.32 As a product of a surface chemical reac-
tion, the oxide can influence local chemical composition
to some extent, which will add extra uncertainty to multi-
microscopy operation and results. Oxide particles can also
interfere with the tip-sample interaction in AFM-related
characterisation and influence the electron beam-sample
interaction in SEM-related measurements. Depending on
the operation parameters and interaction volume, the local
measurement results can be strongly deteriorated. In addi-
tion, some large oxide particles may significantly disrupt
local surface smoothness, acting as a barrier to block the
pathway of backscatter electrons. Therefore, the oxide par-
ticles will not only deteriorate local area results, but also
lower the data quality from the closely surrounding area.
To avoid oxide formation during TUNA measurements,

we applied the minimum negative sample bias necessary
to maintain a stable TUNA current flow. Depending on
the tip status and sample morphology, oxidation may still
occur occasionally. To check for possible sample damage
by TUNA, we carried out AFM topography measurements
prior the TUNA mapping and SEM measurements after
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HU et al. 5

F IGURE 3 To test the influence of TUNA on surface status, a series of measurements in AFM-TUNA-SEM order was completed on two
different area. (A) AFM and (C) SEM images of TUNA mapped area without topography change; (B) AFM and (D) SEM images of TUNA
mapped area with minor TUNA-induced topography change. The protrusion distributed in SEM image may be due to the aggregation of
Cu-based particles or other contaminations under electron beam exposure. The red arrow points out an area with contrast changes, which
stands for weak topography change caused by high local current flow during TUNA measurement. For better comparison, a small area in (d)
is cropped out and modified with brightness and contrast.

the TUNA mapping. Figure 3A and b shows the AFM
images on two clean areas prior TUNA mapping. The
dune-like topography is mainly caused by the broad Ar
ion beam polishing and few holes may linked to some
cavities in absorber.33,34 Enlarged SEM images on the
corresponding area after TUNA mapping were shown in
Figure 3C and D. In general, no obvious surface difference
can be found between AFMmaps and corresponding SEM
images, indicating that the oxidation has been minimised
by using suitable TUNA settings. Some minor topogra-
phy change was still observed, as indicated by the red
arrow in Figure 3B and D. The topography change with
TUNA measurement may link to the sudden changes in
tip-sample contact and current flow density at some pits.
In addition, it is worth noting that there is a frame of par-
ticles around the mapping area, especially in Figure 3D.
The formation of protrusions may be due to the aggrega-
tion of Cu-based particles or other contaminations under

electron beam exposure. It is also possible that the AFM
tip swept away local dust particles during AFM and/or
TUNA measurements, leaving a cleaner area with less
contamination.
Electron radiation may influence sample in many ways,

such as hydrocarbon contamination, electron beam heat-
ing, radiolysis ofmaterials, etc.27 Considering the relatively
mild acceleration voltage employed in SEM (up to 30 kV)
and low electron sensitivity of CIGS, the dominating
impact of electron irradiation in our study should be
hydrocarbon contamination, as shown in Figure 2D. The
contamination may result from electron beam induced
polymerisation of carbon rich organic molecules left on
sample surface during sample preparation or from the
residual gas atmosphere in the microscope.35 The thick-
ness of hydrocarbon coating strongly depends on the oper-
ation parameters, such as dwell time/exposure time per
pixel, acceleration voltage, measurement temperature, etc.
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6 HU et al.

Thick hydrocarbon layer can be extremely fatal for surface
sensitive techniques, such as TUNA and EBSD, and may
also reduce signal to noise ratio for other measurements
with large interaction volume.

3.3 Influence of characterisation
techniques on other techniques involved

We firstly examined the effect of electron beam exposure
on TUNA results to assess the potential influence of SEM-
related techniques. Tomimic the potential surface changes
introduced by EBSD andCL,we scanned a freshly polished
area by a 15 kV electron beam for 3 min in video mode.
Two TUNA maps were acquired separately on a freshly
polished area and on the area that had been exposed to
the electron beam (the after-SEM area). Figure 4a and b
shows the topography of the non-SEM area and after-SEM
area. A notable difference between these two areas is that
the non-SEM area shows much cleaner surface than the
after-SEM area. A considerable number of tiny particles
with sizes around 5 to 10 nm was observed on the surface
after SEM exposure, which may be caused by the aggre-
gation of Cu-based particles under strong electric field
induced by the electron beam. Figure 4C and D shows
the TUNA current maps acquired from the corresponding
areas. In an ideal situation with minimal surface topog-
raphy induced by ion beam preparation, the TUNA map
should demonstrate any significant conductivity variation
associated with the grain structure. Both TUNA maps in
Figure 4 show grain-like structures independent of most of
surface topography, although occasional bright lines in the
TUNA map are associated with particularly pronounced
raised ridges in the topography. Overall, the data indicate
the successful measurement of grain-related TUNA varia-
tions. The after-SEMarea is observed to yieldmuchweaker
TUNA signals, compared to the clean area with similar
level of bias applied, as indicated by the distinct colour
bar between Figure 4C and D. The reduction of TUNA
signals should be attributed to the hydrocarbon layer intro-
duced by SEM imaging. We did find that the mid part
of the after TUNA map has exceptionally strong TUNA
currents compared to the rest of the map. However, the
distinct high current area should be attributed to the sud-
den tip-sample interaction change at abrupt topographic
features, instead of the meaningful grain structure. There-
fore, that specific region should be excluded when making
comparison between non-SEMand after-SEMmaps. Addi-
tionally, the tiny Cu-based particles shown in topography
were also observed to impact the TUNA maps resulting in
nearly no TUNA signal. These tiny particles may interrupt
the tip-sample interaction and block the local current flow,
leading to artefacts in the TUNA map.

It is worth noting that the actual parameters used in
EBSD and CL measurements can be much more aggres-
sive in comparison to those used in the experiment shown
here. As described in Section 2, we applied a 3 kV electron
beam with 500 ms exposure time per pixel in CL measure-
ment and a 15 kV electron beamwith 30 ms dwell time per
pixel in EBSD measurement in correlative measurement.
The resulting acquisition time for either EBSD or CL will
be much longer than 3 min and will likely lead to a thicker
hydrocarbon coating. Additionally, the focused electron
beam used in EBSD and CL may cause stronger local sam-
ple heating and worse the hydrocarbon contaminations
compared to video mode.
Next, we then focus on the influence of TUNAandCLon

EBSD measurements. The underlying working principle
of EBSD is the extraction of crystal orientation informa-
tion by indexing backscatter electron diffraction pattern or
Kikuchi pattern. Due to the small depth of interaction vol-
ume of backscatter electrons, EBSD is a surface sensitive
technique. The estimated depth of the interaction volume
for EBSD in Si using a 20 kV electron beam is less than
40 nm.36 For CIGS, amuch denser and also polycrystalline
material, the interaction depth may be 20 nm or even
smaller. Subtle topographic changes and contamination
can influence the quality of Kikuchi patterns, and hence
affect the accuracy of later indexing. To examine the influ-
ence of different characterisation techniques on EBSD, we
used the band contrast (BC) of EBSD Kikuchi pattern as
the figure ofmerit of pattern quality. The BC of theKikuchi
patterns was extracted by an open-sourced python tool-
box, Kikuchipy,23 using the power spectrumof the Kikuchi
patterns after Fast Fourier transform.37 By comparing the
contrast of high frequency components, the Kikuchi bands
with sharp intensity change, and low frequency compo-
nents, the background with gradual intensity change, the
signal-to-noise ratio can be computed. In general, a high
signal-to-noise ratio Kikuchi pattern will have a BC close
to unity.
Figure 5A–D shows example Kikuchi patterns acquired

from four different regions with the exact same mea-
surement parameters. The average BC of EBSP from four
regions were computed and shown in Figure 5E. The clean
area pattern is used as a reference for a standard EBSD
measurement result (Figure 5A). The TUNA mapped area
(Figure 5B) has a high-quality Kikuchi pattern with BC
similar to the clean area. In contrast, both the CL mapped
area (Figure 5C) and TUNA-CL mapped area (Figure 5D)
showmuch blurrier Kikuchi patterns andmuch lower BC,
close to 0.4. An approximately 10% difference is found
between CL mapped and non-CL mapped area. The com-
parison may suggest that the impact of TUNA on EBSD
measurement is subtle, while prior CL measurement may
strongly deteriorate the quality of EBSD results.
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HU et al. 7

F IGURE 4 (A, B) AFM topography maps of clean area and after-SEM area and (C, D) the corresponding TUNA current maps. Red
arrows point out small particles formed under electron beam exposure.

Finally, to assess the potential influence of TUNA on
CL, we carried out a correlative TUNA-CL measurement
and a standalone CL measurement for comparison. The
panchromatic CL maps on a TUNA mapped area and
on a clean area are shown in Figure 6A and B and the
corresponding mean CL spectra are in Figure 6C. It is
worth noting that the clean area CL was taken from an
area immediately adjacent to that used for the correla-
tive TUNA-CL map and there is a region of overlap area,
which is indicated by a red box. No distinctive difference
can be observed between the two panchromatic maps, and
both CL spectra show a similar ratio between the near
band edge (NBE) peak and defect peak. For a quantitative
comparison, we extracted the statistics of intensity, emis-
sion energy, and full-width-half-maximum (FWHM) of the
NBEpeak by fitting the spectrumat each pixelwith aGaus-
sian function. The statistics listed in Table 1 suggest a large

TABLE 1 Intensity, peak energy and FWHM of NBE peak of
CL maps acquired from clean area and TUNA mapped area.

CL intensity
(arb.u.)

Emission
energy (eV) FWHM (eV)

Clean area 66.6 ± 25.6 1.580 ± 0.012 0.095 ± 0.012
TUNA
mapped area

79.2 ± 29.6 1.580 ± 0.012 0.094 ± 0.012

degree of similarity between the CL results obtained from
the clean area and the TUNA mapped area. Therefore, we
may conclude that prior TUNAmeasurements do not exert
a strong influence on CL results.
From the comparative studies above, we conclude that

for multi-microscopy experiments, performing measure-
ments in the order TUNA-EBSD-CL should provide the
dataset with the best overall quality. In order to provide a
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8 HU et al.

F IGURE 5 Example Kikuchi pattern and the corresponding band contrast of example Kikuchi pattern acquired from (A) a clean area,
(B) a TUNA mapped area, (C) a TUNA-CL mapped area, and (D) a CL mapped area. (E) The average band contrast of 3600 EBSPs from each
region.

F IGURE 6 Panchromatic CL map acquired at (A) TUNA mapped area and (B) clean area; the red box highlighted the overlapped area
between two maps. (C) Mean CL spectrum of corresponding maps.

more scientific basis for our practical guidance, we shall
now discuss and compare the effective depth of interac-
tion volume of different techniques, which is the origin of
behaviour variations between techniques.
TUNA, as an AFM-based technique, extensively relies

on stable tip-sample interaction. Any surface contam-
inations, or even topographic changes, may seriously
interfere with the contact between the AFM tip and the
sample. Therefore, the hydrocarbon contamination layer
introduced by prior SEM measurements can significantly
deteriorate the TUNA signal intensity by hindering the tip-
sample contact. EBSD and CL are both SEM based charac-
terisation techniques utilising electron beam-sample inter-
action to explore the material properties at various depths.
However, due to the difference in workingmechanism and
setup as shown in Figure 1, the depth of interaction volume
in EBSD should be significantly smaller than the 55 nm

depth from which the CL signal can originate at 3 kV
according to Monte Carlo Simulations.38 The acquisition
of Kikuchi pattern therefore will be strongly influenced
by the surface changes, such as surface oxidation and
hydrocarbon contamination layers. In multi-microscopy
measurements, the optimised measurement order should
go from highest surface sensitivity to lowest surface sensi-
tivity, hence leading to the TUNA-EBSD-CL order that we
suggest based on experimental results.

3.4 Correlative TUNA-EBSD-CL study
of polished CIGS absorber

In this section, wewill demonstrate an example correlative
TUNA-EBSD-CL study on a CIGS absorber. The topog-
raphy obtained by AFM and SEM, TUNA current map,
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HU et al. 9

F IGURE 7 Example correlative TUNA-CL-EBSD datasets. (A) AFM topography and (B) SEM topography images, (C) TUNA current
map, (D) EBSD grain orientation map, and (E) panchromatic CL map acquired on the same region of interest. To assist visualisation, a centre
grain was highlighted by dotted line. TBs and RHAGBs are indicated in EBSD map by yellow and black lines, respectively. The solid line, the
dashed line, and the dotted line shown in correlated maps indicated the position of example line scans on RHAGB, neutral TB, and dark TB.
The corresponding TUNA and CL line scan profiles are shown in Figure 8.

EBSD grain orientation and panchromatic CL maps from
the same region of interest are all shown in Figure 7. The
topography map exhibits a fairly smooth sample surface
with small ridges and grooves after broad ion beam pol-
ishing. A similar topography pattern from the same region
of interest is found in SEM, with some contamination
particles surrounding it. Grain structure-like patterns are
found from TUNA maps, wherein grains with strong cur-
rent flow were separated by nonconductive boundaries.
TUNA signal variation can also be found at some of the
ridges observed in topography, which may be caused by
the abrupt change in tip-sample interaction area arising
from the topography variation. Apart from the occasional
ridges, the majority of features in the TUNA map do not
relate to features in the topography, suggesting that the
topographic features after polishing may be largely unre-
lated to the grain structure. The EBSD map provides a
confirmation of grain structure near the sample surface
and can be used to compare with the pattern observed in
TUNA map and later CL map. The CL map also exhibits
a grain structure-like pattern, with strong CL intensity
within grain-like features andweak emissions at boundary
positions. Although the pattern in the CL map is distorted
due to the strong charging effects during the long time

required for map acquisition, the grain structure pattern
still can be linked to the grain structure shown in TUNA
and EBSDmap. A centre grain is highlighted by dotted line
to assist correlation.
With the TUNA-EBSD-CL multi-microscopy, the elec-

trical, opto-electronic, and the structural information
of CIGS can be directly associated. As labelled in EBSD
map, GBs in CIGS are roughly divided into two types,
the highly symmetrical TBs and RHAGBs. The grain
structures shown in the TUNA and CL maps are similar
to the distribution of RHAGBs shown in the EBSD maps.
The RHAGBs are observed with much lower TUNA cur-
rent and CL emission intensity than surrounding grains,
suggesting that RHAGBs can suppress local electrical con-
ductivity and radiative recombination activity. Example
TUNA and CL line profiles on a RHAGB are shown in
Figure 8A and D, respectively. It is worth noting that the
CL emission also shows an energy shift between the two
grains in the RHAGB line profile, whichmay be associated
with the compositional variation of grains. The majority
of TBs are found to have no impact on TUNA current
above the noise level and not to impact the intensity of CL
emission. As exhibited by the example TUNA and CL line
profile in Figure 8B and E, no distinctive signal differences
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10 HU et al.

F IGURE 8 The TUNA and CL profiles extracted from the RHAGB, the neutral TB and the dark TB labelled in Figure 7. GB positions are
highlighted by orange arrows.

found between TB and GI. However, we did observe a
few TBs with similar signal variation in TUNA and CL
as RHAGBs, an example dark TB is labelled with dotted
arrow and corresponding TUNA and CL line profile are
shown in Figure 8C and F.
The variation in both the TUNA and CL observations

may link to the atomic scale structure of the different GBs.
The reduction in both the TUNA and CL signal inten-
sity at RHAGBs may be attributed to the disruption of
crystallinity and an agglomeration of point defects and
impurities at the boundaries.12 The distinctive behaviour
of neutral and dark TBs may associate with coherent and
incoherent TBs. At a perfect coherent TB, two adjoining
crystal grains are mirror images of each. In other words,
the ideal coherent TB should be virtually free of dangling
bonds and hence behave very similarly to pure grain.12 At
an incoherent TB, the atomic arrangement on either side of
the boundarymay not match perfectly, giving space for the
formation of point defects or dangling bonds, which may
block the charge carrier movement and actively enhance
nonradiative recombination.39
This example TUNA-EBSD-CL multi-microscopy

study on a CIGS absorber demonstrated the direct
correlation of electrical and opto-electronic properties
on specific GBs, revealing the potential of the multi-
microscopy approach developed here. By extending the
multi-microscopy approach to multiple datasets, a sta-
tistically significant correlation between structure and
properties can be achieved. We are looking forward to
providing detailed analysis and comprehensive discus-

sion about GB properties in CIGS absorber in a future
study.

4 CONCLUSION

In conclusion, we present the optimisation of correlative
TUNA-EBSD-CL measurement on freshly broad ion beam
polished CIGSmaterial. Both TUNA and SEM-based tech-
niques may lead to minor surface contamination. The
impact of contamination on subsequentmeasurement was
observed to be the strongest in TUNA measurements, and
least important in CL measurements, whereas EBSD is in
between these two extremes. The variation in sensitivity is
due to the difference in the depth of interaction volume.
Therefore, the multi-microscopy should be carried out in
the order TUNA-EBSD-CL, from the most surface sensi-
tive to the least surface sensitive technique, to reduce any
potential deterioration on results.
With the optimised multi-microscopy, the influence

of local microstructure on electrical and opto-electronic
properties was studied. Our findings demonstrate that all
RHAGBs in our dataset strongly inhibit local conductiv-
ity and radiative recombination, while TBs were found to
either behave similar to the surrounding GIs or occasion-
ally to exhibit a strong reduction inCL intensity andTUNA
currents. The structural difference between GBs is sug-
gested to be responsible for the distinctive electrical and
opto-electronic properties of TBs and RHAGBs. This type
of structure-property correlation can be helpful to reveal
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the loss mechanism, such as nonradiative recombination
and limitations to charge carrier transport.
We hope the optimisation described here will provide

useful guidance for future multi-microscopy in not only
CIGS but also in the wider palette of semiconductor
materials.
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