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Cu(In,Ga) Se, (CIGS) thin film solar cells have demonstrated very high efficiencies, but still the
role of nanoscale inhomogeneities in CIGS and their impact on the solar cell performance are not
yet clearly understood. Due to the polycrystalline structure of CIGS, grain boundaries are very
common structural defects that are also accompanied by compositional variations. In this work, we
apply valence electron energy loss spectroscopy in scanning transmission electron microscopy to
study the local band gap energy at a grain boundary in the CIGS absorber layer. Based on this
example, we demonstrate the capabilities of a 2" generation monochromator that provides a very
high energy resolution and allows for directly relating the chemical composition and the band gap
energy across the grain boundary. A band gap widening of about 20 meV is observed at the grain
boundary. Furthermore, the compositional analysis by core-loss EELS reveals an enrichment of In
together with a Cu, Ga and Se depletion at the same area. The experimentally obtained results can
therefore be well explained by the presence of a valence band barrier at the grain boundary.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4964516]

Cu(In,Ga)Se, (CIGS) thin film solar cells show a prom-
ising potential for the development of highly efficient, low-
cost solar cells. Efficiencies of up to 22.3% have been
reached,' but nevertheless many fundamental material prop-
erties governing the performance are still not clearly under-
stood. The polycrystalline structure of CIGS and the
compositional inhomogeneities influence the local electronic
properties of the absorber layer and affect the charge carrier
transport. Grain boundaries represent the most common
structural defect type in CIGS and were widely studied in the
past, leading to different insights into the local chemistry
and geometry of different grain boundary types. Regarding
the composition of random grain boundaries, both an
increase in the Cu concentration, combined with a decrease
of the Se and In concentrations, and the exact opposite case
have been reported. Often, an enrichment of impurity atoms
(such as O, K and Na) at the grain boundaries was observed
in parallel (see e.g., Refs. 2—4). Therefore, no clearly domi-
nant grain boundary model has been found that would
explain all the findings and could generally predict the elec-
tronic properties at the CIGS grain boundaries. Instead, the
local structural and compositional properties vary depending
on the analyzed grain boundary. It is commonly believed
that the grain boundaries in CIGS are benign, but the inter-
ruption of the crystal lattice and the compositional variations
may still affect the electronic properties in different ways.
Therefore, a clearer understanding on how the nanoscale
inhomogeneities at grain boundaries influence the electronic
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loss mechanisms in CIGS would be highly beneficial to fur-
ther improve the solar cell performance in a targeted way.
Valence electron energy loss spectroscopy (VEELS) is a
transmission electron microscopy (TEM) based technique
that allows for characterizing electronic properties at the
nanometer scale. It is a very promising tool for the analysis
of, e.g., the local band gap energy (E,) in CIGS solar cells.’
However, the high energy resolution, which is required to
access the 1.0eV to 1.7¢eV band gap energy of CIGS, chal-
lenges the limits of the current state-of-the-art electron sour-
ces. This work demonstrates the ability of a 2! generation
monochromator, which provides very high energy resolution
(40meV in the present work), to study the local band gap
variations in CIGS and directly relate the results to the local
composition.

The investigated CIGS absorber layer was produced
following the low-temperature co-evaporation process for
high efficiency solar cells on flexible polyimide foils, as
described by Chirila et al., yielding CIGS absorbers with a Ga
compositional grading along the depth.®” An NaF and KF
post-deposition treatment was used for the samples in this
study. The average composition of the absorber layer was
determined by X-ray fluorescence (XRF), revealing a [Ga]/
([Ga] + [In]) ratio (GGI) of 0.34 and a [Cu]/([Ga] + [In]) ratio
(CGI) of 0.78. As the investigated grain boundary was in the
Ga-notch region, the GGI is expected to be lower there
(GGI~0.2), compared to the average GGI. This corresponds
to a band gap energy of about 1.1eV. The TEM specimens
were prepared by conventional cross-section polishing, and
subsequent Ar'-ion milling until electron transparency was

Published by AIP Publishing.
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reached. This was done on a Fischione TEM ion mill 1050
that provided liquid N, cooling to prevent the specimen from
overheating during the milling process.

The Nion UltraSTEM 100MC HERMES installed at
the SuperSTEM laboratory (UK) was used for the VEELS
experiments. The instrument is equipped with a cold field
emission gun (cFEG) and a high-energy-resolution mono-
chromator, and it was operated at 100kV. In order to
improve the signal-to-noise ratio (SNR), the spectra were
recorded in the DualEELS mode: The low-loss region was
recorded within the energy frame of 0.27eV to 20.75eV at a
dispersion of 10meV per pixel with an acquisition time of
500 ms and the zero-loss peak (ZLP) was recorded within the
energy frame of —1.94eV to 18.46eV at a dispersion of
10 meV per pixel for 5 ms. At these settings, the full with at
half maximum (FWHM) of the ZLP was 40 meV. The band
gap was extracted from the low-loss spectrum according the
procedure depicted in Figure 1. The contribution of the ZLP
was subtracted from the raw spectra by fitting a power-law
function to the descending tail. The optimal fit range
(0.95eV to 1.10eV) was defined based on the statistical and
visual evaluation of the results, which were obtained after
applying different ranges. Using this fit range allowed for
minimizing artifacts such as negative intensities or loss of
relevant intensities. However, the final choice of the bound-
aries as long as they were chosen in a reasonable range did
not significantly affect the resulting relative band gap varia-
tion. Then, the band gap energy was determined by fitting a
parabola to the remaining spectrum, as described in more
detail by Keller e al.” The parabola was fitted based on the
energy range 1.5eV to 1.9eV after careful evaluation of the
optimal range. This optimal range was determined within the
region, where small changes in the fitting range did not lead
to significantly different results. Whereas the absolute values
of the obtained band gap energies were shifted as a function
of the energy range chosen for fitting, the relative band gap
variation did not change significantly. However, the shape of
the onset is assumed to follow a parabolic shape down to the
onset. If this condition is not fulfilled, then the estimated
absolute value of the band gap energy that is obtained by

— Raw spectrum
== Power law fit

— Spectrum after ZLP removal
----- Fitted parabola

Counts [arb. units]

o A I T R B |—.__|—T—|__.—
10 15 20 25 30 35 40 45 50
Energy loss [eV]

FIG. 1. Band gap extraction procedure from a raw VEEL spectrum. The
contribution of the ZLP was approximated by a power-law fit and subse-
quently subtracted. Then, a parabola was fitted to the remaining spectrum,
whereas the onset of the parabola was defined as the band gap energy.
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extrapolation from the fit region is not reliable (see e.g.,
Refs. 5 and 8).

The core-loss EELS data were recorded by the same
instrument using a dispersion of 1 eV per pixel and an acqui-
sition time of 0.35s. A principle component analysis was
used to reduce noise in the EEL spectra. The relative spatial
distributions were estimated based on the L-edge of Cu at
931eV, the M-edge of In at 443 eV, the L-edge of Ga at
1115eV and the L-edge of Se at 1436 eV. To obtain the spa-
tial distribution maps of the different elements, the decaying
background was first subtracted using a power-law fit and
subsequently the intensities of the relevant EELS edges were
integrated. The considered energy ranges were 388eV to
415eV (background) and 441 eV to 602¢eV (edge) for the In
distribution, 795eV to 881eV (background) and 896¢eV to
1198 eV (edge) for the Cu distribution, 1015eV to 1072eV
(background) and 1100eV to 1182¢V (edge) for the Ga dis-
tribution, and 1344 eV to 1370 eV (background) and 1395eV
to 1698 eV (edge) for the Se distribution.

Four VEELS profiles were acquired across a random
grain boundary, as indicated in the high-angle annular dark
field (HAADF) image in Figure 2(a). The profiles 1-3 all
revealed a similar, non-negligible increase in the band gap
energy at the grain boundary, while profile 4 did not reveal a
significant band gap fluctuation. In order to estimate the
average relative increase in the band gap energy at the grain
boundary, only the profiles 1-3 were considered. For those,
the band gap energy was evaluated within the 40 nm distance
across the grain boundary in 5nm sized steps, as indicated
by the white boxes in Figure 2(a). Then, the band gap varia-
tion across the grain boundary (Figure 2(b)) was determined
as an average of profiles 1-3, considering the 7 steps indi-
cated by the white boxes (Figure 2(a)). According to this
evaluation, the band gap energy increases by around 20 meV
at the grain boundary. The error bars take into account the
uncertainty due to (i) the limited acquisition reproducibility,
i.e., the deviation between the profiles 1-3; (ii) the choice of
the energy range considered for ZLP fitting and subtraction
(three ranges considered: 0.90eV to 1.05eV, 0.95eV to
1.10eV and 0.99eV to 1.15eV); and (iii) the choice of the
energy range considered for fitting the parabola to extract the
band gap energy (four ranges considered: 1.4eV to 1.8¢eV,
1.5eV to 1.9eV, 1.6eV to 2.0eV and 1.4eV to 2.0eV).
Even by using a state-of-the-art STEM with unique energy
resolution, the error bars are still rather large to reliably mea-
sure band gap shifts of 20 meV.

The core-loss EELS maps were recorded within the area
marked by the yellow box in Figure 2(a). The elemental dis-
tribution maps of Cu, In, Ga and Se are shown in Figure 2(c)
and the corresponding profiles (averaged over the map
width) in (d). An In enrichment and depletion of Cu, Se and
Ga are observed at the grain boundary. Furthermore, an addi-
tional variation of the In, Ga and Cu distribution is present in
the middle of the grain boundary, i.e., the Cu and In concen-
trations decrease, whereas the Ga concentration rises slightly
(Figure 2(d)).

Different models for describing the electronic properties
at grain boundaries in CIGS have been proposed in the litera-
ture (e.g., Refs. 9 and 10). These consider different elemental
distributions of the main elements Cu, In, Ga, and Se at the
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(a) HAADF image of GB
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(b) Average AEg of profiles 1-3
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FIG. 2. Band gap variation and ele-
mental distribution at a random grain
boundary. (a) HAADF image of the
analyzed grain boundary. The regions
where VEELS line profiles and core-
loss EELS maps were acquired are
indicated by the blue lines resp. the
yellow box. (b) Band gap variation
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(d) Compositional variation

measured across the grain boundary as
an average of the data recorded along
the lines 1-3. (c) Relative, spatial dis-
tribution maps of Cu, In, Ga and Se
recorded by EELS within the yellow
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60

N
o

Relative elemental distribution re-
fering to the bulk concentration [%]
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o

box marked in (a). (d) Compositional
variation across the grain boundary
extracted from the elemental maps
shown in (c). The concentration of
each element is described as a percent-
age of the bulk reference value, which
is defined as the concentration at
~10nm to 20 nm distance to the grain
boundary.

grain boundary as well as the presence of bound charges due
to impurity atoms and dangling bonds (Figure 3). The pres-
ence of bound charges results in parallel fluctuation of the
band edges (band bending), which does not affect the band
gap energy (Figure 3(a)). In contrast, the relative variation of
the main element concentrations affects the band gap energy.
The valence band maximum (Ey) is determined by the Cu 3d
and Se 4p antibonding states, and therefore Cu depletion
lowers the valence band maximum.®'"'* The conduction
band minimum (Ec) strongly depends on the GGI present:
increasing Ga concentration shifts the conduction band
minimum towards higher energies.*'*"'* Regarding the
three models, the measured band gap widening at the grain

(a) Parallel band fluctuations
(fixed charges at GB)

(b) Valence barrier
(Cu depletion at GB)

GB GB GB
> : \/
2 ©) :
el._eo . | @e _ |- SR Er
w : ® F :
/\ VEV B
Distance - Distance - Distance -

FIG. 3. Different models of the band structure at a CIGS grain boundary.
Charges that are bound to the grain boundary cause parallel fluctuations of
the band edges and do not result in detectable band gap fluctuations (a). In
contrast, the model describing a valence band barrier (b) causes a band gap
widening, which agrees well with our experimental results. However, a com-
bination of the valence band barrier and parallel band bendings cannot be
excluded.

-15 10 -5 0 5

10 15

Distance across GB [nm]

boundary can be explained by the valence band barrier
model (Figure 3(b)), which is also in agreement with the
coincident Cu depletion. Alternatively, a combination of
models resulting in additional parallel band edge fluctuations
cannot be excluded. For CIGS, valence band bendings of up
to 100meV have been suggested in the literature.”'> This is
significantly more than the experimentally observed varia-
tion of 20meV in this study. In fact, the measured band gap
fluctuation derived by VEELS might be underestimated.
Firstly, delocalization effects and the chosen step size of
5nm blur the spatial resolution, which dampens the experi-
mentally detectable change of the band gap energy.16 And
secondly, data processing (the parabolic fit) generally detects
the smallest band gap present in the investigated volume.
Since the grain boundary is a random one, it is well possible
that the investigated volume contains overlapping contribu-
tions from the grains and the grain boundary. The VEELS
measurement would then very likely reveal the lower band
gap present in the grain and not the higher band gap of the
grain boundary. This effect can also explain why no band
gap fluctuation was observed along the profile 4 (Figure
2(a)). Furthermore, it could be responsible for the apparent
local shift between the band gap variation (Figure 2(b)) and
the compositional variation (Figure 2(d)) that were mea-
sured. According to the literature, it is expected that Cu
depletion causes a downward bending of the valence band
that could explain the observed band gap widening at the
grain boundary.® However, in the present specimens, the
actual energy changes of the valence band due to
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compositional variations still need to be determined. In gen-
eral, the downwards bending of the valence band at the grain
boundary and the related valence barrier are supposed to
repel the holes from the grain boundary. Consequently,
charge carrier recombination is hampered, which provides a
possible explanation for the generally benign nature of grain
boundaries in CIGS.

In summary, the purpose of the present work is to exem-
plarily show the applicability of state-of-the-art electron
microscopy analytics to measure the band gap variations very
locally in CIGS. The local electronic properties and composi-
tion at a random CIGS grain boundary were therefore studied
by (V)EELS using a 2nd generation monochromator. A small
but significant band gap widening at the grain boundary was
observed by fitting the VEELS data. The measured band gap
widening is roughly 20 meV; however, due to experimental
and physical limitations, the actual band gap widening is
likely to be underestimated in these first experiments. Core-
loss EELS was used to provide information about the local
composition, which revealed local In enrichment and deple-
tion of Cu, Ga and Se at the grain boundary. A band gap wid-
ening combined with Cu depletion indicates the presence of a
valence band barrier at the grain boundary. As a consequence
of such a barrier, the holes would be repelled from the grain
boundary and the charge carrier recombination would be
reduced at the grain boundary.
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