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ABSTRACT
A unique non-destructive characterization method for apparent bandgap imaging in
photovoltaic (PV) devices based on acquisition of two electroluminescence (EL) images in
different spectral ranges is presented. A method consists of a calibration procedure and a
bandgap imaging procedure. Calibration has to be performed once per module type and EL
imaging setup, and must provide a relation between the bandgap and the ratio between two
spectrally independent EL images. After calibration, bandgap imaging only requires
acquisition of two spectrally independent EL images followed by image processing, making
the method very fast and suitable for in-line PV module characterization with regard to spatial
(in)homogeneity and production process stability. The method is demonstrated on a
commercial state-of-the-art Cu(In,Ga)Se2 PV module where apparent bandgap fluctuations
between 1.07 and 1.15 eV are detected.
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INTRODUCTION

Cu(In,Ga)Se2 (CIGS) is amongst the most efficient thin-film photovoltaic (PV)
technologies [1,2]. Along with other beneficial material properties, the ability to tune the
bandgap by controlling the indium to gallium ratio also contributes to the achieved efficiency,
both in general bandgap optimization to best utilize the AM1.5 spectrum [3] as well as in
bandgap gradients across the absorber for maximizing the photogenerated carrier
extraction [4–8]. Because of polycrystallinity the CIGS is inherently inhomogeneous resulting
in electrostatic variations [9] and bandgap fluctuations which were detected by various
luminescence techniques on micrometer level [10–12]. Their negative impact on conversion
efficiency was evaluated to a few percent absolute depending on the magnitude of
variations [13–15]. On the module level constant stoichiometry is even more difficult to
ensure over a large area, resulting in In:Ga ratio fluctuations and bandgap
inhomogeneities [16,17], which were estimated to hamper the performance in the order of few
percent absolute [18,19]. To cope with the issue of lateral bandgap fluctuations a fast, reliable
and non-destructive characterization method for bandgap mapping is required. In this paper
we present such a method based on acquisition of two electroluminescence images in different
spectral ranges. A method with similar basis was used by Würfel to calculate diffusion
lengths, while different aspects of using spectral information of electroluminescence images
were reviewed by Kirchartz [20,21]. The method presented herein focuses on absorber
homogeneity studies, in particular characterization of CIGS PV modules.
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THEORETICAL BACKGROUND

Electroluminescence (EL) is a phenomenon present in semiconductor materials where
electrically generated electron – hole pairs recombine radiatively and emit light. The spectrum
of emitted light corresponds to the convolution of free charge carrier concentrations p and n
(for holes and electrons, respectively). The profiles of p and n versus energy are defined by a
product of available density of delocalized states and their occupation functions. The states
are available for electrons in the conduction band, and for holes in the valence band. Bandgap
is the energy difference between the conduction and the valence band and consequently also
influences where the EL spectrum reaches its peak photon energy ( Ê γ ) caused by band-toband radiative recombination.

In CIGS solar cells the EL emission at ambient temperature is found to dominantly originate
from band-to-tail transitions [22,23]. The tail states are available energy states in the bandgap
close to either conduction or valence band. In CIGS they are relatively shallow and their
exponential decay is faster than the exponential decay of the Fermi-Dirac functions at room
temperature, meaning that the normalized shape of the spectrum and Ê γ are injection
independent. The temperature dependence of Ê γ is also reported to be minute in a narrow
temperature range around 300 K [23]. The well-behaved properties of CIGS make the
~

correlation between Ê γ and apparent bandgap ( EG ) possible.
We will refer to the term apparent bandgap because of two reasons. First, CIGS is a
polycrystalline material with bandgap variations between grains and their boundaries [10–12]
that cause EL radiation variations on micrometer level. Such small variations cannot be
resolved on module level EL imaging due to resolution limitations. And second, due to
bandgap engineering [4] the EL spectrum and intensity change along the depth profile through
the absorber, thus the EL radiation emitted from the surface is the integral of EL radiation
contributions originating from within the absorber.
During the EL image acquisition each pixel of the camera acquires the signal which is
essentially the integral of the incident EL radiation spectrum emitted from the corresponding
pixel’s area on the sample multiplied by the spectral response of the camera. The detected
pixel value is thus EL spectrum and camera spectral response dependent. While the latter is
location independent, the EL spectrum depends on the injection level and defines the Ê γ ,
which are both location dependent. The acquired EL image is therefore a result of injection
level and Ê γ variations.
If two EL images are acquired under the same injection level, but in different spectral ranges
in order to retain the Ê γ dependence, they may be divided and produce an injection level
independent ratio image (EL ratio(x,y)). When the spectral ranges are appropriately different,
~

the ratio image can be correlated with Ê γ , from which EG can be calculated.
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3.1

EXPERIMENT
Sample

The sample used in the experiment is a commercially available full-size (126 × 98 cm2) CIGS
PV module independently purchased on the market. The module is a state-of-the-art product
with efficiency under standard test conditions close to 14 %. Prior to testing the module was
exposed outdoors to 500 kWh/m2 of solar irradiation and afterwards stored indoors in the dark
for a few months with some occasional performance and EL measurements.
3.2

Setups

The whole procedure requires three measurement setups: external quantum efficiency
measurement, EL spectrum measurement, and EL image acquisition. All three setups are
required for calibration while only the EL image acquisition setup is required for bandgap
determination. The EL image acquisition setup must provide at least two EL images in
appropriately different spectral ranges, i.e. the spectral ranges need to (at least partially) cover
the spectral range of emitted EL, which may be achieved by using either different cameras or
one camera and one or more filters.
3.2.1 External quantum efficiency measurement
External quantum efficiency was measured at TÜV Rheinland with a setup that measures
local external quantum efficiency on full-size PV modules. During the measurements the
4.5 × 4.5 cm2 area in question is illuminated with bias light and added modulated
monochrome probing light. Cells parallel to the area are shaded, while other parts of the
module are homogeneously illuminated and a voltage is applied to the module such that the
cell voltage across the measuring area is zero. The result of the measurement is the quantum
efficiency averaged over the measuring area at position x, y (Qe(,x,y)).
3.2.2 EL spectrum measurement
EL spectrum was measured with an integrating sphere connected with optical fiber to two
spectrometers with cooled imaging detectors, a silicon CCD and an InGaAs array. The
opening of the integrating sphere was a circle 1.6 cm in diameter. The result of the
measurement is the electroluminescence spectrum averaged over the measuring area at
position x, y (EL(,x,y)).

3.2.3 EL image acquisition
Spectral imaging conditions are illustrated in Figure 1 together with EL emission spectrum of
the module (EL() – dash-dot black line). EL images were acquired by two different
cameras: an air cooled (-80 °C) 640 × 512 pixels InGaAs camera with relatively constant
quantum efficiency at 85 % between 1000 and 1600 nm (QEInGaAs – solid bright red line), and
an air cooled (0 °C) 9 megapixel silicon camera with quantum efficiency up to 1100 nm (QESi
– solid blue line). The InGaAs camera acquires the whole spectrum of CIGS EL radiation
(dashed bright red line), while the silicon camera only acquires the high energy part of the
spectrum (dashed blue line). The camera quantum efficiencies thus overlap in the wavelength
range from 900 to 1100 nm, and the partial spectrum acquisition of silicon camera makes the
difference in EL image ratios significant when the EL spectrum of CIGS PV module shifts.
The results of the measurements are two EL images: EL(InGaAs,x,y) and EL(Si,x,y)
obtained with InGaAs and silicon camera in their respective spectral ranges: InGaAs and Si.
Image processing of acquired EL images includes background subtraction, removal of bright
outliers, and cropping the images to display the whole module area. The image acquired by
the InGaAs camera was up scaled and registered to match the size and orientation of the
image acquired by the silicon camera. We have used an ImageJ [24] based software package
FIJI [25] to prepare the images. The EL images shown in Figure 2 are displayed in falsecoloring using Fire LUT and linear scale to clearly display the differences between the
images.
3.2.4 Spatial resolution
The spatial resolution of the method is defined by the lower resolution of the two cameras and
by the accuracy of the registration (image alignment) procedure. In our case, the camera with
the lowest resolution is the InGaAs camera, where the module’s active area (925 × 1222 mm2)
was imaged by 408 × 539 pixels. This resolution is further reduced as we scaled down the
final bandgap image to 226 × 299 pixels in order to blur the effect of different geometrical
distortions and consequent mis-registration. This yields a resolution of 4 × 4 mm2.

4
4.1

RESULTS
Method prerequisite

The method is applicable and will produce reliable results when the EL spectrum shape of PV
modules in question fulfils the following conditions: EL spectrum shape injection
independence, EL spectrum shape temperature independence, and in case of meta-stable PV
modules, which is the case for CIGS [26], also independence of EL spectrum shape from
meta-stable effects. The EL spectrum shape for the selected module satisfies the above
conditions which is demonstrated by overlapping normalized EL spectrum curves for:
injection independence (Figure S1a), temperature independence in the anticipated range
(Figure S1b), and short term meta-stability independence (Figure S1b, EL spectrum measured
after 90 min of module inactivity).
Despite the EL spectrum shape independence the EL intensity is injection, temperature and
meta-stability dependent. This requires that both EL images are acquired simultaneously or at
the same conditions (including injection levels, temperature, and equal inactivity time before
the measurement) to cancel out the influence of intensity dependencies.
4.2

Calibration procedure

Before imaging the bandgap a calibration procedure that links the image ratio to the measure
of the bandgap must be performed. Herein we present a two-step calibration, consisting of
~

first identifying the EG to Ê γ correlation, and second identifying the Ê γ to EL ratio
correlation. The choice of the calibration procedure depends on the goal of bandgap imaging,
e.g. for stoichiometry imaging the Ê γ to EL ratio correlation may be combined with
Ga/(In+Ga) ratio to Ê γ correlation [27]. The calibration procedure may as well be reduced to
~

one single step correlating the EL ratio to the desired quantity, either Ê γ , EG , or Ga/(In+Ga)
ratio. It suffices to perform the calibration at a few points in the module, that we will call
calibration locations. The exact number of calibration points depends on the quantum
efficiency of the cameras and luminescence spectrum. In our case minimum of four points
were required to select the function that best fits selected points and to select the constants in
eq. (2); however, additional points would improve the accuracy of the method.

Prior to calibration, calibration locations have to be chosen on the module. The locations are
best chosen such that the full range of EL intensity ratios is covered. Simultaneously, the area
around the selected locations must be as homogenous as possible such that the spatial average
of ratio image on the area of EQE measurement and EL spectrum measurement is the same.
Such a selection allows the following triplet to be accurately defined: the apparent bandgap
(from EQE), the peak EL position (from EL spectrum) and the average image ratio (from ratio
image), and will thus not limit the resolution of the whole method. The two EL images
acquired by (a) the InGaAs camera (EL(InGaAs,x,y)), and (b) by the silicon camera
(EL(Si,x,y)), together with selected calibration locations are shown in Figure 2. Note the
significantly different intensity distributions between the images, and the selection of
calibration locations.
4.2.1 Apparent Bandgap to Peak EL Calibration
~

 

For EG Eˆ λ calibration we chose locations a, d, f, and g, which ensure significant EL
~

intensity ratio variations. Qe has been measured at those locations and the EG was extracted
by linear extrapolation of the low energy edge of the normalized Qe as stated in [28] and
shown in Figure 3a. EL spectra were measured at 7 locations on the module. Normalized EL
spectra are shown in Figure 3b, where the values of Ê γ were extracted from the peaks of EL
spectra.
~

Determined EG at different locations (a, d, f, and g) are plotted versus Ê γ in Figure 4. Linear
~

approximation (black – dashed line) to EG – Ê γ pairs is:
~
EG  1.122  Eˆ γ  0.123 eV

(1)

In the case, when the density of states for both bands are step functions, one would expect the
~
~
eq. (1) to behave as an identity EG  Eˆ γ (grey – dash-dot line in Figure 4), or even Eˆ γ  EG in
a case of an ideal semiconductor [28]. The odd behavior of the eq. (1) may be attributed to the
bandgap grading, which may cause reabsorption of the photons produced by EL within the
junction, such that only photons with lower energies leave the device and are detected as EL
signal. The measured Ê γ is thus shifted (grey arrows in Figure 4) towards lower energies, and
the fact that the shift is larger at higher energies supports this explanation (the higher the
energy, the larger the shift). However, other factors such as the n·p product usually being the

highest at the point of the lowest bandgap, and the influence of stoichiometry changes on the
bandgap grading may also influence the observed slope.
4.2.2 Peak EL to EL Ratio Calibration
The Ê γ (EL ratio) calibration is performed at all 7 calibration locations on the module. The Ê γ
– EL ratio pairs are shown in Figure 5. The correlation is approximated with a logarithmic
dependency (black – dashed line):
Eˆ γ  0.0333 eV  ln  ELratio ( x, y )   1.29 eV

(2)

where EL ratio(x,y) is defined as a per pixel ratio between corrected and registered EL images
taken with InGaAs and Si camera:

 ELratio ( x, y) 

 EL (InGaAs , x, y)
 EL (Si , x, y)

(3)

The correlation in eq. 2 depends on the shapes of emitted EL spectra and camera quantum
efficiencies and is selected empirically with no physical background. For different means of
acquisition of spectrally different EL images, i.e. filter use or different cameras, the
correlation may appear different.
4.3

Bandgap imaging

The first step in bandgap imaging is acquisition of EL images of the PV module in different
spectral ranges. Here we use the same two EL images for the calibration procedure and for the
demonstration of the bandgap imaging. The first image was taken with the InGaAs camera
and the second image was taken with the silicon camera. Both images were corrected as
described in section 3.2.3. The image taken with the InGaAs was up scaled and registered to
match the resolution and the orientation of the image taken with the silicon camera. The final
images are shown in Figure 2: a) the one taken with the InGaAs camera (EL(InGaAs,x,y)), and
b) the one taken with the silicon camera (EL(Si,x,y)).
The prepared images are divided pixel by pixel to create the ratio image (EL ratio(x,y)) as
described by eq. 3. The EL ratio(x,y) is then passed pixel by pixel through eq. 2 followed by
eq. 1 to calculate the image of apparent bandgap, which is the final result of the method and is
shown in Figure 6.
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DISCUSSION

The EL image acquired by the InGaAs camera (Figure 2a) is much more inhomogeneous than
the image acquired by the silicon camera (Figure 2b). The InGaAs camera EL image gives a
better representation of the overall EL intensity than the Si camera due to its flat QE in the
spectral range of the EL emission [29]. The EL image acquired by the silicon camera may be
misleading because the silicon camera acquires only the high energy part of the EL spectrum,
therefore the image tends to show higher EL intensity where the bandgap is higher, and not
necessarily where the overall EL signal is higher. This fact should be taken into consideration
when using silicon cameras for acquisition of EL images of the modules where the EL
spectrum varies across the active area and where the camera spectral sensitivity does not
cover the whole emitted EL spectrum.
~

The EG fluctuations across the module are significant and range from 1.07 to 1.15 eV. The
average apparent bandgap across the module is 1.11 eV with standard deviation of 14.6 meV.
Although we have not studied the impact of bandgap fluctuations on module’s performance in
this paper, based on quadratic fit to simulation results in [14], such fluctuations of the
bandgap would result in absolute 0.22% decrease in efficiency at Shockley Queisser limit. In
real devices the decrease of performance would be even a bit lower than that. Because the
module’s efficiency decreases gradually at small standard deviations and becomes ever
steeper with increasing standard deviations of the bandgap, the resolution (bandgap-wise) of
the method is fine enough to detect band gap inhomogeneities with impact on efficiency
below 0.1% absolute on module scale.
~

Comparison of EG image (Figure 6) to the EL image taken with InGaAs camera (Figure 2a)
~

shows that in general the areas with lower EG correspond to the areas with higher EL. Such
~

behavior is expected, because: (a) areas with lower EG require lower voltage for the same
~

current and consequently the same EL emission intensity, and (b) areas with higher EG
require higher voltage for the same current and consequently the same EL emission intensity.
~

Presence of the areas with different EG and different voltage requirements on the same PV
~

module stimulates lateral currents over the module that flow from areas with higher EG to
~

areas with lower EG , as illustrated in [18]. Hence the distribution of EL emission from such

module is a result of the interplay between the bandgap and series resistance of the front and
the back contacts.

6

CONCLUSION

A new method for non-destructive mapping of apparent absorber bandgap is presented and
demonstrated for the CIGS PV module. It is based on the calibration procedure followed by
the acquisition of two EL images in different spectral ranges. Once the calibration procedure
is done and relationships (eq. 1 and 2) established the bandgap mapping is very fast and can
be used as an integrated in-line characterization method in PV module production process for
real time quality monitoring. The method requires single calibration to determine the EL
images ratio to bandgap correlation for a given PV module type and selected EL measurement
setup. Although the procedure herein is presented on the ratio of two EL images, acquiring
more images in appropriate spectral ranges or even using hyperspectral EL imaging would
further improve the accuracy.
The method revealed significant lateral apparent bandgap fluctuations in the state-of-the art
commercial CIGS PV modules. The average bandgap of 1.11 eV is probably the designed
bandgap value, which shows that otherwise high-quality production process renders minor
inhomogeneities across larger areas. Further improvement of production process would
improve the module homogeneity and increase module performance.

ACKNOWLEDGMENTS
We would like to thank Markus Schweiger from TÜV Rheinland for external quantum
efficiency measurements. M. Bokalič acknowledges the European Social Fund and the
Slovenian Ministry of Education, Science and Sport for funding the post-doc project (UL FE664). Additional support was provided by the Slovenian Research Agency (Research Program
P2-0197, Project J2-7105) and by Helmholtz-NREL Solar Energy Initiative (HNSEI SO-075).

REFERENCES
[1]

Green MA, Emery K, Hishikawa Y, Warta W, Dunlop ED. Solar cell efficiency tables (version 47).
Progress in Photovoltaics: Research and Applications 2016; 24, pp. 3–11. DOI:10.1002/pip.2728.

[2]

NREL. Best Research-Cell Efficiencies (Rev. 03-09-2016). NREL: National Center for Photovoltaics
2016. http://www.nrel.gov/ncpv/images/efficiency_chart.jpg (accessed April 1, 2016).

[3]

Topič M, Geisthardt RM, Sites JR. Performance Limits and Status of Single-Junction Solar Cells With
Emphasis on CIGS. IEEE Journal of Photovoltaics 2015; 5, pp. 360–365.
DOI:10.1109/JPHOTOV.2014.2359135.

[4]

Topič M, Smole F, Furlan J. Band-gap engineering in CdS/Cu(In,Ga)Se2 solar cells. Journal of Applied
Physics 1996; 79, pp. 8537–8540. DOI:10.1063/1.362533.

[5]

Gloeckler M, Sites JR. Band-gap grading in Cu(In,Ga)Se2 solar cells. Journal of Physics and Chemistry of
Solids 2005; 66, pp. 1891–1894. DOI:10.1016/j.jpcs.2005.09.087.

[6]

Troviano M, Taretto K. Analysis of internal quantum efficiency in double-graded bandgap solar cells
including sub-bandgap absorption. Solar Energy Materials and Solar Cells 2011; 95, pp. 821–828.
DOI:10.1016/j.solmat.2010.10.028.

[7]

Frisk C, Platzer-Björkman C, Olsson J, Szaniawski P, Wätjen JT, Fjällström V, Salomé P, Edoff M.
Optimizing Ga-profiles for highly efficient Cu(In, Ga)Se2 thin film solar cells in simple and complex
defect models. Journal of Physics D: Applied Physics 2014; 47, pp. 485104. DOI:10.1088/00223727/47/48/485104.

[8]

Hirai Y, Kurokawa Y, Yamada A. Numerical study of Cu(In,Ga)Se2 solar cell performance toward 23%
conversion efficiency. Japanese Journal of Applied Physics 2014; 53, pp. 012301.
DOI:10.7567/JJAP.53.012301.

[9]

Siebentritt S. What limits the efficiency of chalcopyrite solar cells? Solar Energy Materials and Solar
Cells 2011; 95, pp. 1471–1476. DOI:10.1016/j.solmat.2010.12.014.

[10] Gütay L, Bauer GH. Spectrally resolved photoluminescence studies on Cu(In,Ga)Se2 solar cells with
lateral submicron resolution. Thin Solid Films 2007; 515, pp. 6212–6216. DOI:10.1016/j.tsf.2006.12.164.
[11] Delamarre A, Paire M, Guillemoles J-F, Lombez L. Quantitative luminescence mapping of Cu(In, Ga)Se2
thin-film solar cells. Progress in Photovoltaics: Research and Applications 2015; 23, pp. 1305–1312.
DOI:10.1002/pip.2555.
[12] Witte W, Abou-Ras D, Albe K, Bauer GH, Bertram F, Boit C, Brüggemann R, Christen J, Dietrich J,
Eicke A, et al. Gallium gradients in Cu(In,Ga)Se2 thin-film solar cells. Progress in Photovoltaics:
Research and Applications 2015; 23, pp. 717–733. DOI:10.1002/pip.2485.
[13] Rau U, Werner JH. Radiative efficiency limits of solar cells with lateral band-gap fluctuations. Applied
Physics Letters 2004; 84, pp. 3735–3737. DOI:10.1063/1.1737071.
[14] Werner JH, Mattheis J, Rau U. Efficiency limitations of polycrystalline thin film solar cells: case of
Cu(In,Ga)Se2. Thin Solid Films 2005; 480–481, pp. 399–409. DOI:10.1016/j.tsf.2004.11.052.
[15] Gütay L, Bauer GH. Non-uniformities of opto-electronic properties in Cu(In,Ga)Se2 thin films and their
influence on cell performance studied with confocal photoluminescence. In: 34th IEEE Photovoltaic
Specialists Conference (PVSC) proceedings, Philadelphia, PA, USA: 2009, pp. 874–877.
DOI:10.1109/PVSC.2009.5411150.
[16] Runai FR, Schwäble F, Walter T, Fidler A, Gorse S, Hahn T, Kötschau I. Imaging and performance of
CIGS thin film modules. In: 37th IEEE Photovoltaic Specialists Conference (PVSC) proceedings, 2011,
pp. 3399–3403. DOI:10.1109/PVSC.2011.6186677.
[17] Weber T, Albert A, Ferretti N, Roericht M, Krauter S, Grunow P. Electroluminescence Investigation on
Thin Film Modules. In: 26th European Photovoltaic Solar Energy Conference proceedings, 2011, pp.
2584–2588. DOI:10.4229/26thEUPVSEC2011-3AV.1.50.
[18] Malm U, Edoff M. Simulating material inhomogeneities and defects in CIGS thin-film solar cells.
Progress in Photovoltaics: Research and Applications 2009; 17, pp. 306–314. DOI:10.1002/pip.888.

[19] Hsu W-W, Tan S-W, Ho W-S, Liu CW. Analysis of Cu(In, Ga)Se2 Efficiency Gap Between Module and
Cell. In: International Conference on Renewable Energies and Power Quality (ICREPQ’12) proceedings,
Santiago de Compostela, Spain: European Association for the Development of Renewable Energies,
Environment and Power Quality (EA4EPQ); 2012.
[20] Würfel P, Trupke T, Puzzer T, Schäffer E, Warta W, Glunz SW. Diffusion lengths of silicon solar cells
from luminescence images. Journal of Applied Physics 2007; 101, pp. 123110. DOI:10.1063/1.2749201.
[21] Kirchartz T, Helbig A, Rau U. Note on the interpretation of electroluminescence images using their
spectral information. Solar Energy Materials and Solar Cells 2008; 92, pp. 1621–1627.
DOI:10.1016/j.solmat.2008.07.013.
[22] Kirchartz T, Rau U. Electroluminescence analysis of high efficiency Cu(In,Ga)Se2 solar cells. Journal of
Applied Physics 2007; 102, pp. 104510. DOI:10.1063/1.2817959.
[23] Müller TCM, Pieters BE, Kirchartz T, Carius R, Rau U. Effect of localized states on the reciprocity
between quantum efficiency and electroluminescence in Cu(In,Ga)Se2 and Si thin-film solar cells. Solar
Energy Materials and Solar Cells 2014; 126, pp. 95–130. DOI:10.1016/j.solmat.2014.04.018.
[24] Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImageJ: 25 years of image analysis. Nature
Methods 2012; 9, pp. 671–675. DOI:10.1038/nmeth.2089.
[25] Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, Preibisch S, Rueden C,
Saalfeld S, Schmid B, et al. Fiji: an open-source platform for biological-image analysis. Nature Methods
2012; 9, pp. 676–682. DOI:10.1038/nmeth.2019.
[26] Kenny RP, Chatzipanagi AI, Sample T. Preconditioning of thin-film PV module technologies for
calibration. Progress in Photovoltaics: Research and Applications 2014; 22, pp. 166–172.
DOI:10.1002/pip.2234.
[27] Insignares-Cuello C, Izquierdo-Roca V, López-García J, Calvo-Barrio L, Saucedo E, Kretzschmar S,
Unold T, Broussillou C, Goislard de Monsabert T, Bermudez V, et al. Combined Raman
scattering/photoluminescence analysis of Cu(In,Ga)Se2 electrodeposited layers. Solar Energy 2014; 103,
pp. 89–95. DOI:10.1016/j.solener.2014.02.005.
[28] Siebentritt S, Rey G, Finger A, Regesch D, Sendler J, Weiss TP, Bertram T. What is the bandgap of
kesterite? Solar Energy Materials and Solar Cells n.d. DOI:10.1016/j.solmat.2015.10.017.
[29] Oliva F, Kretzschmar S, Colombara D, Tombolato S, Ruiz CM, Redinger A, Saucedo E, Broussillou C, de
Monsabert TG, Unold T, et al. Optical methodology for process monitoring of chalcopyrite photovoltaic
technologies: Application to low cost Cu(In,Ga)(S,Se)2 electrodeposition based processes. Solar Energy
Materials and Solar Cells n.d. DOI:10.1016/j.solmat.2015.12.036.

FIGURE CAPTIONS
Figure 1.
Spectral imaging conditions. Quantum efficiencies of the cameras (QESi, QEInGaAs), typical
EL emission spectrum of CIGS (EL), and EL signal as detected by different cameras. Note
that signal detected with Si camera is multiplied by 100 in order to be visible in the figure.
Figure 2.
EL images of the CIGS PV module acquired by
a) the InGaAs camera (EL(InGaAs,x,y)),
b) the silicon camera (EL(Si,x,y)).
Figure 3.
~

a) Apparent bandgap ( EG ) determination by linear extrapolation of external quantum
efficiency (Qe(E)) to 0 (overlaid bright lines).
b) Normalized EL spectra  EL (E )  at different locations on the module.
Figure 4.
~

Apparent bandgap ( EG ) relationship to the peak of EL spectrum ( Ê γ ) with a linear regression
line (black – dashed), identity line (grey – dash-dot), and illustrated shifts (grey arrows).
Figure 5.
Peaks of EL spectra ( Ê γ ) vs. ratio of two EL images (EL ratio(x,y)) at calibration locations
(x, y) with logarithmic approximation of the relationship.
Figure 6.
Apparent bandgap mapping across the whole CIGS PV module based on two EL images and
calibrated relationships.

FIGURES

Figure 1. Spectral imaging conditions. Quantum efficiencies of the cameras (QESi, QEInGaAs),
typical EL emission spectrum of CIGS (EL), and EL signal as detected by different cameras.
Note that signal detected with Si camera is multiplied by 100 in order to be visible in the
figure.
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Figure 2. EL images of the CIGS PV module acquired by
a) the InGaAs camera (EL(InGaAs,x,y)),
b) the silicon camera (EL(Si,x,y)).

a)

b)

Figure 3.
~

a) Apparent bandgap ( EG ) determination by linear extrapolation of external quantum
efficiency (Qe(E)) to 0 (overlaid bright lines).
b) Normalized EL spectra  EL (E )  at different locations on the module.

~

Figure 4. Apparent bandgap ( EG ) relationship to the peak of EL spectrum ( Ê γ ) with a linear
regression line (black – dashed), identity line (grey – dash-dot), and illustrated shifts (grey
arrows).

Figure 5. Peaks of EL spectra ( Ê γ ) vs. ratio of two EL images (EL ratio(x,y)) at calibration
locations (x, y) with logarithmic approximation of the relationship.

Figure 6. Apparent bandgap mapping across the whole CIGS PV module based on two EL
images and calibrated relationships.

