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ABSTRACT

During the past few years, electroluminescence imaging has become a standard characterization technique for failure
analysis and qualification of silicon wafer-based solar cells and modules. In contrast, the same analysis is not yet
widely used for thin-film modules. This article demonstrates that electroluminescence analysis is a highly suitable
tool for the in-depth investigation of Cu(In,Ga)Se, thin-film solar modules as well as for standard quality control. The
reciprocity between the photovoltaic action and the electroluminescence emission of solar cell devices is used to derive
quantitative relations that describe the voltage distribution within a solar module. Individual shunt spots in a module
are not only visualized but their influence on the current voltage curves of the individual cells is quantitatively analyzed.
Furthermore, device parameters like the sheet resistances of the window layer and the back contact are derived from the

electroluminescence images.

Introduction

Less than four years after the pioneering
work of Fuyuki et al. [1], photographic
electroluminescence (EL) imaging has
become an important tool that is almost
routinely applied to the characterization
of silicon wafer-based solar cells and solar
modules [2-9]. Fig 1a depicts the simple
experimental setup needed for the EL
imaging of a solar cell. Besides a cooled
Si-CCD camera, the only requirements
are a power supply for the solar cell and
an appropriate shielding against parasitic
electromagnetic radiation. In some setups,
an infrared filter helps to eliminate stray
light from the visible part of the spectrum.

“All important physical
processes that influence the
photovoltaic performance
of a solar cell — like
recombination, resistive
and optical losses — are
complementarily reflected in
the EL of the same device.”

The attractiveness of EL imaging results
on the one hand from its simplicity
and swiftness combined with the high
spatial resolution that is provided by this
technique. An EL image is obtained in less
than one second and the technique can
be used to survey entire modules but also
to visualize microscopic defects on the
micrometer scale. On the other hand, EL,
i.e. the emission of light by application of
an electrical bias, is just the complementary
reciprocal action of the photovoltaic effect
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used in solar cells and modules. Therefore,
all important physical processes that
influence the photovoltaic performance of
a solar cell — like recombination, resistive
and optical losses — are complementarily
reflected in the EL of the same device, a fact
warranting the relevance of the method.
In addition to spatially resolved methods,
spectrally resolved EL [10-13] has proven
to be a suitable tool for the analysis of
solar cells. However, the present article
concentrates on the photographic, i.e.,
spatially resolved EL analysis of Cu(In,Ga)
Se, (CIGS) modules.

Basics

Electroluminescence, or the emission of
light in consequence to the application of
a forward voltage bias, is the reciprocal
action to the standard operation of a solar
cell, namely the conversion of incident
light into electricity. According to the
reciprocity theorem, the EL intensity @,
of a pn-junction solar cell emitted at any
position r = (x,y) of the solar cell’s surface
is given by [14]
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where kT/q is the thermal voltage,
V(r) is the internal junction voltage, E is
the photon energy, and @m-=[-rirlzin s
the local external quantum efficiency
determined by the front surface
reflectance R(r) and the internal quantum
efficiency Q;(r). The spectral photon
density ¢y, of a black body
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depends on Planck’s constant / and the
vacuum speed c¢ of light. Recording the
EL emission of a solar cell with a charge-
coupled device (CCD) camera, the EL
signal S_,,,(E.r) in each camera pixel is
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where Q... is the energy-dependent
sensitivity of the detecting camera.
Since in Equation 3 ¢, (E) and Q.n(E)
depend on the energy but not on the
surface position r, lateral variations in
the detected EL intensity emitted from
different surface positions originate only
from the lateral variations of the external
quantum efficiency Q, and of the internal
voltage V. Hence, Equation 1 and thus
Equation 3 consider all losses occurring in
solar cells: the external quantum efficiency
Q. expresses the recombination and
optical losses, while the internal voltage V'
reflects the resistive losses. Especially for
the surveying of photovoltaic modules,
the exponential voltage-dependent term
dominates the image, making EL analysis
a tool that is especially suitable to analyze
resistive losses.

Results and discussion

Electroluminescence analysis of thin-film
modules is not yet as common as it is for
wafer-based solar cells. Nevertheless, the
suitability and the potential of EL analysis
of these devices is perfectly analogous
to that of silicon cells. The following
discusses the investigation of a CIGS
module [15,16] as a general example
of the analysis of a thin-film module.
Variations of the material quality and
stoichiometry in CIGS solar cells occur
on relatively small length scales between




5um and 20pm [17,18] and would therefore require microscopic
investigations of the luminescence [19-23].

However, prominent features in EL images on the module level
are predominantly due to resistive effects, i.e. either caused by series
resistances or by shunts as can be seen from Fig. 2 where EL images of
a CIGS module are displayed taken at two different current densities
J=1.25mA/cm? (a) and at J = 50mA/cm? (b). The module consists of
N, =42 cells connected in series with a single cell area of 20 x 0.4cm2.
The image taken at the lower current (Fig. 2a) shows dark cells at
the top of the module (i.e. for low x-values) as the most prominent
feature. When increasing the current to J = 50mA/cm?, all cells
appear bright over their whole width (i.e. extension in y-direction).
However, circular dark spots especially in the upper right corner
remain visible. In addition, every cell in Fig. 2b shows a characteristic
intensity gradient from high intensity at the top to low intensity at
the bottom with only little variation in the y-direction. This intensity
gradient is not visible in the image taken with the lower bias current
(Fig. 2a).

The macroscopic analysis discussed in the following is an example
of where it is reasonable to assume that Q.(E r) is almost spatially
independent, especially because the exponential dependence of the
variations of the internal junction voltage V(r) have a much stronger
impact on the EL intensity than possible spatial variations of Q,(r).
Thus, assuming a spatially- and voltage-independent Q, rearranges
Equation 3 to

San (1) = [ Qo (EYD, (E Wy, (ENIE exp(%) (4)

Consequently, we can determine from S, the voltage drop over
the junction (see Equation 5 [right]), except for a spatially constant
offset voltage V.

Fig. 3 visualizes the application of Equation 5 to the EL data
from Fig. 2 to obtain the relative voltage AV as a function of the
coordinate x across all cells in the module. Note that we have
generated the line scan by averaging over the y-coordinate, i.e.,
over the whole length of the module. Two important features

are immediately evident from these line scans: first, the relatively

Figure 1. Sketch of the experimental setup for the
photographic survey of solar cells or solar modules.
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Figure 2. EL images at a) J = 1.25mA/cm” and b) J = 50mA/cm? of the same Cu(In,Ga)Se, module. Areas with quenched EL
intensity are caused by shunts (see shunt highlighted by circle). Shunts have a larger influence on the current distribution

through the cell when current densities are small as in (a), since the pn-junction has a non-linear J/V characteristic.
For the same reason, the EL intensity drop in the x direction becomes steeper as the current density increases.

low voltage drop over some cells
due to the shunts. This feature is
especially visible at low current bias
J = 1.25mA/cm? and tends to disappear
with increasing bias. Second, there are
voltage losses across individual cells due
to the sheet resistance of window and
back contact layer. This feature becomes
increasingly important at larger current
bias and is clearly visible for the curves
corresponding J = 1.25mA/cm? and
25mA/cm?in Fig. 3.

“Fitting parameters are the
sheet resistances p,., of the
ZnO and p;;, of the Mo
back contact as well as
the differential junction
conductance G at
each bias point.”

For a more quantitative access to the
data in Fig. 3 we need to model the voltage
distribution along the whole width w of
one sub-cell. This requires the solution of
the coupled current continuity equations
in the window layer and in the back
contact [16]. In one dimension, we have

d’ d |
= ¥ =—p"— if = p" 6
! (4 d.\:j' ] (6)
and
d’ d
F,mep®— jf =¥ 7
R b U ) (7)
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where V,, denote the voltages, j. are
the line current densities, and g% are the
sheet resistances of the window layer
and the back contact, respectively. The
solution of Equations 6 and 7 is given by
the voltage difference (see Equation 8
[right]) with the inverse characteristic
length & =[G, + p*1]"* and Gp = dJ/dV
as the differential conductance at the
given bias conditions.

For the investigation of the sheet
resistances, EL images of a non-shunted
region of the module were recorded
with a higher spatial resolution. Figure
4 shows the AV values calculated
from the EL signals across a single
non-shunted cell in x direction for
three exemplary different bias current
densities J = 50, 25, 5mAcm-2. Note that
we have averaged the signals over 1376
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Figure 3. Internal voltage line scans (x-direction) of the whole module of Fig. 2

taken at different bias current densities Jj, =

50, 12.5, 1.25mA/cm2. The effect of

shunts on the voltage is more pronounced for smaller than for higher injection
current densities. This effect is most obvious for the cells located at positions
lcm < #x < 4cm. The line scans are averaged over the whole module length Z.




lines in y-direction (corresponding to a
width of 3.8cm).

In order to fit the experimental data,
we have the choice either to determine
the junction conductance G, from an
additional measurement of Jso/ Ve
independently (as in [16]) or to include
the G, values at each bias point into the
fitting procedure. The latter method is
based on the EL experiment alone and
has the advantage of not needing an extra
calibration measurement. The solid lines
in Fig. 3 show the result of a simultaneous
fit of Equation 8 to the experimental data
obtained for the different bias current
densities. Fitting parameters are the sheet
resistances o of the ZnO and #4. of the
Mo back contact as well as the differential
junction conductance Gp at each bias
point. It is interesting to note here that
the extraction of the smaller of the two
sheet resistances ( P in the present case)
is possible as soon as a minimum in the
AV(x) curves becomes visible as in the
topmost curves of Fig. 3.

The fit to the data in Fig. 3 yields
Pio = 182875 and gy, =1.18/59 Since
these values are very close to the results of
the calibrated method (g, =18.082/sq,
P =1360217sq)[16], we conclude that the
determination of the sheet resistances
from the EL data alone, i.e. without
additional calibration measurement,
is reasonably reliable. Furthermore,
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the extraction of both sheet resistance
values - that of the window and that
of the back contact layer — are possible
simultaneously, although the values differ
by more than one order of magnitude.

The data in Fig. 2 allow us not only to
analyze the voltage drop over individual
cells in order to determine the sheet
resistance of the window and the back
contact layer. We may also compare
the voltages that drop over different
cells in order to evaluate the relative
performance of those cells. These voltage
differences are basically caused by the
shunts on the various cell stripes of the
module, seen as black spots in Fig. 2. As
a valid representation of the cell voltage,
we take the spatial average of the relative
voltages AV determined across the cell.
Again, we have the option to calibrate
the measurement with an additional
Jsc/ Voc measurement which allows us
to deduce absolutely scaled J/V curves
of all individual cells [16]. In practice,
one might wish to avoid such additional
measurements. In this case, only voltages
shifted by an unknown offset are feasible

because of the unknown offset voltage
given in Equation 5.

However, determining the scatter of
the individual cell voltages at different
bias conditions is quite attractive for
inline control during the production of
thin-film modules. This possibility for a
simple EL imaging-based quality control
method is illustrated by the histograms
in Fig. 5 for three different bias current
densities. For these histograms, the cell
voltages V™% (for the cells i = 1 .. N
are calculated from the measured EL
signal converted via Equation 5 into
AV (x,y) values and finally averaged
over the entire cell area. As expected
from our observations in Fig. 2,
the influence of shunts on the voltage
distribution is highest at low bias
currents leading accordingly to a
wide distribution of cell voltages. At
higher bias currents the discrepancy
between the voltages of shunted and
non-shunted cells becomes smaller and
the distribution becomes narrower.
Such histograms as shown in Fig. 5
might provide a simple tool to judge
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Figure 4. Line scans of the relative internal voltages AV calculated from EL line
scans. The solid lines represent fits of Equation 8 to the experimental voltage data
(open symbols). The sheet resistances used in all fits are p; ,= 18Q/sqand g7 =

4] Mo

1.5Q/sq for the ZnO window layer and for the Mo back contact, respectively.
Note that the experimental data are averages over 1376 lines in y-direction
(corresponding to a width of 3.8cm).

immediately the quality of the module,
making EL imaging a suitable tool for
inline control containing quantitative
information.

“Determining the scatter of
the individual cell voltages
at different bias conditions
is quite attractive for inline
control during the production
of thin-film modules.”

Finally, we demonstrate the possibility
of reconstructing current voltage curves
of the individual cells on an absolute
scale. Hereto, we consider a series of
images taken at different bias current
densities and determine the cell voltages
V;meas a5 described above. Since V¢
differs from the real cell voltage V; by
an unknown but constant offset voltage
Vi we need to scale the experimental
data by one additional measurement.
For this purpose, we measure the open
circuit voltage V¢ of the solar module
under illumination. The illumination
intensity is adjusted in such a way that
the corresponding short circuit current
density s equals one of the bias current
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Figure 5. Histogram of the relative cell voltage V;/*** over the cells of the module in Fig. 2. Note that the measured voltages

V;meas differ from the real cell voltage by an unknown but constant offset voltage V4. The black lines are a guide, illustrating
that the voltage distributions become narrower with increasing current bias J.
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Equation 8.

densities J used for the EL images. The
hitherto unknown offset voltage V is
then calculated from the equation

N Ly
Vor = 2 K= 2 PR =N o (9)

It is important to acknowledge that
taking the open circuit voltage V¢ as
a reference is more suitable for a proper
scaling than using the voltage V4 that is
applied to the module during the actual
measurement. This is because V,, 4 not
only contains the sum of the cell voltages
V; but also the voltage losses due to the
series resistance Rg within the module that
we have at a given bias current J instead of
Equation 9

N N

Vot = j‘; V,+JR, = 2 VA < NV + IRy
(10)

The sum on the right-hand side of
Equation 10 contains as an additional
unknown quantity the series resistance R,,
that might even be different for each bias
current J. The determination of Vg, from
Vinod s therefore not easy and we use the

Jsc/ Vo method with only one unknown
quantity for all bias points, namely V.

“Photographic EL
imaging is a promising
tool for routine inline

inspection of CIGS

thin-film modules as
well as for in-depth
failure analysis.”

Fig. 6 displays the scaled current
voltage curves J/V; (open circles) of
all cells obtained from a series of EL
measurements at different bias currents J.
Additionally shown is the J/ZV; (open
diamonds) curve obtained from
summing up the internal voltages V;
and, for comparison, the Jso/ V¢ curve
of the module (filled stars), which
was used to scale the offset voltage
according to Equation 9. As expected
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Figure 6. Current density/voltage (J/V;) curves (open circles) of individual subcells
of the module in Fig. 2 determined from their EL emission. For any given J, the
corresponding relative individual voltages V; are taken from line scans of the

voltage difference AV as shown in Fig. 3. To correct the data for the unknown offset
voltage, the sum 2V, (diamonds) of the internal voltages V; of all subcells is adjusted

to the J5¢/ Vi curve of the complete module (stars).

from our observations in Figs. 2 and 5,
the voltages of the individual cells show
a large scatter at low currents whereas
at higher currents the discrepancy
between the voltages of shunted and
non-shunted cells becomes smaller and
the data points increasingly coincide. We
have thus demonstrated how to assess
all individual current voltage curves of a
thin-film module by analyzing EL images
combined with a simple calibration
process.

Summary and outlook
Photographic EL imaging is a promising
tool for routine inline inspection of
CIGS thin-film modules as well as
for in-depth failure analysis. In this
paper, we have demonstrated how to
determine the sheet resistance of the
ZnO window layer and of the Mo back
contact directly from EL data. Further,
we have shown that the voltages across
all individual cells within a module at
any bias current are measurable by EL
imaging except for an unknown offset
voltage. Thus, the relative performance
of the cells can be judged immediately
from an EL image. Scaling such results
for various applied currents with a single
additional measurement of the open
circuit voltage enables us to determine
the absolute current/voltage curve of
each individual cell in the module. Thus,
valuable and detailed information is
gained in a straightforward way from
easily and swiftly feasible measurements.
We note that the present results are
only a first step in employing the wealth
of information contained in the EL
images of CIGS thin-film solar modules.
Furthermore, the methods outlined in
this paper should be applicable to other
types of thin-film modules as well.
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