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ABSTRACT

Local electric defects may result in considerable performance losses in solar cells. Infrared (IR) thermography is one im-
portant tool to detect these defects on photovoltaic modules. Qualitative interpretation of IR images has been carried out
successfully, but quantitative interpretation has been hampered by the lack of “calibration” defects. The aims of this study
are to (i) establish methods to induce well-defined electric defects in thin-film solar cells serving as “calibration” defects
and to (ii) assess the accuracy of IR imaging methods by using these artificially induced defects. This approach paves
the way for improving quality control methods based on imaging in photovoltaic. We created ohmic defects (“shunts™)
by using a focused ion beam and weak diodes (“interface shunts”) by applying a femto-second laser at rather low power
on copper indium gallium selenide cells. The defects can be induced precisely and reproducibly, and the severity of the
defects on the electrical performance can be well adjusted by focused ion beam/laser parameters. The successive assess-
ment of the IR measurement (ILIT-Voc) revealed that this method can predict the losses in Py, (maximal power extract-
able) with a mean error of below 10%. Copyright © 2016 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Photovoltaic electric current generation is one of the most
important keys for future renewable energy supply. The
concept of thin-film solar cells based on copper indium gal-
lium selenide (CIGS) is one promising approach for a further
decrease of the price of PV modules. Indeed, significant
progress has been achieved in increasing the efficiency up
to 21.7% for single cells [1]. The power conversion efficien-
cies of CIGS modules have reached 18.7% for mini-modules
and surpassed 15% for conventional modules easily [2]. One
contribution to this discrepancy between cell and module

Copyright © 2016 John Wiley & Sons, Ltd.

efficiency probably results from laterally spread electric de-
fects that may hinder a further increase in module efficiency.
These defects may be either induced during processing or
also during outdoor usage.

Different types of defects have been observed and result
in a reduction of the module performance [3—8]. From the
electrical viewpoint, defects (or shunts) may lead to a local
short current. Such defects are classified depending on
their electrical behavior as either weak diodes or “classic”
shunts (locally reduced parallel resistance). Computer sim-
ulations have been applied modeling the electrical network
of photovoltaic (PV) modules in order to understand the
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influence of different defects on the performance of the
module [9,10]. One theoretical study showed, for example,
that defects at different positions on the cell lead to a differ-
ent influence on module performance [11]. The aim of such
studies is to gain a better understanding of the photo-
physical processes, which can then pave the way to opti-
mized module efficiency by improving cell architecture.
So far, these photo-physical investigations of defects have
been studied systematically only by computer models,
because in reality, defects occur rather undefined and ran-
domly on PV modules. The possibility of inducing well-
defined defects at selected positions on the module or cell
would be a highly valuable tool enabling also experimental
studies on the photo-physics of solar cells with defects.

Local electric defects creating short currents may be lo-
calized by infrared thermography but also by luminescence
imaging [12—14]. Locally increased current densities lead
to an increase in locally dissipated power, thus resulting
in a hot spot visible by infrared (IR) cameras. This tech-
nique has been proven to be an ideal tool for electrical de-
fect characterization, especially when applying highly
sensitive IR cameras and in combination with a pulsed ex-
citation with lock-in analysis. In doing so, even small de-
fects resulting in very low temperature changes may be
detected [15]. This technique is called illuminated lock-in
thermography (ILIT) when applying pulsed light for exci-
tation or dark lock-in thermography (DLIT) when applying
a pulsed electric current for excitation of the PV module. In
addition to the identification of local defects, IR thermog-
raphy has also been used for material analysis such as de-
termining the local series resistance [16,17]. A further
benefit of this imaging method is its speed that qualifies
in particular ILIT for an online-quality control [18] as no
contacting of the modules is required.

One limitation of experimental defect studies up to
now has been that a validation of the results obtained by
imaging is hardly possible. This is because defects occur
rather randomly on the modules, and their influence
cannot be electrically measured or at least varied. Accord-
ingly, a systematic investigation of defects and their influ-
ence on the electrical parameters is very difficult. This, in
turn, has hampered an assessment of the accuracy of the
interpretation of imaging methods regarding electrical pa-
rameters. The two aims of this study are to overcome this
shortage by (i) establishing methods for inducing well-
defined defects with a focused ion beam (FIB) in a scan-
ning electron microscope (SEM) and with a femtosecond
(fs) laser and by (ii) assessing the accuracy of ILIT as a
contactless tool to predict the losses in performance due
to these defects.

2. EXPERIMENTAL PART

In this study, thin-film solar cells based on CIGS samples
(processed by co-evaporation) were investigated. The sub-
strate is a 3 mm thick soda-lime-silicate glass covered with
a molybdenum back contact. On top of the CIGS absorber,
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a CdS buffer is deposited followed by ZnO and ZnO:Al as
transparent front electrode (TCO). The thickness of the
layers altogether is about 3 um. For further information
about the processing, the reader is referred to reference
[19]. The samples were not encapsulated, which provided
us direct access to the active layers for defect treatment.
Only cells without “natural” shunts (as identified by ILIT)
were used for the further preparation of artificial shunts.

The samples had a cell width of 4 mm. The cells were
connected in series via three patterning lines [19]: P1 sep-
arating the back electrode of each cell, P2 realizing the
connection of two neighboring cells, and P3 separating
the front electrode/active layer of each cell. Two different
preparations were carried out: For laser treatment, cell
stripes with 4 mm width and 3 cm length were prepared
from modules without every other P3 scribe to contact
the cell via the TCO of the neighboring cells. Electrical de-
fects were induced with a Nd:YVO4 femtosecond laser
(operating at the second harmonic, 520 nm). The repetition
rate was 500 kHz, the laser fluence 0.0995 J/em?. The over-
lap of single shots was 90% with an effective beam diam-
eter of 32 +/— 2 um (diameter of beam @ 1/e2 of maximal
energy). Defects were typically created as circles with a di-
ameter of 400 um.

For the FIB treatment, smaller cells with about 5 mm
length were prepared from standard modules with contac-
ting the molybdenum on one adjacent cell and the TCO on
the other. A FEI Helios Nanolab SEM with a focused
gallium-ion beam was used to create holes with different
diameters that reached from the top to the molybdenum back
contact. A thin platinum layer was deposited on top of the
TCO where the hole was milled to avoid slurred rims from
molten ZnO. In total, 20 shunt-free cells were prepared for
laser treatment and 18 cells for FIB treatment.

For characterization of the laser-induced defects, a
triggerable IR camera (Equus 327 k, IRcam GmbH, Germany)
was used. The camera is sensitive in the mid-infrared range
(2-5 um) with a Stirling cooled focal plane array. For ILIT
measurements, the excitation of the solar cells was carried
out by white LED illumination at low light illumination.
The lock-in frequency of the ILIT measurements was
1 Hz. The FIB-treated cells were investigated with an ILIT
system from Thermosensorik with 10 Hz lock-in frequency
and 1000 W/ecm? illumination by several arrays of red and
blue LEDs.

A scalar parameter, IRg;g,,, Was calculated from the
ILIT images in order to determine the electrical losses of
the solar cells because of the induced defects via contactless
imaging. First, the pixels comprising the defect were de-
fined (by marking these pixels manually by an image pro-
cessing software, ImageJ). Then, the mean value [,y Of
the “healthy” (unharmed) part of the solar cell (excluding
the defect area) was calculated. Then, a new image I; was
calculated by subtracting this mean value from the initial
raw image I, (Equation (1)). A second post-processed im-
age I, was calculated by setting all negative pixel of I/ to
zero. Accordingly, the defect signal could be calculated
simply as the sum of the pixels in the area marked as defect.

Prog. Photovolt: Res. Appl. (2016) © 2016 John Wiley & Sons, Ltd.
DOI: 10.1002/pip
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The steps are summarized in Equations 1 to 3 (with I(i,j)
referring to the local intensity of the according image).

I (17J) 210(17]) _Ihealthy (1)
(i, i 1) 0
nap={ )" T g
IRSignal = Z I (k) (3)
keDefect
3. RESULTS

3.1. Inducing “classic” shunts by focused
ion beam

Before investigating the electrical influence of FIB-
induced defects, we tested the defect induction on two
CIGS samples (1 x1 cm) without patterning lines. The de-
position of a platinum layer on top of the TCO prior to
FIB treatment was found to be essential for successfully in-
ducing reproducible defects (data not shown). We treated
49 spots of the samples with the aim to induce the defects
in a rectangular grid (5.6 x 5.8 mm) with an ion beam cur-
rent /=40pA. All 49 defects (1 um in diameter) can be
easily identified in the ILIT image (Figure la), which
means all defects were induced successfully. The accord-
ing analysis of the intensity of the defects as observed by
the ILIT image is shown in Figure 1b. A slight decreasing
trend in the signal intensity with higher spot number is vis-
ible, which could be caused by a slightly inhomogeneous
illumination. The mean IR signal amplitude of the defects
is 79.7mK (£10.1 mK). On a second sample, we induced
the same defect pattern with /=230pA. Again, all defects
were induced successfully as confirmed by ILIT. The mean
amplitude signal of these defects was found to be
288.5mK (+41.6 mK).

In the following, we prepared defects on new samples
with /=230 pA as higher ILIT amplitudes signify a larger
influence of the induced defects on the electrical

100
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performance. We prepared 18 single cells and induced
one defect each with a diameter of either 1 pm (12 sam-
ples) or 2 um (6 samples). The influence of the defects on
the cell performance is shown in Table I. Clearly, larger
defects have a more detrimental influence on the electrical
performance. The average loss in V. (open circuit volt-
age) is almost 10% because of defects with 2 pm diameter,
while the loss in Py, (maximally extractable power of the
cell at optimum external load) is more than 60%. The var-
iation of the influence of the induced defects increases with
the defect diameter.

We conducted DLIT measurements in order to deter-
mine the type of defect induced. Only the IR signal of
the defect area is analyzed. By applying forward and re-
verse voltage, we can clearly see that the induced defects
are of ohmic nature (Figure 2).

Scanning electron microscope (SEM) investigations re-
veal more details of the induced defects. Figure 3a shows a
top view SEM image of a FIB-induced defect. SEM cross
sections (Figure 3b) indicate that this may be either be-
cause of molten Mo that covers the walls of the milled hole
and thus electrically connects front and back electrodes of
the cell, or a modification of the CIGS at the rim in a way
that the chalcopyrite is transformed to a Se-poor or even
metallic phase. An increase in conductivity due to gallium
ions from the ion beam seems unlikely, because the shunt
only appears when the hole is milled down to the Mo layer;
perforating the heterojunction is not sufficient to create a
shunt (data not shown).

3.2. Inducing weak diodes by femtosecond
laser

On each of the samples, we sequentially induced three de-
fects with the fs laser. All defects were placed in the middle
of the cell equidistant to the patterning lines (perpendicular
to the patterning lines; direction a). The first defect was
placed in the middle of the cell along the patterning lines
(direction b), then the second defect was placed in the mid-
dle between the first defect and the end of the cell (in

amplitude T [MK]
-
b
"
.
.

defect number k

Figure 1. (a) llluminated lock-in thermography image (10 Hz, 3 min measurement time, 1000 W/m? illumination) of sample with de-
fects induced by focused ion beam. (b) Amplitude of the illuminated lock-in thermography signal of each defect.

Prog. Photovolt: Res. Appl. (2016) © 2016 John Wiley & Sons, Ltd.
DOI: 10.1002/pip
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Table I. Influence of defect diameter (focused ion beam induced) on the electrical performance. Std. denotes the relative standard
deviation; Ng denotes the number of samples.

Diameter defect [um] Voo [MV] Std. [%] Jee [MA/CM?] Std. [%] PrpplmW/cm?] Std. [%] Nq
0 698.6 0.87 333 1.97 16.3 2.81 18
1 670.3 112 31.8 2.05 9.93 8.18 12
2 638.4 2.98 305 3.09 6.28 16.53 6
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Figure 2. Dark lock-in thermography sweep of focused ion beam-
induced defects (infrared signal of the defect on y-axis). The de-

fects are characterized as ohmic defects (“classic” shunts) [25].

direction b). The third defect was finally placed in the mid-
dle between the first defect and the other end of the cell (in
direction b) resulting in a symmetric distribution of the de-
fects. The electrical parameters of the cells depending on
the number of defects are listed in Table II. The standard
deviations of V. and J. are rather low for defect-free cells
(1.36% or 1.15%, respectively), while the values for Py,
obviously show a larger variation. The short circuit current
(Jsc) does not vary with increasing number of defects as the
active area of the cells was hardly decreased by the laser-
induced defects. The standard deviations of the parameters
do not or only slightly increase when inducing defects

(Table II). This means that the influence of each induced
defect is comparable for all investigated samples.
Accordingly, the method to induce defects shows good
reproducibility.

Again, we applied DLIT to determine the type of the in-
duced defect. In forward direction (positive voltage), the
IR image displays one hot spot for each defect (similar to
the results for FIB-induced defects). The actual shape of
the defects cannot be seen in the IR image because of heat
conduction (resulting in a blurring of the temperature
distribution). Results for an exemplary sample with one de-
fect are given in Figure 4. With increasing voltage, an ex-
ponential increase in the DLIT signal over the defect is
observed (forward bias). Only a very minor increase in
the DLIT signal is observed under reverse bias (meaning
only a little reduced parallel resistance). The data show that
the fs laser-induced defects are weak diodes (with a very
slightly reduced parallel resistance).

After inducing the defects, we investigated the surface
topology with atomic force microscopy (Figure 5a) and
confocal microscopy (data not shown). Both measure-
ments reveal a local surface lift off. The lift off has the
same geometry as the laser pattern (circular ring). The
height of the material lift off is about 600 nm. At the top
of the absorber layer, the transparent conductive electrode
is deposited. The interaction of the laser beam and the
absorber material results in material sublimation, which
subsequently causes the lift off of the transparent electrode.
This hypothesis is also confirmed by SEM investigations
(Figure 5b and c).

Our results fit well to an approach to pattern CIGS mod-
ules by micro-welding using a comparable fs laser reported

b)

Figure 3. (a) Scanning electron microscope image of a focused ion beam-induced (ohmic) defect, top view. (b) Scanning electron
microscope cross section.

Prog. Photovolt: Res. Appl. (2016) © 2016 John Wiley & Sons, Ltd.
DOI: 10.1002/pip
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Table Il. Influence of number of defects (# def.; weak diodes) on the electrical performance. Std. denotes the relative standard
deviation; Ng denotes the number of samples.

# def. Vo [MV] Std. [%] Jse [MA/cm?2] Std. [%] Pmpp[mW/cm2] Std. [%] Ng
0 544.8 1.36 0.439 1.15 0.160 5.10 20
1 530.8 1.47 0.429 1.22 0.134 5.28 20
2 515.4 1.71 0.435 1.17 0.124 4.55 19
3 506.7 1.78 0.436 1.22 0.118 3.76 18

Two samples were accidentally broken during undertaking the experiments and were excluded from further analysis. The performance was measured un-

der low light conditions.
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Figure 4. llluminated lock-in thermography sweep of laser-in-

duced defects (infrared signal of the defect on y-axis). The de-
fects are characterized as weak diodes [25].

in literature [20]. The authors found that adjusting the laser
parameters correctly will partly remove the CIGS and
create some well around this patterning line (P2). In com-
bination with a change in composition of the CIGS due
to the laser treatment, this might serve as electrical contact
between front and back contact (P2 line). The authors
found the according laser parameters to be around 0.8 W
at a repetition rate of 80kHz [21], which leads to larger
energy deposition in CIGS compared with our study (our
laser parameters were 0.2W at a repetition rate of
500kHz). Accordingly, our results show just some “tiny”
TCO lift off. Also, a material variation in the CIGS layer
(creating a recombination center) because of the laser beam
is likely, in particular close to the front contact.

3.3. Assessment of the illuminated lock-in
thermography accuracy on predicting losses
in performance

Finally, we considered the question whether the losses in
the electric performance, quantified by P, may be
assessed accurately by IR imaging (ILIT-Voc in our case).
Accordingly, we were looking for a correlation between an
IR parameter derived from an ILIT image and the Py, de-
termined by measuring the JV curve. As previously

Prog. Photovolt: Res. Appl. (2016) © 2016 John Wiley & Sons, Ltd.
DOI: 10.1002/pip

a)

height [nm]

900 1000 1100 1200 1300 1400

800

5 10 15 20 25 30 35 40 45

x-axis [um]

Figure 5. (a) Topology of laser-induced defect via atomic force

microscopy scan. (b) Scanning electron microscope cross sec-

tion of laser-induced defect. (c) Overview on the top, close up
below.

described (Equations 1-3), one way to quantify the influ-
ence of a defect is to calculate a measure (IRg;g,q1) Of the
shunt intensity compared with the background or “healthy”
cell intensity (non-defect area) [15,18]. The larger this
value, the larger is the deviation compared with a defect-
free cell (with higher Py,pp).

Regarding the FIB-treated samples, the losses due to the
defects are up to about 60% of the initial Py, (for 2 pm de-
fects). Figure 6a depicts the IR parameter as a function of
the performance loss. A clear correlation between IRg;gq
and losses in Py, is found (in our case a linear fit with
R? of 0.897). The mean absolute deviation of the linear
fit and the experimentally derived Py, was 7.2% (com-
pared with the mean loss due to the shunts). The dynamic
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Figure 6. Correlation of infrared signal and loss in Prpp: (a) for focused ion beam-induced defects (ohmic) under one sun illumination
and (b) for laser-induced defects (weak diodes) under low light illumination.

range of IRg;q,q Was also found to be good (a factor of 2
between the smallest and the largest signal). Regarding
the laser-treated samples (Figure 6b), the losses due to
the defects are up to ca. 25% of the initial Py, when in-
ducing three defects. Again, a clear correlation between
the IR signal and losses in Py, is found (in our case a lin-
ear fit with R* of 0.845). The mean absolute deviation of
the fit to the experimental data was 6.8%. The dynamic
range was found to be almost a factor of 5.

4. CONCLUSIONS

Quantitative assessment of IR-shunt-imaging is hardly
possible without well-defined defects. In this study, we
identified two ways to induce two types of defects in CIGS
solar cells. Ohmic defects (“classic” shunts) can be in-
duced by FIB treatment, while an fs laser operated at rela-
tively low power can be used to induce well-defined weak
diodes. Both methods have been found to serve as reliable
tools to induce defects at a desired location on the cell. Ba-
sically, each try to induce a defect was successful after
adjusting the settings of FIB and fs laser to our samples.
The losses in performance can be easily adapted in a wide
range (in this study up to 60% loss in Py,,,) by choosing
the defect type, changing the size (diameter) of the defect
and by the number of the defects induced into the cells.
Also, we found that the severity of the created ohmic de-
fects may be adapted by adjusting the ion beam current
(FIB), and weak diodes can be adjusted by varying the la-
ser power (data not shown). We used CIGS cells for our
study as proof of principle. However, the method is rather
easily transferred to other thin-film technologies. The pa-
rameters of FIB and fs laser need to be adjusted according
to the active layers in this case. One crucial factor to be
considered, for example, is the absorptivity of the active
layer when treating the sample with a fs laser.

As next step, these tools of creating well-defined defects
at selected positions on the cells should be applied to mini-

modules. By this, researchers are given the possibility to
experimentally study photo-physical phenomena such as
the influence of shunt position and the effect of shunt cross
talk (interference of defects relatively close to each other)
under controlled conditions. The experimental results can
also be used to confirm and verify theoretical simulations,
which for instance have been published recently [10,11]. A
deeper understanding of photo-physical loss mechanisms
will support efforts to optimize processing and cell archi-
tecture in order to prevent significant losses in the perfor-
mance of modules due to defects.

Creating well-defined defects opens an exciting oppor-
tunity to assess imaging methods. These methods aim at
correlating parameters derived by one or several images
with electrical parameters of solar cells. Imaging methods
are certainly established as qualitative tools and have been
proven to be valuable tools to gain information on the ho-
mogeneity of the material and the number or the types of
defects occurring in solar cells. Quantitative analyses of
imaging techniques have been proposed, but only few ef-
forts on validation of these methods have been spent. This
is because module defects typically occur rather randomly,
and in general, it is not possible to electrically measure the
influence of a single defect on the performance of a cell or
amodule. A possible, but not elegant, way out of this prob-
lem would be to test a large amount of similar (regarding
processing conditions) samples and run a statistical analy-
sis. Inducing defects in defect-free cells or mini-modules or
adding defects in test modules provides a much more con-
trolled and convenient option to measure the actual influ-
ence of specific defects on the electrical performance.
This finally enables us to assess the accuracy of predicting
the influence of defects by means of imaging methods. An
interesting, similar approach has been conducted for
photoluminescence imaging on silicon wafers by providing
an external short current pathway by Augarten and co-
workers [22]. Another approach using DLIT to map the lo-
cal efficiency of solar cells [23] was recently underpinned
by results obtained by computer simulations [24]. In our

Prog. Photovolt: Res. Appl. (2016) © 2016 John Wiley & Sons, Ltd.
DOI: 10.1002/pip
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study, we aimed at assessing the accuracy of predicting the
influence of defects on solar cells by IR measurements
(ILIT-Voc). The accuracy was found to be excellent for a
wide range of performance loss (from about 10% loss in
Ppp caused by weak diodes up to 60% in Py, caused
by ohmic shunts). The mean error in determining the loss
in Py, by ILIT-Voc was significantly below 10%. No op-
timization of the measurement setup or analysis method
has been carried out yet to even further improve this accu-
racy. Furthermore, we want to point out that the results
stem from two different experimental setups indicating
the broad applicability of the approach. These results
strongly promote ILIT as a reliable, fast and contactless
technique for characterization of defects in solar cells.
Nevertheless, this proof was carried out for single cells
only, and future studies are required to quantify the accu-
racy of the ILIT-Voc measurements on test modules as
well as industrial-scale modules.
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