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Abstract  —  Thin-film module sections are stressed under 
reverse bias to simulate partial shading conditions.  Such stresses 
can cause permanent damage in the form of "wormlike" defects 
due to thermal runaway.  When large reverse biases with limited 
current are applied to the cells, dark lock-in thermography 
(DLIT) can detect where spatially-localized breakdown initiates 
before thermal runaway leads to permanent damage.  Predicted 
breakdown defect sites have been identified in both CIGS and 
CdTe modules using DLIT.  These defects include small pinholes, 
craters, or voids in the absorber layer of the film that lead to built-
in areas of weakness where high current densities may cause 
thermal damage in a partial-shading event. 

Index Terms — imaging, photovoltaic cells, photoluminescence, 
electroluminescence, reliability, accelerated aging, II-VI 
semiconductor materials, thermal analysis, breakdown voltage. 

I. INTRODUCTION 

Partial shading can induce a reverse bias in shaded cells of 
modules with series-connected cells.  When breakdown occurs 
in localized defects, significant heating due to high current 
density and power dissipation can permanently damage the 
device [1]-[2]. The resulting power losses and reduced 
performance are important long-term degradation concerns for 
thin-film modules [3].  The electroluminescence (EL) images 
of Fig. 1 show examples of localized shunts in outdoor-fielded 
CIGS (CuInxGa(1-x)Se2) modules.  Dark spots are shunted 
regions where carriers recombine through non-radiative paths.  
Brighter regions are typically found adjacent to the dark spots 
due to higher currents crowding to the shunt locations.   

Reverse-bias breakdown in CIGS modules causes damage in 
the form of “wormlike defects” [4] that appears to initiate at the 
scribe lines [4]-[5] or within the main fields of the cells [6].  
Examples of wormlike defects using photoluminescence (PL) 
imaging are shown in Fig. 2(a)-(d).  Cells that contain defects 
often have darker PL intensity due to the lower shunt-limited 
voltage.  Thermal imaging using illuminated lock-in 
thermography (ILIT) is shown in Fig. 2(e)-(f).  The wormlike 
defects are bright and indicate heating as current flows through 
these shunt defects when voltage is induced by light pulses 
during the measurement. 

 
We have previously reported a thermal imaging technique 

that uses limited current during reverse bias to detect the defects 
that lead to breakdown and permanent damage [7].  Here, we 

Fig. 1. EL images of modules that have aged and degraded for 
years in the field.  Dark areas show shunt-like defects that result in 
voltage drops and extension of low EL intensity along the cell near 
the shunt.  Bright areas result from higher current density as 
carriers crowd toward the shunt defects. 

Fig. 2. PL imaging (a)-(d) of shunt defects in the modules from 
Fig. 1 show long, narrow defect features where material has 
become damaged and is leading to higher carrier 
recombination.  The decrease in voltage due to the shunts also 
causes the cell near the defect to emit a lower PL intensity.  ILIT 
imaging (e)-(f) of the defect regions shows that carrier 
recombination through the shunts results in increased heating. 
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apply this technique to both CIGS and CdTe to predict early-
breakdown defect locations and then track wormlike defect 
development as current is increased.  We show examples of the 
types of as-grown defects such as voids or pinholes in the 
absorber layer that instigate early breakdown and wormlike 
defect formation. 

II. EXPERIMENT 

The mini-modules used in these experiments are either 
commercial size modules which are cut into smaller sizes or 
small-scale modules produced with similar processes and 
architectures of the full-scale module.  These samples from 
various sources have cells that are ~4 to 5 mm wide and ~80 to 
100 mm long, and they are characterized by probing across two 
cells at a time. Dark lock-in thermography (DLIT) images are 
collected using a Cedip Silver 660M (FLIR SC5600-M) InSb 
camera with lock-in data acquisition. A Keithley source-meter 
has been used to apply a large reverse-bias voltage and limit the 
current.  The applied reverse-bias voltage exceeds a sample’s 
breakdown threshold, and the current limit can prevent 
uncontrolled, thermal runaway damage that leads to wormlike 
defects or other permanent damage. 

III. RESULTS 

DLIT imaging shows spatially-resolved heating when 
currents flow through the device in either forward or reverse 
bias.  An example of uniform current and cell heating of a CIGS 
sample in forward bias is shown in Fig. 3(a).  The current of 
approximately 15 mA/cm2 is pulsed at 1 Hz using a square 
wave.  Reverse bias is then applied to this series-connected pair 
of monolithic CIGS cells within the mini-module.  Using a 
large upper-limit voltage, such as 10 V, with a current-limit of 
approximately 0.3 mA/cm2, reverse-bias DLIT indicates 
heating in localized defects as shown in Fig. 3(b) and 3(c).  The 
zoomed-in view of Fig. 3(c) shows a pre-breakdown defect in 
the left center of the top cell, another directly below that defect 
in the middle of the bottom cell, and heating along the scribe 
lines. 

Using the zoomed-in field of view of Fig. 3(c), the thermal 
camera is then set to collect frames for a video, which is not 
using lock-in thermography.  As current is increased in reverse 
bias, heating in the defects becomes strong enough for the 
camera to detect it without the need for the averaging and 
improved signal-to-noise ratio that lock-in acquisition provides.   
A selection of frames from the reverse-breakdown video are 
shown in Fig. 4.  Frame 1 shows the defects beginning to heat 
more substantially as the current density is increased to 30 
mA/cm2 when considering the entire cell area.  Since current is 
more concentrated at the defect locations, current density at the 
defects is significantly larger.  Wormlike defects begin to form 
and propagate in seemingly random directions near the defect 
origin.  After a few seconds, the propagation appears to stop, 
possibly because the shunted area is now larger and has reduced 
the current density and heating within the defects.  The current 
limit is increased to roughly 60 mA/cm2 (full cell area 

Fig. 3. DLIT imaging shows fairly uniform heating of two 
series-connected CIGS cells in forward bias (a).  With limited 
current, the reverse-bias DLIT image identifies possible 
breakdown sites (b).  Zooming in for higher spatial resolution 
shows the location of defects in their pre-breakdown state (c). 

Fig. 4. Selected frames from a thermal camera video show the propagation of wormlike defects during reverse-bias breakdown of the 
CIGS sample.  Frame 1 shows heating at the defects when current density is limited to a low value (30 mA/cm2).  Frames 2 and 3 show how 
the defects begin to propagate when current density is increased to ~60 mA/cm2.  Frames 4 through 13 show how breakdown sustainably 
travels for roughly a minute within the cells and along scribe lines at a high current density of ~150 mA/cm2.  After stressing, the thermal 
camera captures the accumulated damage due to breakdown defect propagation as shown in frame 14. 
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equivalent) and the wormlike defects begin to propagate again, 
as shown in Fig. 4, frames 2 and 3.  At a high current density of 
~150 mA/cm2, breakdown continues to propagate for nearly a 
minute.   As shown in Fig. 4, frames 4 through 13, some trails 
approach the scribe lines and tend to travel along the scribe 
lines, suggesting they can sometimes more easily propagate 
along those features.  But, some trails later break away from the 
scribe lines and either propagate within the field of the cell or 
once again return toward a scribe line.  At this high current 
density, wormlike defects more sustainably continue to 
propagate and create damage.  A final room temperature 
thermal image shows the paths of the damage in Fig. 4, frame 
14. 

The number of wormlike defects and amount of damage have 
led to some permanent shunting within these cells.  A 
comparison of the before-stress and after-stress current-voltage 
(I-V) plots are shown in the graph of Fig. 5.  After the reverse-
bias stress and wormlike defect formation, the I-V curve 
indicates the cells are significantly shunted. 

 

 
 

This breakdown-defect-identification technique is also 
applied to a CdTe sample.  Again, two series-connected cells 
are imaged using significant reverse bias but with a current limit 
equivalent to 0.2 mA/cm2 for the full cell area.  A DLIT image 
is collected as before, and the potential breakdown sites 
detected using limited current are shown in red color in Fig. 6, 
frame 1.  One defect appears near the center scribe lines on the 
left half of the image, while a second defect is within the lower 
cell on the right half of the image.  Using this zoomed-in view, 
the camera is set to collect video and capture the frames with 
applied reverse bias.  With current densities of 20 and 40 
mA/cm2, the defects heat up but do not appear to propagate, as 
shown in Fig. 6, frame 2.  As current is increased to 100 
mA/cm2, the scribe line defect quickly propagates left and right 
along the scribe line as shown in Fig. 6, frame 3.  A third defect 
appears within the lower cell on the left half of the sample 
below the scribe line defect.  Propagation of these defects does 
not significantly increase (Fig. 6, frames 4 through 6), as these 
defects tend to remain rather stationary over time (minutes) 
with the 100 mA/cm2 current density limit.  A final DLIT image 
is collected, and the defect heating is shown in red color in Fig. 
6, frame 7.  The damage done by this reverse-bias stress has led 
to increased shunting as seen by the before-stress and after-
stress I-V curves of Fig. 7. 

By limiting current during applied reverse bias, potential 
early-breakdown sites can be identified before significant 
heating due to large current densities occurs.  This allows for 
characterization of the types of defects that lead to localized 
breakdown and wormlike defects.  The previous examples have 
shown that the identified defects became sources and initiation 
points of thermal damage and wormlike defects when current 
densities were increased.  When only identifying defects with 
limited current, their structure in their as-grown condition can 
be preserved and studied to identify the types of defects that 
exist after cell manufacture. 

Cells in both CIGS and CdTe have been stressed only with 
limited current to identify potential early-breakdown defects.  
Cross sections of some of these defects have been prepared 
using a focused ion beam, and the defect area is observed using 
a scanning electron microscope (SEM).  Cross-sectional views 

Fig. 5. I-V curves collected before and after reverse-bias 
stressing are shown for the two series-connected CIGS 
cells.  Reverse-bias breakdown has created permanent shunting 
within the device. 

Fig. 6. Selected frames from a thermal camera video show the propagation of defects during reverse-bias breakdown of the CdTe 
sample.  Frame 1 shows the starting current-limited DLIT image in red overlaid on the gray-scale thermal image.  The dark spot is due to 
reflection of the cold camera sensor.  Frame 2 shows heating at the defects when current density is limited to a low value (40 mA/cm2). Frame 
3 shows how breakdown travels quickly along the scribe lines, and an additional defect becomes apparent when the current density is 
increased to ~100 mA/cm2.  Then, frames 4 through 6 show how the defect heating changes rather slowly for roughly a minute.  After 
stressing, the thermal camera captures the accumulated damage due to breakdown defect propagation as shown in frame 7, where the DLIT 
image in red is overlaid on the gray-scale thermal image. 
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of potential early-breakdown sites are shown in Fig. 8.  The top 
image, Fig. 8(a), shows the cross-sectional view of a CIGS 
defect that had appeared as a small pit or pinhole in the surface.  
This defect is approximately 10 µm in length.  The cross section 
shows a non-uniform absorber layer thickness where there is a 
void of material and different layers that are likely the top 
transparent conductive oxide material.  This leads to poor 
device quality in the defect region and likely low device 
resistance due to the deposition of the top contact material near 
or on the bottom contact layer.  The middle image, Fig. 8 (b), 
shows a cross-sectional view of an early-breakdown defect in a 
CdTe sample.  This image similarly shows voids and non-
uniformities in the absorber layer thickness, and the width of 
this defect is also roughly 10 µm.  Lastly, the bottom image, Fig 
8(c), shows a different type of CIGS early-breakdown defect 
that appears on the surface as a bump or nodule.  This defect is 
about 5 µm in size.  The cross-sectional image similarly shows 
void structures in the absorber film that is common to the other 
defects. 

IV. SUMMARY 

Partial shading on thin-film modules can lead to degradation 
when reverse-bias early-breakdown defects cause localized 
heating and permanent damage.  In order to study how these 
defects are initiated, reverse bias was applied while limiting the 
current to prevent thermal runaway.  DLIT imaging was used 
to locate sites where heating shows that early breakdown will 
likely occur.  Thermal imaging revealed that the identified 
defects were the initiating sites for early breakdown, and 
thermal video recorded the defect propagation.  Defects such as 
film pinholes or voids appear to be weaknesses for reverse bias 
and may be origins for the formation of wormlike defects under 
conditions of partial shading. 
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Fig. 7. I-V curves collected before and after reverse-bias 
stressing are shown for the two series-connected CdTe 
cells.  Reverse-bias breakdown has created permanent shunting 
within the device. 

Fig. 8. SEM cross-sectional views show ~10 µm size features 
associated with the initiation of reverse-bias breakdown.  The 
hole/void type of defects are within the absorber layer of CIGS (a) 
and CdTe (b).  A smaller void-type defect of ~5 µm size shows a 
curved feature in CIGS (c). 
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