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Multiscale Characterization to Study Contact and
Interconnect Degradation in Photovoltaic Modules
Nafis Iqbal, Dylan J. Colvin, Alan J. Curran, Fang Li, Jeya Prakash Ganesan, Parag Banerjee, Joseph Karas,
Govindasamy TamizhMani, Jean-Nicolas Jaubert, Bryan D. Huey, Roger H. French and Kristopher O. Davis

Abstract—The current popularity of photovoltaic (PV) systems
is due to the fact that they are exceptionally reliable and
significantly lower cost than other energy sources. Studying cell
and module degradation is key to promote further development
in the state of the art. Fielded or accelerated aged modules ex-
hibit different failure modes, of which metallization degradation
(contacts and interconnections) is prevalent. In this work, we
discuss how multiscale characterization methods can be applied
to a variety of module technologies that have been field exposed
and have undergone accelerated age testing. These methods
include performing characterization on module level, cell level,
and finally on the materials level. The observed performance
losses from the module and cell level characterization can be
co-related to materials properties to find out the root cause of
degradation. The initial characterization suite included module
and cell-level current-voltage (I-V), Suns-VOC, photoluminescence
(PL) and electroluminescence (EL) imaging, quantum efficiency,
UV fluorescence imaging, etc. Samples are then extracted from
particularly degraded regions of the module and prepared for
materials characterization techniques like top-down and cross-
sectional scanning electron microscopy (SEM), energy dispersive
spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS),
Secondary ion mass spectroscopy (SIMS), Raman microspec-
troscopy, Transmission electron microscopy (TEM), etc. allowing
a deeper look into the mechanism behind the metallization degra-
dation. This article serves as a one-stop guide to introduce the
different multiscale characterization methods and how they can
be effectively applied to perform PV degradation studies. Here
we show our findings and how they are co-related to determine
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the specific failure mechanisms for each of the characterization
methods.

Index Terms—multiscale characterization, metal contacts, in-
terconnects, contact degradation, reliability

I. INTRODUCTION

THE impressive reliability and durability (low power
degradation) has made photovoltaic (PV) modules highly

competitive with other energy sources [1]. The innovations
that made PV modules durable were enabled in part by
numerous observations and insights gained from studying
the long-term performance of modules in the field [2]–[14].
Contact and interconnection degradation has been shown to be
prevalent in the field [15]–[18]. Degradation modes associated
with contacts and interconnects contribute to high resistance
and recombination. Examples of these modes include grid
interruptions, contact voids, contact corrosion, snail-trails, and
interconnect breakage [19]–[22]. A more statistical approach
to study these degradation is to perform multiscale charac-
terizations on a large and diverse population of modules.
Multiscale characterization methods can be used to link ob-
served degradation to specific loss mechanisms (i.e., optical,
recombination, resistive) and to the root causes (i.e., changes
in chemistry and/or microstructure). Our multiscale analysis
starts with analyzing full-sized modules and then working
down to nanometer-scale films and interfaces as needed. The
benefit of this approach is that changes in module perfor-
mance can be associated with changes in material properties,
thus giving a more fundamental understanding of degradation
mechanisms and point more closely toward potential solutions.
Each of the characterization techniques can be applied in
different ways as necessary for any specific module. An
overview of this general approach is outlined in Fig. 1. Also,
the large data-set generated during these experiments improves
the level of confidence in analyzing the data and determining
the mechanism. In this work, a summary of our multiscale
characterization sequence is discussed with examples from
various experiments. We also discuss some of our findings
for different modules and how all the data is linked to deter-
mine the failure mechanisms. An overview of the multiscale
characterization process is shown in Fig. 1.

II. NON-DESTRUCTIVE CHARACTERIZATION

A. Module Level

Modules are first inspected for visual signs of degradation
and observations are documented. The modules are then run
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Fig. 1. Overview of the multiscale characterization process.

through a characterization sequence consisting of current-
voltage (I-V) and Suns-VOC, dark I-V, and electroluminescence
(EL) imaging at high and low injection levels of the short-
circuit current (ISC) and 0.1ISC, respectively. Practically, for
any experiment involving steps of exposure, this characteriza-
tion sequence is performed at each step. The data from these
characterizations help determine modules that need further
investigation. Regions of interest are selected from the EL
images for sample coring. Samples are then extracted from
these regions followed by the removal of encapsulant and
backsheet to prepare for materials characterization.

In this work, regions of interest include those displaying
varying levels of contact and interconnection degradation.
Degraded regions appear dark in EL. Non-degraded regions
are selected for comparison from brighter regions; however,
there are often exceptionally bright regions near highly resis-
tive interconnects. Non-degraded samples are selected from
regions with little gradients.

The initial characterization suite (I-V, EL, Suns-VOC) helps
in analyzing the performance losses of the modules. They
also give the ability to locate regions with significant contact
and interconnect degradation. Fig. 2(a) shows EL images of
a monocrystalline and a multicrystalline module that went
through multiple steps of damp heat (DH) exposure. The
multicrystalline module shows darkening all over the cell, but
the monocrystalline module shows a unique darkening pattern
starting from the busbar. The most likely mechanism for this
unique pattern is the degradation of contacts.

I-V and Suns-VOC measurements are performed at each
step of this experiment which help to determine how the
performance is impacted. Fig. 2(b) shows the results from
I-V measurements taken at each step of DH exposure. It is
clear from the trend that the multicrystalline module degrades
more than the monocrystalline. The performance losses seen
are primarily related to resistive issues which are linked to
degradation of contacts and interconnects.

These characterization techniques are also applied to mod-
ules with outdoor exposure. Fig. 3 shows experiments done on
modules that were exposed in Florida and Arizona climates
for 10 and 18 years, respectively [23], [24]. Results from
comparing exposed to control modules displays clear resistive
degradation, as cell-level measurements confirm.

UV fluorescence (UVF) imaging can also be used in the

Fig. 2. EL images (a) and I-V measurements (b) of monocrystalline and
multicystalline modules after multiple steps of damp heat exposure. (c) Cell
level EQE and R analysis. (d) Cell level PL and EL imaging.

module level characterization to identify degradation in the en-
capsulant. Encapsulant degradation, particularly discoloration,
can be visually measured under UV irradiation using digital
camera sensors [25], [26]. This technique has been more
widely adopted in industry and has expanded from its appli-
cation from laboratory experiments to field inspection. This
is because hardware is easy to operate, images are acquired
quickly, and it is non-destructive and contact-less [27]. UVF
images obtained for a pristine module, FL exposed, and AZ
exposed module are shown in Fig. 4(a), (b), and (c)-(d),
respectively. These images display encapsulant degradation
for the exposed modules and display more severe degradation
(reduced EL area per cell) for the 18-year AZ exposed module.

Infrared (IR) thermography is another technique that is
widely used in field surveys. The temperature distribution
of these modules was obtained with static (IR thermography
as shown in Fig. 4(e),(f) [24], [28]. Thermal maps of two
modules had very different features. For instance, the stripped
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Fig. 3. (a) EL images for a representative unexposed module and modules
exposed in Florida and Arizona climate, (b) EL (top) and open-circuit PL
(bottom) of an exposed cell, (c) TLM stips extracted from modules, and (d)
resistance measurements performed on extracted samples.

thermal failure mode across the cell region in the FL module
(e) is more likely attributed to local shunt or poor solder
bonds on the silicon wafer. In contrast, the AZ module (f)
had severe solder bond degradation due to thermomechanical
fatigue. Elevated temperatures always appeared on busbars and
are displayed as a bloom mask at the higher temperature range
due to lateral heat transfer in the cell. Loose and/or corroded
leads of a module could also cause additional heat.

Fig. 4. UVF image acquired using CMOS camera of (a) unexposed module;
(b) a 10-year PV module fielded in hot-humid climate; (c) a 18-year PV
module fielded in hot-dry climate; and a UVF image of the same module
using (d) cooled Silicon CCD camera. IR images for (e) one 10-year PV
module fielded in FL; (f) one 18-year PV module fielded in AZ.

B. Cell Level

Suns-VOC, PL, and external quantum efficiency and re-
flectance (EQE+R) measurements are performed on the cell
level. DH exposed minimodules with individually tabbed cells

underwent this characterization sequence. Comparing EQE+R
data between exposed and control modules showed little to
no recombination nor optical degradation, further demonstrat-
ing that the primary loss mechanism is resistive. This was
shown for both monocrystalline PERC and multicrystalline
Al-BSF. While the EQE+R data shown in Fig. 2(c) were
obtained by creating openings in the backsheet for probing,
non-destructive EQE+R is performed for minimodules with
individually tabbed cells.

For the study on the modules exposed in FL and AZ,
qualitative PL on cells within the module were used to
verify that the patterns in EL which suggest highly resistive
interconnections are in fact resistive (Fig. 3(b)) . Strips of
cells, shown in Fig. 3(c), were extracted to perform contact
resistivity measurements using the transmission line method
(TLM) [29]. The results in Fig. 3(d) suggest that the contacts
for the Arizona samples degrade more rapidly than the Florida
samples.

III. SAMPLE CORING

The coring process used in this work is similar to “partial
coring” used in [30]. The backsheet around the regions of
interest is removed and a drill press equipped with a mill bit
of 0.5 inches in diameter is used to core into the module. The
mill bit is depressed until it reaches the rear side of the front
glass. The rear side is cleaned of debris and a custom machined
metal post of 0.5 inches diameter is adhered to the rear of
the sample. After 30-60 minutes of drying, heat is (typically)
applied to the front surface to soften the front encapsulant
and extract the sample. Any residual front encapsulant is
carefully removed using pliers. The sample itself is removed
using manual diamond wire sawing or by letting the entire
sample sit in acetone until the adhesion sufficiently weakens.
This process is carefully carried out to extract samples without
inducing any damage (such as cracks) or chemistry changes
(due to heat).

Heat is applied to the front glass until the sample can be
extracted without mechanical damage only when necessary.
We have observed that modules that are severely degraded
sometimes do not need heat for sample extraction. Light heat is
often necessary for backsheet removal surrounding the region
of interest. This aids in adhering the post to the rear or the
sample. If the backsheet is left on, the interface between the
backsheet and encapsulant is the interface with the lowest
bonding strength and will release before the sample. The
amount of glue applied to the sample rear side influences
the feasbility of sample extraction. As a rule of thumb, we
place enough glue so that the entire surface is wet but does
not drip outside of the sample circumference, i.e., uniform
application. The post is rotated and shifted to ensure uniform
application. Light pressure is applied for a short time to ensure
no air pockets form during adhesion while preventing glue
from seeping out.

Fig. 5 shows an image of our coring process and samples
throughout the extraction process. Front EVA can simply be
removed without damage to the sample by the careful use of
pliers. The encapsulant along the circumference is first peeled
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and the remaining is peeled bit by bit around the sample to
minimize the force along any single direction. Removing the
sample from the post is performed by either manual wire
sawing or soaking it in acetone to weaken the bond. For wire
sawing, the post is secured along with a bag for softly catching
the sample once it is removed. Even when slowly wire sawing,
the point at which the sample elastically comes off of the post
is unpredictable. For acetone soaking, the sample is often left
for 2 to 3 hours and the sample is removed. For material
characterization, the sample can be left as is for top-down or
set in epoxy to be cut for cross-sectional analysis.

Fig. 5. Sample coring process across different stages. Regions of interest are
sectioned using a mill press. Then, custom machined metal posts are adhered
to the rear side. Extracted samples are sent for top-down micro-analysis or
can be set in epoxy and cut for cross-sectional micro-analysis.

IV. MATERIALS CHARACTERIZATION

The micro and nano scale materials characterization of the
different degraded samples and controls play a key role in
the overall chain of characterizations. Some of the techniques
include top-down and cross-sectional scanning electron mi-
croscopy (SEM), energy dispersive spectroscopy (EDS), X-ray
photoelectron spectroscopy (XPS), Secondary Ion Mass Spec-
trometry (SIMS), Raman Spectroscopy, Transmission Electron
Microscopy (TEM), etc. Materials characterization can be
performed on the thin films, metal contacts, interfacial glass
layers, interconnects, etc. to understand the mechanism behind
degradation. Most importantly, these can help answer the
root cause of degradation and when connected back to all
the module and cell level results, can provide fundamental
understanding of the mechanism behind failures and how to
avoid them in future.

A. Scanning Electron Microscopy & Energy Dispersive Spec-
troscopy

SEM analysis is the most common electron microscopy
technique used widely in different PV research. It is a tech-
nique where images of samples are created by scanning the
surface with electron beam. Additionally, EDS analysis, when
combined with SEM, can be used to perform elemental anal-
ysis or chemical characterization of a sample. SEM imaging
and EDS analysis are used in visual inspections, to compare
signatures of different degradation, to compare changes in
microstructure of interfacial glass layer, etc. [31], [32]. We
performed top-down SEM and EDS on the cored samples
extracted from the degraded regions of a module (see Figure 5)
to check for visual signs of degradation and compare with the

controls. It also helped to see if there is deposition/migration of
unwanted elements (e.g. Sn or Pb) onto the surface of contacts
and interconnects with possible change in surface chemistry.
Fig. 6(a) shows top-down SEM & EDS performed on top of a
degraded contact for a sample cored out from monocrystalline
module shown in Fig. 2. The SEM image clearly shows signs
of delamination on a finger that is near the busbar. EDS reveals
the presence of Sn on the fingers along with Ag. Sn was not
originally present in the metallization, so this suggested that
it could have been deposited due to some form of galvanic
corrosion as mentioned in Ino et al. [33]. Furthermore, cross-
sectional SEM samples can also be prepared with the help
of focused ion beam (FIB) milling. FIB milling, although
time consuming, can allow for a cleaner cross-section to
better understand the changes (if any) [33], [34]. Fig. 6(b)
shows FIB-SEM cross-sections of good and degraded contacts
obtained using FIB-SEM. The degraded contact shows a non-
uniform contrast in the glass layer interface when compared
to the good contact which could indicate that the metal-silicon
interface is degrading when exposed to damp-heat. This can
lead to higher series resistance seen in Fig. 2.

Fig. 6. Examples of (a) top-down SEM & EDS (b) cross-sectional SEM.

B. X-ray Photoelectron Spectroscopy

XPS is widely used in research facilities around the world to
investigate the chemical composition of surfaces. The ability
to detect the composition of the first few atomic layers and
also assign chemical states to the detection has made XPS
popular among different research fields [35]. Similarly, PV
researchers are now applying XPS to explore different aspects
of new and existing solar devices. In our study, XPS analysis
is performed to get detailed insights into the changes taking
place in the degraded contacts. Depth profile is performed to
see the gradual change from surface towards the interface.
Fig. 7(a) shows XPS performed on the cored samples from
accelerated aged modules shown in Fig. 2. It is noticeable how
the chemistry of the Ag is different, strongly suggesting that
the Ag is oxidizing and the losses are related to the degradation
of metal contacts. The DH stability is therefore related to the
paste composition used for different technologies. Fig. 7(c)
and (d) show similar studies performed on surface of extracted
samples from field exposed modules shown in Fig. 3. Here
the focus is on the C and O spectrum to learn the effect of
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encapsulant in the contact and interconnect degradation. More
details about this work can be found in [27].

Fig. 7. (a) Ag XPS analysis performed on cored samples that went through
damp-heat exposure. C and O XPS analysis performed on field exposed
modules (b) and (c).

C. Secondary Ion Mass Spectrometry

Another material characterization that is used in PV research
specially in thin-film development is Secondary-ion mass
spectrometry (SIMS). In this technique, solid surfaces or thin
films are sputtered with a primary beam and then the ejected
secondary ions are collected and analyzed to find out the
composition. Dynamic SIMS constantly recedes into the bulk
of the material as the analysis proceeds, which is good for
obtaining dopant and impurity depth distributions usually on
planner samples. On the other hand, time of flight or TOF-
SIMS detects elemental and molecular information existing on
the outermost surface of a sample with a low primary ion beam
dose. Both dynamic SIMS and TOF-SIMS have been used PV
research to characterizes contacts, interfaces, degradation, etc.
[36], [37]. We have recently applied dynamic SIMS to study
samples extracted from Cu-plated contacts with two different
encapsulants. The Cu contacts were removed with HNO3 etch
to expose the emitter surface and SIMS measurements were
performed on these locations. Although a work in progress,
primarily from a comparison between the obtained spectrums
shown in Fig. 8, we found a diffusion of Cu into the underlying
Si emitter for the sample that shows more degradation. A
detailed work on the performance degradation of such Cu-
plated contacts when exposed to damp-heat is discussed here
by Karas et al. [38].

D. Raman Spectroscopy

Raman microspectroscopy offers many advantages for the
characterization and defect detection of silicon based solar
cells. The instrumentation is affordable, no sample preparation
is required, and measurements can be performed in ambi-
ent conditions. The Raman spectrum for silicon exhibits a
pronounced transverse optical (TO) phonon mode centered
at ≈ 520 cm-1 and can be easily detected [39]. The peak
position and full-width-at-half-max (FWHM) are indicators of
silicon crystalline quality and contain stress information [40].
Chemical mapping is also possible as other material used in
Si solar cells such as, transparent oxide conductors produce
their own Raman signal [41]. Micro-Raman spectroscopy has
also been shown in measuring doping density of silicon solar

Fig. 8. SIMS measurements performed on the underlying Si emitter of Cu-
plated contact samples with 2 different encapsulants that were exposed to
damp-heat.

cells [42]. An example of Raman spectroscopy performed on
the cored multi crystalline Al-BSF sample is shown in Fig. 9,
which shows an inclusion present on the surface. A line scan
was conducted from A → A’, with a series of six individual
Raman spectra, each 1.6 µm apart. At point A just outside
the inclusion, a sharp peak at 520.3 cm-1 is observed and
attributed to crystalline Si (c-Si). An additional broad peak
appears on the lower wavenumber side as the scan moves along
the line. The peak position changes from 504.0 cm-1 to 492.0
cm-1 as the probe moves over the inclusion. The secondary
Si peak is identified as nanocrystalline silicon (nc-Si) which
lies between c-Si (520.3 cm-1) and the fully amorphous Si (a-
Si) peak at 480.0 cm-1. The inclusion represents a Si swarf
- a possible remnant of the Si ingot sawing process. Raman
microspectroscopy can also be used to study the defects and
degradation of Ag contacts. The Raman single spectrum scan
at the interface of silicon and silver shows a weaker broad
peak at 680 cm-1 in additional to the c-Si peak. The peak can
be attributed to the vibration of Ag[O-O]2- bond in Ag2O. The
origin of the broad peak can be attributed to the oxidation of
Ag [43].

Fig. 9. (a) Optical micrograph of an inclusion present in the Si surface. The
red line AA’ indicates the line scan performed along the inclusion. (b) A
series of Raman spectra acquired along the line AA’ showing c-Si and nc-Si
phase.

E. Transmission Electron Microscopy

Transmission electron microscopy (TEM) is another power-
ful microscopy and materials characterization. Here, electrons
beams are transmitted through an ultra-thin section (≈ 100
nm) of a sample. The transmitted electron beams are used
to form images. TEM is widely used for the development
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of new devices in PV, particularly thin-films such as car-
rier selective contacts. Usually for TEM analysis, there is a
complicated process of using FIB to prepare the ultra-thin
samples. But when done right, TEM is capable of imaging
at a significantly higher resolution and providing in-depth
information about the sample. TEM analysis has been used
widely to study passivation materials [44]–[46], oxide-based
passivating electron-selective contacts [47]–[52], oxide-based
hole-selective contacts [53]–[60], and silicon-based passivating
contacts [61]–[66]. It has also been used to perform root cause
analysis of degradation [67]. Usually it is easier to prepare and
characterize planar samples with TEM, but recent studies used
cross-sectional TEM imaging on textured surfaces to investi-
gate the c-Si/a-Si:H interface of silicon heterojunction solar
cells [68] and oxide-passivated doped polysilicon contacts
[62]. Therefore, it is also possible to perform TEM imaging
on textured surfaces, which opens up a whole new dimension
of materials characterization to perform degradation analysis.

V. CONCLUSION

Multiscale characterization methods can be a powerful
tool to study contact and interconnect degradation. The large
datasets collected from this study can help boost confidence in
the observations made and the interpretation of the analyses.
It will also help to gain deeper insight into the observed
failure modes and determine the root causes. In this work, we
summarize our approach to apply multiscale characterization
methods to PV modules. This method has the flexibility to be
applied widely to any module technology. Module and cell
level characterization can provide fundemantal information
about the performance degradation. Sample coring is a critical
step to prepare samples for further materials characterization.
Finally the different materials characterization data can be
co-related with the module and cell level characterization to
identify the degradation mechanism. Here we show our results
obtained by applying this method and our investigation of
the root cause of failure. This article shows how effective
multiscale characterization methods can be to perform PV
reliability and degradation studies.
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