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Abstract: With the increased development of portable and handheld molecular spectrometers within
recent years, new fields of applications have opened up, such as their use (i) for material identification of
samples contained in large and non-portable components and (ii) the detection of material degradation
effects and failures directly in the plant. The usability and transferability of well-established
analytical characterization techniques, such as attenuated total reflection (ATR) Infrared (IR)-,
Raman, and Near-Infrared (NIR)-spectroscopy as mobile devices for the in-field characterization of
Photovoltaic (PV) modules, are described and discussed. Material identification of the polymeric
compounds incorporated in the PV modules (encapsulants, backsheets) is often an important task,
especially when degradation and failures occur. Whereas the knowledge of the bill of materials is
one challenge, the detection of material degradation effects is another important issue. Both tasks
can be solved nondestructively by the application of mobile spectrometers. Raman spectroscopy is
the best-suited method for the identification of the encapsulant within the module (measurement
through 3-mm glass), while NIR measurements allowed for the nondestructive determination of the
composition of the multilayer backsheet. Surface degradation effects (e.g., oxidation, hydrolysis) are
best detectable with IR-spectroscopy. The application of mobile devices allows for direct material
analysis in the field without dismantling PV modules, transporting them to the lab, cutting them in
smaller pieces, and analyzing them in conventional bench-top spectrometers.
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1. Introduction

The performance, quality, and reliability of photovoltaic (PV) modules are key factors for the
advantageous development of emerging photovoltaic markets worldwide. During their lifetime in
the field, PV modules have to withstand environmental influences, which vary significantly with the
surrounding climate [1-7]. Consequently, the weathering stability of the protective polymeric materials
(backsheets, encapsulates) used in PV modules (which can be seen as multilayer laminates) is decisive
for the persistence and reliability of the active PV components of a PV module [8-12].

The task of the backsheet within the multi-material composite of a PV module is (i) to protect
the PV active layer (cells and interconnecting system) and the polymeric encapsulation against
environmental, mechanical and chemical influences and (ii) to ensure electrical insulation. Thus, it is
decisive which type of backsheet (chemical composition, barrier properties, and structure) is used.
Especially, the chemical and physical properties of the backsheet (and thus its aging behavior) can
have a strong influence on cell corrosion and/or encapsulant degradation, which both are known
to be important factors for the reliability of a PV module over its intended service lifetime of up to
25 years [4,5].
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Thus, material identification of the polymeric compounds incorporated in the multi-material
composite PV module is often an important task, especially when failures or unexpected
high-performance degradation are detected. Whereas the knowledge of the bill of materials is
one challenge, the detection of material degradation effects—especially at the material interfaces (e.g.,
solar cell/encapsulant or encapsulant/backsheet)—is another important issue. Both tasks can be solved
by the application of spectroscopic methods [13].

In the following, the usability and transferability of well-established analytical characterization
techniques, namely:

e Infrared (IR) spectroscopy (mid-infrared),
e  Near-Infrared (NIR) spectroscopy, and
e  Raman spectroscopy

as mobile devices for in-field characterization of PV modules will be described.
2. Methods

2.1. Spectroscopy

Spectroscopy is defined as the interaction between matter and radiation. The different types of
interaction, as well as the affected modes (e.g., molecular vibrations, rotations) or elementary particles
(e.g., core-level electrons, valance electrons) of the molecule, are given in Figure 1.
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Figure 1. Electromagnetic spectrum, Infrared (IR) region enlarged [14].

Whereas absorption of Ultraviolet (UV) and Visible (VIS) electromagnetic waves (200-780 nm)
excites electrons to higher lying states, mid-IR (MIR) radiation (2.5-25 um wavelength corresponding
to 400-4000 cm~! wavenumbers) stimulates vibrational motion in molecules. The absorption of energy
of specific wavelengths results in a jump from the vibrational ground state to the first excited state
(fundamental vibration). Vibrational motions involving hydrogen bound to a heavier atom (e.g.,
carbon, oxygen, or nitrogen) can also be excited via absorption of a multiple (excitation to second
or higher excited states) or combination of the fundamental wavelengths (so-called overtones or
combination modes). These higher-energy transitions fall in the near-IR range of the electromagnetic
spectrum, with wavelengths of 800-2500 nm (4000-12,500 cm™~1) [15].
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Vibrational spectroscopy includes several different techniques, the most important of which
are mid-infrared and Raman spectroscopy which are mainly used for identification of organic (e.g.,
polymeric) and inorganic (minerals and semiconductors) materials, respectively.

IR and Raman spectroscopy are based on the excitation (IR: Absorption, Raman: Inelastic
scattering) and detection of characteristic fundamental vibrations that can be used to elucidate
molecular structures (material identification) [16]. Although some vibrations may be active in
both, Raman and IR spectroscopy are complementary techniques as these two forms of vibrational
spectroscopy arise from different processes and obey different selection rules [17]:

e IR-spectroscopy is based on the direct absorption of photons
e Raman spectroscopy is based on inelastic scattering of photons

Whereas both methods probe molecular vibrations, in general, Raman spectroscopy, symmetric
vibrations of nonpolar groups can be detected with high intensity, while IR spectroscopy is very
sensitive to asymmetric vibrations of polar groups [16].

NIR spectroscopy: NIR vibration bands are based on molecular overtone and combination
vibrations and are usually very broad and overlapping. Since there are no unique, easily attributable
single vibration absorption bands, a multi-wavelength approach is mostly used to reveal the information
contained in the overlapping bands of the NIR spectra, and chemometric is one key to it [17].
Based on multivariate statistics, chemometric relies on linear algebra techniques such principle
component analysis (PCA) to allow qualitative and quantitative predictions of concentration, identity,
and quality [18].

UV-VIS spectroscopy is a spectroscopic technique that relies on the interaction of UV- and/or visible
light with matter (in specific with the valence electrons of atoms). When the sample containing species
absorbs light in the UV to visible range, the absorption relates to the excitation of the valence electrons
from a ground state to an excited state. This method is less useful for material identification, but can
be used, e.g., to determine degradation induced color changes, specific absorbance (quantification
of additive concentrations), or—when applied in the fluorescence mode with a monochromatic
excitation light source—the presence of fluorophores (often precursors to polymer degradation, e.g.,
the encapsulant).

2.2. Mobile Devices for Onsite Use

Until recently, handheld spectrometers were mainly offered by the major analytical and security
instrument companies, which provide turnkey analyzers using spectroscopic techniques such as
X-ray fluorescence for elemental analysis (metals) and Raman, MIR, and NIR for molecular analysis
(mostly organics) [15]. The introduction of specific fiberoptic probes allows for the separation of the
spectrometer and the location of sample measurement (suitable for infield measurements, used for
Raman, UV-Vis, and NIR) [19].

Although mobile devices are already in use for fast material identification in safety and security
applications (immediate application in emergency response for hazardous materials), nondestructive
material analysis of large construction parts (e.g., sealing, coating, or fitting on a huge production
machine) or precious samples (e.g., identification of paint on ancient canvas), no application of such
spectroscopic devices in PVs has been reported so far. With regard to the term “Spectral Characterization
of Photovoltaic Devices”, spectral characterization techniques used to evaluate their efficacy in using
the maximum of energy from the sun and artificial sources of light [20] is meant. However, as described
in detail in the IEA PVPS Task 13 report on “Assessment of Photovoltaic Module Failures in the
Field” [21], many PV module failure modes are related to unfavorable material interactions or material
degradations. Thus, recently, several researches active in failure analysis of PV modules, e.g., [7,22-27],
started transferring the technically mature portable spectrometers (IR, Raman, NIR) to this different
field of application and applied them for nondestructively

e determining the chemical identity of polymeric materials incorporated in PV modules,
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e validating the bill of materials (BOM) of PV devices, and
e documenting the aging effects of polymeric materials (i.e., encapsulation, backsheet).

This allows for direct material analysis in the field without dismantling PV modules,
transporting them to the lab, cutting them in smaller pieces, and analyzing them in conventional
bench-top spectrometers.

2.3. Detectable Sample Volume/Penetration Depth

In this respect, it should be emphasized that the nondestructive infield IR measurements are always
performed in reflectance mode and direct contact of the measuring head. The Attenuated Total Reflection
(ATR) crystal, with the sample surface, is required. Consequently, IR-spectra can only be recorded
of accessible materials, e.g., surfaces of backsheets or frontsheets. Whereas reflection measurements
in the MIR region only have an analytical depth of 1-2 pm (surface sensitive measurement) [15],
NIR has a much higher penetration depth of several millimeters in polymeric materials [18,23].
Thus, the recorded spectra can contain spectroscopic information of several thin layers of a multilayer
foil (e.g., a backsheet).

In contrast, Raman measurements can be performed contact-free and, with a suitable probe
provided, the polymeric material located behind a transparent frontsheet (glass) can be identified (e.g.,
the encapsulant in a PV module) [15,25-27] or the spectra of the interface solar cell/encapsulant can be
recorded (confocal measurement method [25,28]).

3. Results and Discussion

In the following, the first results of the application of mobile MIR, NIR, and Raman spectroscopic
devices for the nondestructive identification of the chemical composition of polymeric encapsulants
and backsheets within of a PV module are given. As PV modules are multi-material composites
(cross-section of a module given in Figure 2), the polymeric encapsulant can only be analyzed
nondestructively through the transparent front glass cover, which can be done by Raman spectroscopy.
The air side of the multilayer backsheets can be analyzed by IR and/or Raman spectroscopy, and the
identification of all polymer layers involved in the multilayer stack of a backsheet can be analyzed in
situ by NIR spectroscopy.

: Si-solar ce

Figure 2. Light microscopic image of the cross section through a standard Photovoltaic (PV) module.

In the first step, a database with reference spectra of all available encapsulant and backsheet samples
was built up for all three spectroscopic methods (described in Section 3.1). Then, nondestructive
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spectroscopic measurements were performed on several types of test modules in the laboratory
(summarized in Section 3.2). Finally, the mobile devices were tested on field-aged PV modules in PV
plants (examples given in Section 3.3).

3.1. Databases of Encapsulants and Backsheets

3.1.1. Encapsulants

In order to be able to identify the polymeric encapsulants within PV modules no destructively,
a Raman database comprising of 60 encapsulants available on the market was generated:

e  Ethylene-vinyl-acetate/EVA (18)

e  Polyvinyl-butyral/PVB (6)

e JTonomer/ION (5)

e  Polyolefin/PO (15)

e  Thermoplastic Polyolefin/TPO (14)

e  Thermoplastic silicon elastomer/TPSE (2)

Typical Raman spectra are given in Figure 3. For these measurements, a portable Raman
spectrometer type I-Raman from B&W Tek [29] with a green laser (532 nm), a fiber optic probe
and a specially designed distance sample holder (for distances of 2.5 mm, 3.6 mm, and 5 mm) was
used. Additionally, a XYZ positioning stage probe holder was available for the measurements in the
laboratory and an optional zoom-adapter lens for larger working distances (20-60 mm), as well as
a Li-accumulator as power supply for the measurements in the field. The database was generated
within the multivariate analysis and identification software BWID® after acquisition using software
BWSpec®, all by B&W Tek.
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Figure 3. Raman spectra of typical PV encapsulants Ethylene-vinyl-acetate (EVA), Polyolefin (PO),
Polyvinyl-butyral (PVB), and Thermoplastic silicon elastomer (TPSE).

As can be seen in Figure 3, a clear distinction of the most frequently used types of encapsulants is
possible. EVA and Polyolefin spectra were distinguishable by the presence/absence of the carbonyl
band of the acetate group of EVA at 1740 cm™! (which was not very intense in the Raman spectra)
and the deformation vibration of the acetate at 640 cm~1 [25]. Polyolefins PO and TPO were not
distinguishable by their Raman spectra.
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3.1.2. Backsheets

In order to identify the chemical composition of multilayer foils which are used as PV
backsheets of PV modules, Raman, IR (outer surface), and NIR (whole stack) spectroscopy were used.
Thus, databases with all three spectroscopic methods were built up with more than 50 backsheet types
available in the market. Laminates (outer layer/adhesive/core layer/adhesive/inner layer), coextruded
backsheets, and coated core layer backsheets (see Figure 4) with varying chemical composition were
selected. The following codes were chosen for the individual layers: A = PA, E = PE, K = PVDF,
O = Polyolefin, P = PET, T = PVE, V = EVA; R = Primer, C = Coating. For each backsheet, a three-letter
code was used, then, e.g., TPT for a PVF-PET-PVF laminate (named Tedlar-backsheet).

outer layer

adhesive

inner layer

primer or
coating

(c)
B e o LSS I

Figure 4. Light microscopic images (left) and schematic representations (right) of three backsheet types:

(a) Laminate, (b) coextruded backsheet, and (c) coated core layer.

The IR spectra were recorded in the attenuated total reflection (ATR) modus using a portable
FTIR-System Type EXOSCAN from A2 Technologies (diamond ATR-crystal) [30]. A Li-accumulator
was used as power supply for outdoor measurements, and an optional docking station was available
for laboratory measurements on small-scale samples. The database was built up within the acquisition
software MicroLab®. The Raman spectrometer used is described in Section 3.1.1. Examples for Raman
and IR spectra of the air side of typical backsheet types are given in Figure 5. It is evident that with
these surface sensitive measurements, only the outer layer is detected, and an additional method is
needed to identify the composition of the core and inner layer. This can be done by NIR spectroscopy.

The mobile NIR spectrometer used was a NIRQuest from OceanOptics equipped with a fiberoptic
probe (reflection mode) [18,31]. The database was built up with the multivariate analysis software
OPUS® (by Bruker). Examples of NIR spectra of backsheets (without lamination) to an encapsulant
are given in Figure 6. All backsheet types containing a Polyester (PET) core layer—APA, KPK, TPT,
and PPF—showed absorption at 1650 nm, while the coextruded Polyolefin OOO and Polyamide AAA
backsheets containing a Polyamide 12 (polyolefin chain with a polyamide function) or a fully polyolefin
core layer had the strongest absorption at 1717 nm. The backsheet type APA showed both strong
absorptions as it as a PET core layer and Polyamide outer and inner layer (see Figure 6). Thus, it is
possible—with the aid of a database search—to identify the complete backsheet layer stack by a
nondestructive NIR spectroscopic measurement.
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Figure 5. Raman spectra (left) and IR spectra (right) of typical PV backsheets (outer surfaces):
TPT (PVF surface), PPF (PET surface), AAA (Polyamide surface), FPA (Polyamide), KPK (PVDEF surface).
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Figure 6. NIR spectra of the typical PV backsheets: APA, AAA, KPK, OOO, PPE, TPT.
3.2. Nondestructive Measurements on Test PV Modules

In the next step, the measurements were extended from isolated polymeric components
(encapsulant and backsheet films) to multi-material composites of manufactured PV test modules.
With the measurement of the backsheets with the handheld ATR-FTIR spectrometer, the Raman Probe
and the NIR probe worked very well without additional constructive requirements. However, a special
sample holder device had to be constructed for the confocal Raman measurements of the encapsulant
through the 3.2-mm glass (see Figure 7) in order to allow for localized measurements within the
encapsulant layer. A second possibility to achieve this is the use of a zoom-adapter lens with variable
focal length (from 20 mm to 60 mm) for the Raman probe, as different working distances can be used
with this advice. Focusing to the layer of interest, however, is a time-consuming process with this
device. Consequently, all further measurements were performed using the easy-to-handle sample
holder device.

Nondestructive identification of the encapsulant and backsheets of unaged test PV module
samples worked very well using the generated databases. Although is always possible to chemically
identify the material class of the encapsulant or the backsheets, it was not possible to distinguish
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by database research between encapsulant films, e.g., EVA of different providers. The spectroscopic
differences resulting from varying vinyl acetate content or different additives included were too small
to be significant in the lower-quality spectra recorded through the 3.2-mm (mostly structured) glass
layer of PV modules.

Figure 7. Mobile Raman spectroscopic system for confocal measurements with (a) zoom-adapter lens
(for larger working distances) and (b) probe in sample holder device with defined distances.

3.3. Measurements on Field-Aged PV Modules

The ultimate challenge was to nondestructively identify the bill of materials of multiannual
field-aged PV modules. One important issue is the fact that the surface layers of polymeric films
degrade under the influence of environmental stress impact and, thus, the oxidation, hydrolysis,
and/or degradation of the polymer chains might occur and change the spectra obtained. These effects
can best be registered with IR spectroscopy, as this method is very sensitive for the detection of polar
groups like carbonyl and hydroxyl groups.

The second problem is the appearance of aging-induced fluorescence of the weathered polymers in
the Raman spectra (see Figures 8 and 9). This can strongly affect the detectability of specific absorptions
and, thus, impede the assignment of the measured spectrum to the reference spectra stored in the
database. As example, the Raman spectra of the backsheet and encapsulant of a 30-year field-aged
PV module and the corresponding hit from the database are shown in Figures 8 and 9, respectively.
The increasing fluorescence was caused by increasing concentration of fluorophores upon aging
and originated from degradation products of the polymer and/or the additives within the polymer.
A detailed review on this topic was recently published (see [32] and the references given therein).

A beginning degradation of the environmental side of the backsheet is often only limited to the
outer surface 1-10 um and has no effect on (i) the integrity of the module laminate or (ii) the electrical
performance of the PV modules. This is the case in the example of the 30-year field-aged PV module
with TPT (Tedlar) backsheets and EVA encapsulants as given in Figures 8 and 9.

On the other side, material degradation effects can also have severe impact on the performance of a
PV plant. One well-known example is the formation of different types of cracks in Polyamide (PA)-based
backsheets observed in several PV plants within the last years. One type of cracking (micro-cracks) [24]
showed beginning material degradation (oxidative degradation) on the environmental side of the
PA-backsheet and has not been correlated with a loss in electrical performance so far. Another type of
cracking (squared cracks) [24], however, exhibited first material degradation effects at the interface
between EVA encapsulant and PA backsheet in the intercellular spaces. This degradation then
propagated through the core and outer layer, causing a crack through the whole backsheet, leading to
water ingress followed by backsheet delamination and corrosion effects, and, consequently, electrical
performance loss and safety problems [24].
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Figure 8. Raman spectra of the backsheet-surface of a field-aged PV module and best hit from database.
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Figure 9. Raman spectra of the encapsulant of a field-aged PV module and best hit from database.

Spectroscopic detectable chemical encapsulant degradation, e.g., the raise of carbonyl bonds,
hydroxyl absorptions, or changes in the CH absorption pattern, is often paired with polymer chain
splitting, leading to stiffening of the polymer, thus facilitating delamination and corrosion effects
induced by penetrating substances (water vapor, oxygen) [33]. Also, these material degradation
phenomena lead to electrical performance losses in the long term.

4. Conclusions

Material identification of the polymeric compounds incorporated in PV modules is often an
important task, especially when degradation and failures occur. Whereas the knowledge of the bill of
materials is one challenge, the detection of material degradation effects is another important issue.
Both tasks can be solved by the application of molecular spectroscopic methods. Raman spectroscopy
is the best-suited method for the identification of the encapsulant (measurement through 3.2-mm
glass), while NIR measurements allow for the nondestructive determination of the composition of the
multilayer backsheet. Surface degradation effects (e.g., oxidation, hydrolysis) are best detected with
FTIR spectroscopy.
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In general, spectroscopically detected material degradation effects (especially when only
environmentally exposed surfaces are affected) cannot per se be correlated with electrical performance
loss of PV modules. However, beginning material degradation effects can often be seen as precursors
for upcoming severe damage of polymeric components of the module, which, in the long term,
can lead to failures like delamination, loss in the mechanical properties, and consequential cracking
and disintegration of the whole multimaterial laminate PV module.
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