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Abstract 

Crosslinked ethylene vinyl acetate (EVA) resin is the preferred material for encapsulation of 

photovoltaic (PV) modules. Yet, profiling the spatial homogeneity of crosslinking in a 

quantitative and non-destructive way still remains a challenge. With the aid of reference 

techniques and using carefully prepared and well characterized model systems we have 

developed a protocol for Raman microscopy, which can determine the degree of crosslinking 

in EVA sheets in a quantitative manner. The new method has then been applied to 

characterize inhomogeneities with regard to crosslinking in EVA samples on various length 

scales, going down to a few µm. Finally, this method has been used to study crosslinking in 

EVA/glass laminates. The applicability and limitations of measuring crosslinking under glass 

was probed.   
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Introduction 

 

Photovoltaic (PV) modules typically consist of two symmetric layers of solar cells which are 

encapsulated between two protective films. The latter are in turn mechanically stabilized on 

the rear side by a ‘backsheet’ and on the front side by glass or a suitable polymer film. The 

encapsulant material primarily protects the solar cells against weathering conditions and also 

provides mechanical stability. It also allows for sufficient isolation of the electrical 

components to maximize the optical coupling between the solar cells and the incident solar 

irradiation 
[1]

. Therefore, the mechanical behavior of the encapsulant is one of the major 

properties defining the type of encapsulant used 
[2-4]

. The setup of a PV module is shown in 

Figure 1. 

 

Figure1: Setup of a PV module  

As seen from the figure, the encapsulant material surrounds the PV cells and provides a rigid 

support structure. Essential criteria for the encapsulant are high light transmission rates, low 

sensitivity to degradation by light, good adhesion to the backsheet, solar cell and front glass. 

[3]
. To compensate the buildup of mechanical forces as a result of temperature fluctuation or 

mechanical load (e.g. wind), the encapsulant must have elastomeric properties. Materials used 

as encapsulant are silicone resin, polyvinyl butyral resin and transparent encapsulants 
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including thermoplastics such as EVA and ionomers 
[5-8]

.  EVA, the most commonly used 

material, is a co-polymer of vinyl acetate and ethylene. Ionomers are copolymers of ethylene 

and methacrylic acid with a salt added to neutralize them. Ionomers can be used alone or in 

combination with ethylene 1-olefins comonomers. Encapsulant materials comprising both 

ionomers and ethylene 1-olefins have been previously reported 
[9, 10]

.  

The technique of producing these encapsulant foils surrounding the cells is well known. In 

this procedure the additives and crosslinking agents are homogeneously mixed with the 

olefin-copolymer e.g., in an extruder, to give a polymer film. For the encapsulation of the 

solar cells, the PV module production is typically carried out in a vacuum lamination oven 
[11]

. 

Therefore, the stacked setting of the PV-module is prepared first and then heated in the 

lamination oven. Thus, while the olefin-copolymer (e.g. EVA) is softening, the evacuation of 

the oven removes the air between the two encapsulant films, which is the most critical 

fabrication step, taking 4 to 6 minutes. An essential property of EVA is that it flows easily 

below its curing temperature attaining the shape of the surrounding module and making it 

suitable for such application 
[7, 12]

. In the next step, pressure is exerted for several minutes via 

a membrane within the laminator, which leads to heat-sealing of the different layers within the 

PV-module and crosslinking of the encapsulant material. Typical lamination conditions 

favorable for production of PV-modules are temperatures between 140 °C and 155 °C with a 

holdup time between 12 min and 20 min. Maintaining a uniform profiles with regard to 

temperature and pressure is extremely important to ensure the production of high performance 

and air-bubble free modules 
[13]

.   

Typically, a minute quantity of the cross linker (~ 0.7 wt. %) is used for crosslinking these 

laminates and being minute in quantity a thorough homogenization of the cross linker is 

required to ensure optimum properties of the laminates upon crosslinking 
[14]

. Even minor 

fluctuations in the dispersion or in the processing conditions might have a large impact on the 
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crosslinking developing in the form of crosslinking inhomogeneities. These variations can 

manifest itself in the form of minor (local) and larger fluctuations depending on the dispersion 

of the cross linker and the presence of a temperature gradient along the module, which 

ultimately can affect the efficiency of the PV modules. Homogeneity in terms of crosslinking 

is important to ensure a long service lifetime and continuous power output. 

Thus, studying the variation in crosslinking in PV laminates is of pivotal importance to ensure 

a high throughput system. Even small variations in crosslinking across the module due to 

variation in the crosslinking conditions/improper homogenization of the cross linker might 

have a great impact on the solar cell efficiency. Hence it is important to have a robust method 

to determine the crosslinking homogeneity in EVA modules, which can be used in an online 

mode for screening the crosslinking in modules non-destructively.  

Raman spectroscopy, which is highly sensitive to minor variations in the morphology and 

chemical composition of polymers, has been widely used to analyze polymer blends, 

copolymers and polymer composites. The short spectral acquisition times and minimal sample 

preparation make it a predestined technique for online quality control and in-situ reaction 

monitoring 
[15, 16]

. The coupling of a light microscope to the Raman instrument allows 

spatially high resolved profiling of morphological or chemical variations, which includes: 

blend compositions, functionalization of micro-polymer particles in colloids, identification of 

unknown materials in art works and quality control in pharmaceuticals
[15, 17-21]

.  The high 

spatial resolution and the depth of information retrieved has been widely applied for the 

analysis of confectioned polymer products, such as in multi layered films or fibers, where, due 

to the length scale,  locating and identifying individual components is often impossible using 

other imaging techniques like infrared microscopy. Also changes in local composition and 

morphology can be monitored 
[22-26]

. This has been successfully utilized to evaluate the 
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degradation of multilayered polymer back sheets in PV modules where the ageing behavior of 

each layer was analyzed individually using Raman microscopy 
[20]

. 

Using this sensitivity of Raman microscopy to variations in the polymer structure, the 

crosslinking of EVA encapsulant films will be analyzed and a method will be developed to 

quantitatively determine the percentage crosslinking in EVA samples. This model will then be 

applied to analyze local variations in crosslinking on various length scales in an 

inhomogeneously crosslinked EVA laminate. Finally, the applicability of the analytical 

method to EVA/glass laminates will be probed.  

Materials 

 

EVA encapsulant material 

The EVA resin (Evatane 28-40 from Arkema, containing 28.3 mol % vinyl acetate, was 

conditioned with 1 wt. % t-butylperoxy (2-ethylhexyl)carbonate (TBPEHC from United Initiators; 

CAS: 34443-12-4) and 0.7 wt. % of the crosslinking booster triallyl isocyanurate (TAICROS
® 

from Evonik; CAS: 1025-15-6), 0.3 wt. % of the adhesive promoter γ-

Methacryloxypropyltrimethoxysilane (Dynasylan
®
 Memo from Evonik; CAS: 2530-85-0) as well 

as stabilizers in typical amounts.  

The EVA/additive mixture was extruded on a labextruder (Collin) having a 10 cm flat film 

extrusion die. The extrusion temperature was 77 °C- 80 °C, whereas the melt temperature was 

88 °C. The EVA encapsulant film was winded up with a cooled chill-roll system. Lamination 

of the EVA encapsulant film (0.8 mm thick) was done between two Teflon sheets. According 

to the sample description below (Table 1), the lamination time was varied between zero and 

20 min. The temperature setting was 150 °C and the pressure 0.7 kg/cm² (second step after 

applying vacuum). 
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Table 1: Sample description 

Sample No. Lamination time [min.] 

V1 0  

V2 3  

V3 5  

V4 8  

V5 12  

V6 15  

V7 20  

V8
*
 20  

V9
#
 20  

 

*
 Sample V8 was made with the same composition as above, but with 0.8 wt. % tert.-

butylperoxy (2-ethylhexyl) carbonate, 0.5 wt. % of the crosslinking booster triallyl isocyanurate, 

and without any added adhesive promoter. 

# 
Sample V9 was made with the same composition as samples V1-V6. The lamination in this case 

was carried out between two sheets of quartz glass having a thickness of 1 mm.   

Methods 

 

Soxhlet extraction 

The percentage crosslinking was determined using toluene and 1 g (M1) of the polymer in a 

Soxhlet hull. The toluene dissolved the non-cross-linked material and flushed it out from the 

hull. The cross-linked polymer was then left in a swollen state in the hull and the residual 
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solvent was removed in vacuum at 100 °C. This left over material was then weighed (M2) and 

crosslinking was determined. Three measurements were carried out per sample. 

Differential scanning calorimetry 

Circular samples with a diameter of 5 mm (ca. 10 mg) were cut out from the EVA laminates 

and were analyzed using a Mettler Toledo DSC 822e, which was calibrated with high purity 

indium and zinc standards. All samples were measured using a heating rate of 10 °C/min 

under an inert atmosphere of nitrogen between 25 and 230 °C, and the first heating cycle was 

used for analysis. Five measurements were carried out per sample. 

FT-IR Spectroscopy 

The measurements were recorded in ATR mode on a Nicolet 8700 spectrometer equipped 

with a MCT-A detector. Three measurements were carried out per sample at a spectral 

resolution of 4 cm
-1

. A background spectrum was recorded before each sample analysis, and 

16 scans were carried out per measurement. 

Raman Spectroscopy 

Raman measurements were carried out using a WITec alpha 500 spectroscopy system and 

analyzed using the WITec Project Four software for data evaluation. For measurements on 

samples, a 50× (NA 0.8, spot diameter: 811 nm) microscope objective was used to focus the 

laser beam and to collect the scattered light. Laser radiation having a wavelength of 532 nm 

with a power of about 50 mW was employed as an excitation source. The scattered light was 

analyzed in a 600 mm
−1

 grating spectrometer at a spectral resolution of 1 cm
−1

. After 

localizing the sample and focusing manually with the microscope, the laser spot was 

positioned to accumulate a single spectrum with an acquisition time of 2 s, and 10 

accumulations were carried out per measurement. Each spectrum was smoothed using the 

Savitzky-Golay method and background subtracted. Ten independent measurements at 
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random positions along the sample were carried out to obtain the spectra from each EVA foil. 

The crosslinking inhomogeneities were measured by analyzing an area of 3000 x 3000 µm at 

a step width of 7.5 µm obtaining 160000 spectra using a motorized scan stage. The high 

resolution measurement to analyze minor crosslinking inhomogeneities was carried out by 

measuring an area of 100 x 100 µm at a step width of 0.5 µm obtaining 40000 individual 

spectra using a piezo-driven scan stage. The measurement under the glass laminate was 

carried out by measuring an area of 5000 x 5000 µm at a resolution of 16 µm obtaining 90000 

individual spectra.  

Results and discussions: 

 

The Raman spectrum of EVA in the range of the C-C stretching and the deformation 

vibrations of the CH2 and CH3 groups is shown below in Figure 2, and the fundamental 

modes of vibration are assigned in Table 2 
[27, 28]

. 

 

Figure 2: Raman spectrum of EVA 

Table 2: Fundamental modes of vibration of the EVA spectrum 

Wavenumber (cm
-1

)  Band assignment  
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2934, 2903, 2885, 2854 and 2725 Aliphatic C-H stretching (strong) 

1740   C=O stretching of the acetate (mild) 

1442, 1374, 1351 and 1300 C-H deformation (strong) 

1200-1000  C-C stretching (strong) 

640 C=O deformation (mild)  

 

Upon crosslinking, pronounced changes in the form of additional bands are not observed, but 

significant changes in the region of the CH-stretching vibrations can be seen (Figure 3).  

 

Figure 3: CH-stretching region of the Raman spectrum of EVA: spectral differences 

upon crosslinking 

As seen from Figure 3, the intensity of the bands at 2934 and 2903 cm
-1

 is higher for the 

crosslinked sample compared to the uncrosslinked one. It has been previously reported that 

when normalizing the spectra to the highest intensity band at 2885 cm
-1

, the relative intensity 

of the νCH2 at 2934 and 2903 cm
-1

 increases upon crosslinking, while the relative intensity of 

νCH3 at 2885 cm
-1

 decreases 
[27]

. Crosslinking in EVA has been demonstrated to occur 

primarily via a radical reaction of the VA’s terminal methyl groups, transforming these into 

methylene bridges, which leads to the spectral changes as reported 
[27, 29]

. 
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Seven samples as detailed previously, having different lamination time, were prepared (V1-

V7), and the ratio I2934/I2885 was plotted against the lamination time (Figure 4).   

 

Figure 4: I2934/I2885 variation with lamination time 

The crosslinking starts exponentially and then converges towards a percolation value as seen 

in Figure 4, which is in accordance with the first order reaction mechanism proposed for the 

crosslinking of EVA 
[12]

.  

To quantify the percentage of crosslinking using Raman spectroscopy, an interpretation of the 

band ratios has to be done with a method which can provide absolute values of crosslinking. 

This method can be used to assign band ratios to the percentage crosslinking and according to 

the calibration obtained, crosslinking in samples can be determined. DSC, FT-IR and Soxhlet 

extraction have been widely used to determine the degree of crosslinking in EVA laminates 

[27, 30-32]
. Soxhlet extraction determines the percentage crosslinking as the ratio of the insoluble 

residue left in the hull to the initial mass of the sample. Figure 5 shows the percentage 

crosslinking as obtained from Soxhlet extraction (XCSE) obtained for the sample series.  
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Figure 5: Percentage crosslinking determined through Soxhlet extraction (XCSE) 

Even at low lamination times XCSE is quite high, as can be recognized for the case of sample 

V2 which showed a crosslinking of ~73 % after just 3 minutes of lamination. Chernev et al.
[27]

 

reported a similar effect wherein Soxhlet extraction yields high XCSE values even at low 

lamination times.   

The percentage crosslinking can also be derived from DSC measurements (XCDSC). The DSC 

trace of the first heating cycle of EVA is shown in Figure 6  

 

Figure 6: DSC curve showing the consumption of the crosslinker with reaction progress 

An endothermic double peak showing the melting  of the EVA resin can be recognized 

between 40 - 100 °C and an exothermic event resulting from the consumption of the 

crosslinker can be seen between 120 - 190 °C The latter peak was used to calculate the 

percentage of crosslinking according to equation 1 by taking the enthalpy of the non-
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crosslinked sample (∆Ho ) as a reference according to 
[33-37]

, where ∆Hs represents the 

enthalpy of the samples V2-V7 with a higher lamination time. 

XCDSC = 
∆��	�∆�	

∆��
                                                                                                                                                                                 (1) 

XCDSC as a function of the lamination time is shown in Figure 7. 

 

Figure 7: XCDSC with the standard deviation calculated from three independent 

measurements. 

The values obtained from the DSC also show a clear first order trend.  

Infrared (IR) spectroscopy has also been used previously to determine the percentage 

crosslinking in EVA laminates 
[27]

. IR measurements were carried out on the laminates to 

determine the crosslinking content. Yet, the samples were too thick to be analyzed in 

transmission and hence were measured in Attenuated Total Reflectance (ATR) mode. The 

spectra are shown in Figure. 
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Figure 8: Intensity of the band at 1791 cm
-1

 in ATR measurements, attributed to the 

crosslinker. 

An absorption at 1791 cm
-1

 can be recognized in the spectra, which gradually loses intensity 

at higher lamination time and finally vanishes at a lamination time > 8 minutes. This band can 

be attributed to the peroxy carbonate C=O stretching vibration 
[38]

 of the crosslinker. The 

amount of crosslinker is considered to be remaining in trace amounts and is not detectable 

beyond this stage, owing to the rapid consumption in the first order kinetics. Additionally, the 

ATR spectra have been shown to be affected by experimental parameters such as the applied 

pressure, the surface area being measured and the change in the refractive index with the 

penetration depth 
[39]

. The non-detection of the crosslinker by FT-IR measurements owing to 

its rapid consumption and the limitations of the ATR method with regard to quantification as 

detailed previously made it unsuitable for drawing out any correlation between the percentage 

crosslinking and the reaction progress. Hence, the feasibility of studying the crosslinking 

behavior was compared between the values obtained for XCDSC and XCSE shown in Figure 9.  

Page 13 of 23 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



14 

 

 

Figure 9: XCDSC versus XCSE 

From Figure 9 it can be inferred that for lower lamination time, the Soxhlet method over 

predicts the value of crosslinking, while the DSC approach under predicts the crosslinking at 

higher lamination times. This can be explained as the Soxhlet method measures the fraction of 

non extractable polymer chains and even very few bonds formed during crosslinking may 

render a chain as non extractable. The gel content does not discriminate between single and 

multiple crosslinked chains 
[29]

 and as a consequence, a high value of gel content is observed 

even at low lamination times.  

The under prediction in DSC can be explained by insufficient sensitivity of the thermocouple 

for the exothermic event at minute concentrations of crosslinker. On a broader perspective, 

techniques such as DSC and FT-IR spectroscopy which rely on determining the percentage 

crosslinking through the amount of residual crosslinker are limited by the sensitivity to the 

low amount of the crosslinker present in samples with higher lamination time. Hence, XC for 

sample V7 as obtained through Soxhlet extraction was used to translate the band ratios 

obtained from Raman measurements into absolute values of crosslinking.   

A linear translation from the band ratio νCH3 / νCH2 into the percentage crosslinking can be 

postulated as  
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XCR = M* (I2934/I2885) + C                                                                                                        (2) 

Where ‘XCR’ denotes the percentage crosslinking obtained from Raman measurements, M 

denotes the slope of the straight line translation with C being the intercept. To determine the 

values of the unknown parameters M and C two boundary conditions are needed. These were 

selected as firstly being the band ratio 2934 cm
-1

/2885 cm
-1

 of an uncrosslinked sample, V0, 

determined to be 0.306. The second point of consideration was taken as XCSE for the sample 

V7, determined to be 91.5 % and having a band ratio 2934 cm
-1

/2885 cm
-1

 of 0.407. Using 

these two end points, eq. (2) was solved for the unknown parameters M and C as shown as 

below.  

Point 1: 0 = M*0.306 + C 

Point 2: 91.5 = M*0.407 + C  

By solving these equations the correlation obtained between XCR and the band ratio is  

XCR = 906.2 IBR – 277.3                                                                                                       (3) 

Using this correlation between XCR and IBR, the band ratios in Figure  were translated into 

percentage crosslinking and plotted against the lamination time (Figure 10).  

 

Figure 10: Raman degree of crosslinking determined using equation (3) 

Page 15 of 23 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



16 

 

As seen from Figure 10, a good correlation to the first order fitting of the crosslinking reaction 

mechanism of EVA proposed by Schröder et. al 
[12]

 can be observed. This further suggests 

that the method developed to translate the band ratios into absolute crosslinking numbers 

based on the percentage crosslinking obtained through Soxhlet extraction can be accurately 

applied to determine the percentage of crosslinking in a quantitative manner when an EVA 

resin with similar VA content was crosslinked under identical conditions.   

A crucial question when developing structure↔property relationships for films is how the 

degree of crosslinking is spatially distributed i.e., identifying inhomogeneities. To provoke 

inhomogeneities, sample V8 was crosslinked by using a lower amount of both the crosslinker 

and the crosslinking promoter. Raman microscopy was carried out over a selected area and 

the spectra collected over the entire region were analyzed. The intensity of the CH3 stretching 

region was calculated and plotted for each spectrum obtained to identify the presence of such 

inhomogeneities (Figure 11 a).  

  

Figure 11: a) Intensity map of the CH3 stretching region from 2800-3000 cm
-1

 b) 

Segregation of Raman spectra obtained based on spectral differences c) Raman spectra 

representative for the average in the individual clusters  

The intensity map of the CH3 stretching region in Figure 11 a shows a clear variation in 

intensity, which suggests possible fluctuations in crosslinking over the area. Four distinct 

clusters were obtained by spectral segregation (Figure 11 b) showing differences in the 

intensity of the bands in the CH3 stretching region (Figure 11 c). From the spectra it can be 
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observed that the νCH2 band at 2934 cm
-1

 and the νCH3 band at 2885 cm
-1

 show a large 

variation in intensity within the clusters obtained. These spectral differences were analyzed 

and the average band ratio I2934/I2885 was calculated for each of the four clusters. Using the 

calibration model developed earlier these band ratios were then translated into XCR values. 

The blue region was seen to be uncrosslinked as the band at 2934 cm
-1

 was very low in 

intensity compared to the other regions. The other three regions, namely the red, green and the 

black area show an average degree of crosslinking of 27, 54.5 and 94.2 % respectively. An 

explanation for this would be an inhomogenous distribution of the crosslinker, augmented by 

the effect of an insufficient amount of crosslinking promoter, which ultimately lead to 

inhomogeneity in crosslinking across the sample.  

The same sample was also investigated with regard to locally more confined inhomogeneities, 

in the order of a few µm. An area 100 x 100 µm was analyzed and the spectra were collected 

every 0.5 µm. The data generated were segregated and clustered as described above. The 

intensity map of the CH3 stretching region in this area is shown in Figure 12 a. 

     

Figure 12: a) Intensity map of the CH3 stretching region from 2800-3000 cm
-1

 b) 

Segregation of Raman spectra obtained based on spectral differences c) Raman spectra 

representative for the average in the individual clusters  

The CH3 stretching region shows a variation in intensity in the form of small inclusions/spots 

as seen in Figure 12 a. The spectral dataset showing the clusters based on spectral differences 

is shown in Figure 12 b and the average spectrum obtained for each of these clusters is shown 
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in Figure 12 c. Again, clear differences in crosslinking are observable with the intensity of the 

νCH2 band at 2934 cm
-1

 and the νCH3 band at 2885 cm
-1

. The νCH2 band shows an increase in 

intensity in the innermost region of the inclusion compared to the region where the spots are 

not present. The band ratio I2934/I2885 was calculated and translated into percentage 

crosslinking based on the model proposed previously. The black, red, dark blue and light blue 

regions were found to have an average crosslinking of 16.2 %, 17.1 %, 30.6 % and 106.9 %. 

A tiny region shown in light blue can be recognized, which was highly crosslinked compared 

to the surrounding polymer. The occurrence of such pronounced inhomogeneities can be 

explained as the result of a local maximum in crosslinker concentration, causing this area area 

to crosslink intensely.  

After developing a method to study inhomogeneities in crosslinking on different length scales 

using model systems prepared between Teflon sheets, it is essential to transfer this model to 

glass-laminates. This was probed using sample V9. A major advantage of Raman microscopy 

is the fact that measurements can be carried out without destroying the glass laminates by 

measuring through the glass. Transparent silicate materials like glass do not generate intense 

Raman signatures, hence the Raman scattering is unfazed by the presence of a glass layer on 

the measuring surface 
[40-42]

. The spectral dataset obtained upon mapping of V9 was analyzed 

as previously, and the intensity of the CH3 stretching region was plotted to determine local 

inhomogeneities in crosslinking across the sample (Figure 13 a).  
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Figure 13: a) Intensity map of the CH3 stretching region from 2800-3000 cm
-1

 b) 

Segregation of Raman spectra obtained based on spectral differences c) Raman spectra 

representative for the average in the individual clusters  

The intensity of the CH3 stretching region is inhomogeneously distributed suggesting 

differences with regard to crosslinking across the sample. The spectral dataset was then 

clustered (Figure 13 c) and three distinct regions could be distinguished based on differences 

in the spectra as shown in Figure 13 b. The clustered regions seen in this case showed three 

distinct layers, whereas the distribution seen previously for sample V8 was more irregular. 

The XCR in the above three distinct black, red and blue clusters was calculated and found to 

be 121.8 %, 248 % and 235.2 %, respectively. This implies that the major difference in 

crosslinking is present along the top edge of the sample, whereas the other two regions show 

almost similar values of XCR. Such broad inhomogeneities might result from differences in 

the cooling/heating patterns of the glass laminate being predominant at the sample edge.  

Surprisingly, the values of crosslinking are considerably higher than those of sample V7. 

These differences were assessed by analyzing the spectra of a highly crosslinked region 

measured under the glass laminate. An overlay of the spectra of sample V7 and the spectrum 

of an uncrosslinked material is shown in Figure 14. 
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Figure 14: Comparison of crosslinking under glass to EVA sheets laminated under 

Teflon 

Figure 14 clearly confirms a higher intensity for the bands at 2934 and 2903 cm
-1

 in the glass 

laminate compared to samples V7 and V1. The increase in the intensity of these bands reveals 

the consumption of more CH3 units in the glass laminate, suggesting the formation of CH2 

bridges for multiple crosslinking. This can be due to the fact that the crosslinking of sample 

V7 was carried out under Teflon sheets, which leads to differences compared to the process 

carried out under glass: In the first case the crosslinking process is inhibited by a sudden 

quenching of the samples as the sheets are removed. However, crosslinking under glass 

involves annealing of the laminates as the samples are removed from the oven, wherein 

multiple crosslinks are still forming in the material as it cools down slowly, insulated due to 

the low thermal conductivity (~0.9 W/m K) 
[43]

 of the glass covering. The glass covering also 

does not allow the trapped thermal energy to be radiated out easily being opaque to IR 

radiation 
[44]

. Convective heat transfer is also much lower compared to the samples produced 

between Teflon sheets which can freely lose thermal energy to the surrounding air once the 

sheets are removed. This explains the higher amount of crosslinking as observed in the glass 

laminate. 
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Conclusions 

Assessing the degree of crosslinking, XC, of ethylene vinyl acetate resin in photovoltaic 

modules remains a challenge, which has a great impact on the cell efficiency. Various 

techniques such as DSC, FT-IR and Soxhlet extraction have been used for this purpose. All 

these approaches lack spatial resolution per se, as they are limited to bulk differences in XC, 

whereas local inhomogeneities are averaged out. In the present study a method based on 

Raman microscopy has been developed to study local variations in crosslinking in PV 

modules and quantify these. The signal intensity of the respective bands in the spectra reflects 

the transformation of methyl groups into methylene bridges as a consequence of crosslinking, 

and thus the conversion. Yet, this information is of relative nature, and to translate it into 

absolute values, a calibration of the Raman bands was carried out using an uncrosslinked 

sample and the results from Soxhlet extraction for a highly crosslinked sample as reference. 

The method developed has then been applied to characterize inhomogeneities with regard to 

crosslinking in EVA films prepared between Teflon sheets on various length scales, ranging 

down to a few µm. As Raman microscopy is indifferent to measuring under glass, the 

developed method has then been applied to study crosslinking inhomogeneities in EVA/glass 

laminates. In this case the quantification of crosslinking yielded significantly higher values for 

XCR compared to the model films prepared between Teflon sheets. Raman microscopy being 

the only technique sensitive to measuring multiple crosslinks in the samples delivers a higher 

XC value for this system compared to the system without the glass. This observation has been 

attributed to differences in the cooling pattern of the glass system, causing the formation of 

multiple crosslinks. This is a very important conclusion, as it clearly demonstrates the 

limitations for transferring results from a model system to the real process.  
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