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Abstract

Ethylene vinyl acetate (EVA) has for decades been the material of choice for photovoltaic (PV)
module encapsulation. However, while it is relatively inexpensive and initially adheres well to
module components, EVA discolors with age and—as interfacial adhesion degrades—becomes
susceptible to delamination, ultimately resulting in reduced module efficiency and shortened
service lifetimes. As potential replacements for EVA, ionomer thermoplastic materials cure faster,
are more resistant to discoloration and potential induced degradation, and do not evolve corrosive
acetic acid, making them compatible with new device materials such as perovskites. Since there is
limited information on ionomer durability for PV module applications, a series of field and
accelerated laboratory aging studies were conducted to assess ionomer interface stability in the
presence of terrestrial environmental stressors. It is shown that adhesion to the glass and cell
interfaces of PV modules is inferior to EVA, both before and after aging, rendering ionomers
particularly susceptible to delamination after short timeframes. Potential solutions to improve

1onomer adhesion are discussed.

1. Introduction

Ethylene vinyl acetate (EVA) has for decades dominated the photovoltaic (PV) module
encapsulation market. Relative to other encapsulant materials available in the early years of
module design, EVA was inexpensive, cured quickly, and adhered well to module components
(i.e. backsheet, cells, interconnects, and front glass) [1-2]. However, exposure to terrestrial stresses
(heat, humidity, irradiance) in the field causes undesirable chemical reactions in EVA, which
eventually promote adhesive degradation, interface delamination, and subsequent reduction in cell

efficiency [3, 4-10]. EVA discolors as a result of chemical reactions that generate chromophores,

2

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



which attenuate incident light on the cell thus reducing efficiency [11-14]. Given its large water
vapor transmission rate (WVTR) relative to other encapsulants [15-16], moisture diffusion in EVA
coupled with exposure to UV light and elevated temperatures leads to hydrolysis—and eventually
delamination—at the cell and glass interfaces [5]. Of particular concern given the breadth of new
device technologies is the susceptibility of EVA to acetic acid formation [17], which accelerates

corrosion at metalized interfaces and degrades materials like perovskites.

As manufacturers seek to extend module service lifetimes beyond 30 years, these chemical
limitations of EVA necessitate selection of new encapsulation materials that improve durability
and are compatible with evolving device technologies. Examples include several silicones,
polyolefins, and ionomer thermoplastic materials [18-19]. Ionomers, which constitute the
mechanical toughening layer of safety glass, present a viable alternative and are the focus of this
work. Relative to EVA, ionomers possess lower WVTRs, superior optical transmittance, and—
due to higher electrical resistivity—are less susceptible to potential induced degradation (PID) [20-
23]. Acetic acid does not form as a reaction product in ionomers, rendering them chemically
compatible with perovskites. Though more expensive than EVA in bulk, ionomers do not require
a crosslinking step, thus resulting in shorter lamination times. With regard to module durability,
finite element analyses have found ionomers to be superior to other common encapsulants in

minimizing fatigue induced failures in metal interconnect ribbons [24].

The long term suitability of ionomers for terrestrial PV applications, however, has not been well
investigated, and the limited field data presently available indicates a potential susceptibility to
delamination [25]. We thus present a comprehensive study of encapsulant adhesion for EVA and
several types of ionomer through a series of lab and field aging studies of single cell miniature PV
modules. It is shown that adhesion of ionomers to the glass and cell interfaces of modules is
inferior to EVA, both before and after aging, and are particularly susceptible to delamination after
short timeframes. Potential solutions to improve ionomer adhesion and thus leverage their

otherwise favorable properties for PV applications are discussed.

2. Materials and Methods

Single-cell silicon PV modules were fabricated using a solar module vacuum laminator
(Astropower, Inc., model LM-404). The 150 mm x 150 mm cells were sandwiched between ~500

um thick encapsulant films, a 3 mm glass substrate, and a Tedlar®/polyethylene
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terephthalate/ethylene vinyl acetate (TPE) backsheet (Fig. 1). The lamination was conducted at
140 °C for 8 min under 3 psi pressure. Modules were prepared with either EVA (PhotoCap 15585P
UF/HLT, Specialized Technology Resources, Inc.) or one of three ionomer encapsulants: DuPont
PV5300 (fast cure, high clarity), DuPont PV5400 (fast cure, low WVTR, PID resistant), and a
generic, zinc-based formulation of DuPont Surlyn® (fast cure, high clarity, favorable adhesion to
glass); the configurations are referred to as Ion1, Ion2 and Ion3 for brevity. Several replicas were

produced for aging studies of encapsulant adhesion.
2.1 Laboratory and Field Aging

Modules were field aged in Golden, Colorado (CO), Miami, Florida (FL), and Phoenix, Arizona
(AZ) for 6 and 12 month intervals, beginning May 2016. All modules were mounted on racks
oriented due south at an azimuth angle equivalent to the geographic latitude of the test location.
Solar irradiance was measured on site, allowing for calculation of the cumulative UV exposure

dose (W-hr/m? in the range of 295 to 385 nm), approximated to 4.5% of the global-tilt irradiance.

Additional replica modules were lab aged at 65 °C and 30% relative humidity (RH) under UV
illumination (Atlas Ci4000 Weather-Ometer®, 0.8 W/m%*nm at 340 nm, 81 W/m? between 300
and 400 nm), and at 85 °C and 13.5% RH in a dark environmental chamber (Blue M, Model AC-
7602HB chamber) for intervals of 1000, 2000, and 5000 hours. The UV-aged temperature and
humidity conditions were selected to compensate for heating and drying effects induced by the

light source, which permitted an unbiased comparison of lab data in the absence and presence of

UV.
2.2 Fracture Specimen Preparation

Cantilever beam test specimens were fabricated in-situ on the modules. After conditioning in lab
air for one week, the backsheet and rear encapsulation were removed from the cell, and the rear
contact metal was lapped away with low grit sandpaper. The surface was then cleaned with acetone
and isopropyl alcohol before bonding a 1.6 mm thick, triangular titanium beam (Ti, 6% Al, 4% V,
20° apex angle) with a two-part, metal bonding epoxy (DP420, 3M). The cell was diced along the
contour of the beam using a fine-point diamond scribe and the front-side encapsulant was trimmed

using a razor blade, forming a composite Ti-Si-encapsulant beam (Fig. S1a).
2.3 Adhesion Testing
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Interfacial adhesion was evaluated though measurement of the critical strain energy release rate,
G [J/m?]. The reader is referred to our previous work for a detailed discussion of the metrology [3-
4]. In brief, when the triangular adhesion specimen is loaded at its apex (Fig. S1b), a crack
propagates along either the encapsulant/cell or encapsulant/glass interface at a critical load, P..
Due to the triangular taper the crack propagates at a constant load, irrespective of crack length
(refer to Fig. S1b for a representative load-displacement curve). The critical energy release rate,
or adhesion energy, G, is then evaluated from the average critical load and a single measurement
of the final crack length, a:

P.A

Ge = 2a%tan(8/2) (1)

Here, 4 is the load line displacement at the beam tip upon completion of the test (prior to
unloading) and @ is the beam apex angle. Note that lower critical load values entail smaller apex
angles. Although only one crack length measurement is needed to evaluate G, recording several
crack lengths improves statistics of the measurement. In the present study the measured G values
and error represent the mean value and standard deviation of at least three crack length
measurements. All testing was conducted in ambient conditions (23 °C, 40% RH) on a miniature

load frame (DTS Delaminator, Menlo Park) at 10 um/sec.
2.3 Surface Chemistry

Chemical composition of selected fracture surfaces was determined through x-ray photoelectron
spectroscopy (XPS, PHI 5000 VersaProbe) scans (0-1200 eV), using Al K, x-ray radiation at
1487 eV. In some instances where failure was cohesive in the encapsulant, depth profiles were
collected via argon ion sputtering (1 kV, 0.5 pA, 1 x 1 mm spot size, calibrated on Si0,) to measure

the thickness of residual encapsulant on the substrate surface.
3. Results

Baseline measurements of encapsulant adhesion energy for unaged specimens are shown in Fig.
2. The larger adhesion energy of the EVA specimen (~2000 J/m?) relative to the three ionomer
specimens (635, 821, 626 J/m? for Ionl, Ion2 and Ion3, respectively) is attributed to a zone of
plastic deformation (cohesive zone) that forms ahead of the crack tip in EVA, consisting of voids

that grow and coalesce, ultimately forming fibrils that snap apart as the crack propagates. In the
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unaged state, fracture proceeds cohesively in the EVA immediately adjacent to the interface, the
accompanying plastic deformation accounting for most of the strain energy dissipated in growing
the crack. XPS depth profiles indicated a thin layer of EVA (<10 nm thick, Fig. S3a) remained on
the cell after fracture. This cohesive type of crack growth was not observed in the ionomer
adhesion specimens, most of which fractured directly along the cell or glass interface with smaller
scale encapsulant yielding—i.e. no cavitation or fibril formation. Interface fracture (Fig. S2a) was
confirmed though XPS of complimentary fracture surfaces (Fig. S3b). Cohesive fracture in the
ionomer was observed only for a single ionomer specimen (unaged lonl, Fig. S2b). The baseline
ionomer measurements (~600-800 J/m?) were about half as large as reported measurements for
interleaved ionomer films in composite fiber laminates, in which cohesive fracture in the ionomer

resulted in measured G, as large as 1200-1800 J/m? [26].

Adhesion energies of field aged modules are depicted in Fig. 3 as a function of deployment time
(black circles, red squares, and blue triangles correspond to Golden, Phoenix, and Miami,
respectively). Regardless of encapsulant type, all specimens exhibited steady decreases in adhesion
energy with time. Relative to the unaged state, EVA (Fig. 3a) exhibited reductions in the range 23-
28% after 12 months in the field, the greatest reduction occurring in Golden. Degradation was
more severe in ionomer specimens (Fig. 3b-3d), where reductions in G. ranged from 40-60%
(lowest in Golden), 24-60% (lowest in Phoenix), and 65-88% (lowest in Miami) for lon2, Ion2,
and Ion3, respectively. With respect to adhesion energy, EVA specimens were the most durable
(Ge ~1440-1550 J/m? after 12 months), with the next best—Ion2—trailing far behind (G, ~330-

620 J/m?). There was no clear correlation between climate and degradation from the data sets.

Ionomer adhesion energies are plotted as function of cumulative UV dose in Fig. 4 to compare the
impact of aging-induced degradation in natural UV light versus laboratory UV irradiance (65 °C,
30% RH, 340 nm). All three ionomers exhibit a sharp, nearly linear drop in adhesion energy with
respect to UV dose in the field (solid data points). For Ion1 and Ion2 specimens, adhesion energies
of equivalent field and laboratory UV doses coincide at ~8 10* W-hr/m?; however, no further
reduction in adhesion energy was observed for the lab aged specimens (open data points) at longer
exposure times. lon3 specimens presented an exception in that no significant initial decrease was

observed, and no subsequent change in adhesion energy with laboratory aging.
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Adhesion energies of modules aged at elevated temperature in a dark environmental chamber (85
°C, 13.5% RH) are plotted as a function of aging time in Fig. 5. Due to chamber capacity
limitations, lonl specimens were not aged in this condition. The EVA and ionomer specimens all
exhibited a reduction in adhesion energy as a result of exposure to sustained elevated temperature.
The reduction after 5000 hours was lowest for EVA (black circles, 20% reduction), followed by

Ion3 (blue squares, 36% reduction), then Ion2 (red triangles, 88% reduction).

Encapsulant discoloration was observed only in modules aged under laboratory UV light.
Yellowing of EVA was apparent after 1000 hours, transitioning to light brown after 5000 hours
(Fig. 6a), and was attributed to UV-induced chromophore generation [11]. To a much less extent,
discoloration in the form of haziness was also observed in the ionomers (Fig. 6b), which are
marketed on the premise of superior clarity and resistance to discoloration relative to other
encapsulants [21-22]. Note that none of the field aged specimens were discolored, even at the same
exposure of ~8 10 W-hr/m?, where the lab aged specimens already exhibited discoloration. This
may imply a synergistic coupling of UV and sustained elevated temperature in driving material
degradation in the field and warrants further evaluation with spectrophotometry and chemical

analytic techniques, such as FTIR.
4. Discussion

Interface bonding of ionomer laminates consists of both hydrogen bonds (carboxyl groups in
polymer to hydroxyl groups on surface of cell or glass) and ionic bonds (between either
carboxylate groups in the polymer to ions in the glass or ions in the ionomer to charges on the
surface of the cell). In laminated glass structures such as safety glass, the best adhesion is thus
attained by bonding the ionomer to the bath side of float glass, which contains in-diffused tin ions
[27]. In the absence of a bath side (such as in the borosilicate glass used in this study), adhesion
to glass interfaces can be improved through use of a surface primer, such as a silane coupling
agent. No such adhesion promoter was used in this study, and it is therefore expected that the

adhesion energies evaluated are not reflective of the highest attainable for ionomer encapsulants.

On the contrary, a silane adhesion promoter was incorporated into the encapsulant formulation of
the EVA specimens, rendering adhesion of the EVA/cell and EVA/glass interfaces large enough

to permit substantial plastic deformation in the encapsulant during adhesion tests, which accounted
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for the much larger adhesion energies relative to ionomer specimens. Reductions in adhesion
energy of the EVA specimens due to aging (Fig. 3 and 5) were attributed primarily to chemical
reactions that degraded the bulk encapsulant, reducing the energy dissipation from plastic
deformation: cross-linking, chain scission and de-acetylation [17-18, 28]. Unlike the EVA
specimens, the failure mode of aged ionomer specimens (Fig. 3 to 5) and was primarily adhesive,
and the reductions in adhesion energy—which in general were greater than in EVA relative to

unaged values—were thus attributed primarily to hydrolysis at the interface.

Several ionomer specimens exhibited encapsulant delamination during field and lab aging prior to
adhesion testing (summarized in Table 1). An example is shown in Fig. 7, whereby adhesion
energy was measured both near to and far from the delamination front (dashed line). While in this
particular case adhesion energy was greatest near the delamination front, there was no distinct
trend between G¢ and proximity to the front when accounting for adhesion measurements of all
ionomer specimens that delaminated. However, G¢ of delaminated specimens was consistently
near or below 200 J/m? which is within the range of threshold adhesion energy measurements
observed in a prior study of delaminated, EVA-based historic modules [29]. Note, however,
delamination in the historic modules occurred after considerably longer deployment times (years

to decades). Delamination was not observed in any of the EVA specimens of this study.

The lamination procedure used for specimen fabrication can directly impact interface adhesion.
Large thermal gradients across the substrate surface, surface contamination, and/or uneven
pressure during lamination, for example, may result in to encapsulant delamination after
fabrication [27]. In this study, only one ionomer specimen delaminated prior to aging. However,
nearly all field aged and some lab aged (UV) ionomer specimens exhibited delamination during

the aging process (Table 1). In all cases, delamination occurred at the ionomer/glass interface.

Delamination was attributed to a number of factors: i) accelerated interface hydrolysis in the
absence of an edge seal and/or adhesion promoter, and i1) residual interface stresses due to thermal
mismatch strains. Due to larger elastic moduli, the ionomers were less effective than EVA at
relaxing thermal mismatch strains between the glass, cell and backsheet. As a result, residual
stresses induced glass breakage and backsheet curl in several ionomer specimens. It is thus likely
that residual stresses also facilitated delamination at the specimen edges and promoted accelerated

crack growth in the presence of environmental stressors in the field.
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Regarding adhesion, EVA undoubtedly outperformed all three ionomers. However, the
invulnerability to deacetylation and superior resistance to discoloration and PID warrants further
investigation of methods to improve ionomer adhesion to module interfaces. Use of adhesion
promoters at the interfaces and coupling with more compliant polymer films, for example, may

significantly enhance adhesion, rendering ionomers ideal PV module encapsulants.
5. Conclusions

Interfacial adhesion and durability of ionomer encapsulated PV modules was evaluated through
field and laboratory aging experiments, results of which were compared with EVA. Three unique
ionomer formulations were investigated. Prior to aging, the adhesion energy of EVA encapsulated
modules was over twice as large as the any of the ionomer modules, and was attributed to large
scale plastic deformation at the crack tip and failure mode: whereas for EVA specimens fracture
propagated cohesively in the encapsulant near the cell interface, fracture in ionomer specimens

was primarily adhesive at either the cell or glass interface.

Ionomer modules exhibited greater aging-induced reductions in adhesion energy than EVA
specimens after aging, irrespective of aging condition (field or lab) or deployment location
(Phoenix, Miami, or Golden). Of the ionomer modules aged in the field, there was no consistent
trend was observed with respect to geographic location and degradation; however, all delaminated
at the encapsulant/glass interface after just six months of deployment. Delamination was not

observed in any of the EVA modules.

Of the three ionomers evaluated, no particular formulation stood out as superior to the others with
respect to adhesion. Ion3 (Surlyn formulation) exhibited the lowest drops in Gc after lab aging with
and without UV, but underperformed in the field. Ion2 (PV5400) exhibited the lowest reductions
in adhesion energy after field aging, but was particularly prone to degradation after lab aging at
elevated temperature. Ion3 (PV5300) performed poorest in both field and lab aging. EVA

outperformed all of the ionomers in this study.

The reduction in adhesion energy of EVA after aging was attributed primarily to degradation of
the bulk encapsulant, since the failure mode was cohesive. Interface fracture in the ionomer
specimens was primarily adhesive, and was attributed to bond displacement at the interface. The

susceptibility of the ionomer/cell and ionomer/glass interfaces to adhesive degradation—and
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subsequent delamination—must be addressed if manufacturers hope to leverage the beneficial

material properties of ionomers for PV module encapsulation.
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Tables

6 mo Field 12 mo Field 60 C, 30 RH, 340 nm UV 85 C, 13.5 RH, dark
Az Co Fl Az Co FI 1k 2k 5k 1k 2k 5k
Delam. none none none none none none none none none none none none
EVA Interface cell cell cell cell cell cell cell cell cell cell cell cell
Fail. Mode cohes cohes cohes cohes cohes cohes cohes cohes cohes cohes cohes cohes
Delam. none glass glass glass glass glass none none none
PV5300 Interface mix mix cell glass glass mix cell cell cell no data
Fail. Mode mix mix cohes adhes adhes mix cohes cohes adhes
Delam. none glass none glass glass glass none none none none none none
PV5400 Interface cell cell cell cell cell cell cell cell cell cell cell cell
Fail. Mode cohes cohes cohes cohes cohes adhes cohes cohes adhes* cohes cohes adhes
Delam. glass none glass glass glass glass none none glass none glass none
Surlyn Interface mix cell glass glass glass™* glass cell* cell* glass cell glass cell
Fail. Mode mix cohes adhes adhes  adhes** adhes cohes cohes adhes cohes adhes adhes*

*interface fracture included traces of cell spalling
**fracture on alternate interface/failure mode observed in separate test specimen

Table 1. Summary of fracture observations in field and lab aged modules. For instances in which

delamination occurred during aging (self delaminatin), the affected interface is indicated. Mixed

failure modes (mix) included elements of adhesive (adhes) failure at the interface and cohesive

(cohes) fracture in the encapsulant near the interface.
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Figures
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Fig. 1. Schematic of single cell PV modules as viewed through surface of front glass and along the
cross section. Encapsulated crystalline silicon cells are sandwiched between rigid glass substrate

and a polymer backsheet.
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Fig. 2. Baseline evaluations of unaged specimen configuration. EVA encapsulated modules
exhibited adhesion energies over twice as large as the three ionomers. For EVA and Ionl
specimens fracture proceeded cohesively in the encapsulant, immediately adjacent to the cell

interface. Ion2 and Ion3 specimens fracture adhesively at the encapsulant/cell interface.
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Fig. 3. Encapsulant adhesion energy before after 6 and 12 months of field aging for a) EVA, b)

Ionl, ¢) Ion2, and d) Ion3 specimen configurations (Phoenix, red squares; Golden, black circles;

Miami, blue diamonds. All configurations exhibited reduction in adhesion energy as a function of

aging time. No particular climate stood out as more aggressive with respect to adhesion.
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Fig. 4. Comparison of field and lab aged ionomer adhesion energies as a function of cumulative
UV dose. Solid data points indicate field aged (Golden, Miami and Phoenix); open data points
indicated lab aged (65 °C, 30% RH, 340 nm UV).
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Fig. 5. Comparison of EVA (black circles), lon2 (red triangles), and lon3 (blue squares) after aging
at elevated temperature (85 °C, 13.5% RH).
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Fig. 6. Comparison of discoloration in EVA and ionomers after 5000 hours of accelerated aging
(65 °C, 30% RH, 340 nm UV). EVA exhibited significantly greater discoloration (yellowing) than

1onomers.
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Fig. 7. Delamination of Ionl encapsulant from glass interface during 6 months field aging in
Golden, CO (delamination front indicated by dashed line). Local variations in adhesion energy of
the encapsulant/glass interface relative to the delamination front are indicated. Adhesion energies

were generally below 200 J/m? for all specimens that delaminated during aging.

21

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



Supplementary Information

S.1 Adhesion Metrology
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Fig. S1. Schematic of (a) specimen configuration and (b) data analysis for evaluating encapsulant
adhesion energy. Triangular beam is displaced at the tip, driving a crack along the encapsulant/cell
interface. Adhesion energy, G. [J/m?], is subsequently measured from the final crack length, a,

load-line displacement, 4, and average critical load, P, upon completion of the test.
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Fig. S2. Complementary fracture surfaces from adhesion tests. a) lonl aged 5000 hours under UV
light. Fracture propagated adhesively at the ionomer/cell interface. b) Ionl unaged. Fracture
primarily propagated cohesively in the encapsulant near the cell interface, though additional failure
modes were observed, including adhesive failure at the cell interface and spalling (localized fast

fracture) in the cell’s bulk (silicon).
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Fig. S3. a) XPS depth profile of cell side fracture surface after adhesion test of unaged EVA
module. A layer of EVA <10 nm remains on the surface of the cell due to cohesive fracture in the
EVA.b) XPS survey scans of complimentary fracture surfaces after adhesion test of lon1 specimen
(lab aged 5000 hours under UV light). Sodium from ionomer is not detected on the cell side,

indicating primarily adhesive failure at the interface.
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