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Highlights

e Determine optical properties of scattering PV encapsulants is challenging
¢ A new 4-flux model accounting for anisotropy gives consistent results on TPO
e Position of UV cut-off shows only minor effects on backscattering

Abstract

The determination of the optical properties of encapsulant for photovoltaic modules is essential for
cell-to-module (CTM) performance analysis, UV-durability studies and as input parameters of
modelling tools. Some innovative polymer encapsulants used in heterojunction module
manufacturing, such as polyolefin elastomer or thermoplastic polyolefin, show a non-negligible
optical scattering behaviour in addition to refraction and absorption mechanisms, making challenging
the extraction of optical properties in general, and optical indices in particular.

In this work, a 4-flux optical model was applied on total and diffuse transmittance and reflectance
measurements of a Thermoplastic PolyOlefin (TPO) encapsulant layer to extract values of refractive
index, absorption, scattering coefficient and anisotropy coefficient of scattered light. This model was
found mandatory to obtain a satisfactory fitting and plausible value of the optical parameters, in
opposition to simpler models based on collimated light, or only diffuse light, or isotropic 4-flux
model. The model was applied on two diffusive TPO: a low and a high UV cut-off. The absorption was
found respectively to be 1.7 % and 3.8 %. Therefore, a new Cell-To-Module source of loss was
identified, induced by the backscattered light in the encapsulant bulk, whose value is near 0.8% of
the incoming light in both samples.
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1. Introduction

The photovoltaic industry is experiencing a drastic drop in the price per watt-peak of modules caused
by, among other things, the ever-increasing efficiency of silicon solar cells and the management of
cell-to-module (CTM) power ratio [1], [2]. Many factors influence the CTM on conventional silicon
modules [3], especially optical properties of module layers. Reflection losses at the air/glass interface
can be reduced by an antireflective coating or the use of textured glass [4], [5]. Parasitic absorbance
in glass bulk can be optimized by selecting low iron content glasses [6], [7]. Optical coupling between
solar cell metallization and glass, and between backsheet and glass, impacts the optical gain at
module level [8]—[10]. This study focuses on the impact of encapsulation materials on the optical
efficiency of the module.

These optical properties of encapsulants influence the cell performance in several ways. Firstly, the
refractive index n of the encapsulant affects the amount of reflected light at glass-encapsulant and
encapsulant-cell interfaces. Secondly, the extinction coefficient k affects the level of absorption in
the encapsulant bulk. Determining the optical properties of the encapsulant is a necessary step for
performance analysis, UV-durability studies [11], [12] and module modelling using tools such as ISFH
Daidalos™ [13], [14], PVLightHouse Sunsolve™ [15], Optos™ matrix formalism [16], and others.

Ethylene vinyl acetate copolymer (EVA) is currently the most used material, representing more than
90% of market share in 2018 [1], thanks to its low price, good adhesion with glass, and good
moisture barrier properties. However, it suffers from non-negligible degradation mechanisms [18]
due to acetic acid, which can lead to potential induced degradation (PID) and is not well-suited for
some specific cell-technology such as Heterojunction with Intrinsic Thin-Layer (HIT) solar cell, or
glass-glass module architecture [19]. Thus, other families of polymer are investigated: polyvinyl
butyral (PVB), thermoplastic polyolefin (TPO), polyolefin elastomer (POE), and ionomers [4], [20].
Each family has its own optical properties, governed by the nature of the polymer chains, the
additive (adhesion promoter, UV absorber), and the degree of crystallinity. It is well known that
these materials can scatter light, as well as absorb and reflect it. The lamination process influences
the optical properties, which can be used to control the process quality and the level of curing state
of historical encapsulants [17].The reduction of the cooling time of the module after lamination, for
example via a cooling press, allows a limitation of the phenomenon of light scattering by TPOs [21].

In this context, it appears necessary to be able to characterise spectrally, accurately — and
consistently — the refractive index, absorption and scattering coefficients of such encapsulating
materials. Optical properties of transparent polymer have been investigated for a long time [22].
However, most of the methods and measurements proposed so far give only partial information.
Light absorption is commonly characterized by the encapsulant transmittance, but it is not
representative of real losses in module due to light reflections at the air/layer interface. Coarse
characterization of scattering is possible by haze measurement, but is generally not a spectrally
resolved measurement [23]. Moreover, some studies characterize absorption ignoring the effect of
light scattering at short wavelengths [24]-[27], leading to overestimation of absorption and
underestimation of the amount of light reaching the cell. The latter is, however, of great importance:
for example, the evaluation of the damp-heat aging test impact on optical performances of silicon
and EVA encapsulants can be tricky without taking into account scattering by moisture ingress [11].

To address this issue, recent studies applied the 4-flux model to describe the propagation of
collimated and diffuse lights [28], [29], but the optical parameters obtained in these works were not
spectrally resolved. Oreski et al. have used a 4-flux model to determine spectrally-resolved
absorption and scattering coefficients of encapsulants, but the refractive index values were not
mentioned in their work [30]. Kempe et al. has characterized the spectral absorption in eleven
encapsulants of different nature (PDMS, POE, EVA, lonomer..), without differentiation of absorption
and scattering [31]. Other methods like photo-thermal deflection spectroscopy has also been used to



accurately determine absorption and scattering coefficients in low-loss polymer optical waveguides,
but using previously determined refractive index values [32]. French et al. have used ellipsometry
and spectroscopy to determine absorption coefficient, refractive index and haze of several polymer
for optics of a CPV system, but with a combination of ellipsometry and thick layer spectroscopy,
where consistency of the measurements was not investigated [33].

In conclusion, there is still no practical solution to determine spectrally resolved value of refractive
index, absorption coefficient and scattering coefficient simultaneously, using one instrument.
Moreover, if the optical constants of standard encapsulants like EVA and silicon can be easily found
in literature, values for new encapsulants, needed for simulation tools calibration, are not easily
available as far as we know. The aim of this work is thus to propose a reliable method to
simultaneously determine spectrally resolved values of refractive index, absorption coefficient and
scattering coefficient in the UV, visible and NIR spectral range using a spectrophotometer with
integrating sphere, as unique, easily accessible instrument.

The paper is organized as follows: the sample preparation, encapsulant lamination and the
spectrophotometer measurements of reflectance and transmittance (total and diffuse) are described
in section 2. In section 3, the 4-flux method for optical parameter extraction is presented. Then,
results obtained by the 4-flux methods and simpler approaches are compared and discussed in
section 4. Finally, section 5 presents an application of the 4-flux method on a low UV cut-off and high
UV cut-off TPO encapsulant.



2. Experimental methods

In this section, the process of encapsulant lamination is detailed first, before presenting the method
used to measure specular and diffuse reflectance and transmittance.

2.1 Sample preparation

Encapsulant samples are laminated using a membrane laminator. The samples are placed between
two isolating and non-adhesive ultra-smooth (root mean square roughness around 50nm) PTFE
thermoplastic film with high melting point (> 250°C) and covered by two non-textured glass plates of
10 x 10 cm (see Figure 1). The edges of the laminated {glass / PTFE / encapsulant / PTFE / glass} are
closed with a strip of ribbon. Hence, the encapsulant does not flow and keeps the same thickness as
it would have in a real module. Once laminated, the samples are separated from glass and non-
adhesive film and cut into four pieces of 5x5 cm which can fit the spectrophotometer sample
compartments. The thickness is recorded at four points around the middle of the sample with an
electronic micrometre FOWLER of 1 um resolution. Thickness measurement is performed after
optical measurements, to prevent deterioration of the surface. Samples are kept in an opaque,
airtight bag to prevent from photo-oxidation. Handling of samples is done with disposable gloves to
prevent surface contamination with organic compounds.

10 cm

Flat glass (3 mm)

Encapsulant

“Encapsulant

OPTIC
i Encapsulant S THICKNESS
1: Stack creation _ 2: PTFE & glass MEASURES
+ Lamination E> [E::’" removing + cutting E:}’

Flat glass (3 mm) step

Figure 1: Sample preparation: the encapsulant sheet alone is used for the spectrophotometric measurement.

2.2 Spectral reflectance and transmittance measurements

In this work, a spectrophotometer instrument, allowing specular and diffuse measurements, has
been used. It is a high accuracy UV-Vis-NIR PERKINELMER Lambda 950. A deuterium lamp is used for
UV measurements between 280 and 320 nm, and a tungsten lamp is used for the remaining
wavelengths. The double holographic grating monochromator switches at 860 nm. The beam
splitting system for correction of lamp deviation is a chopper wheel with a 46+Hz cycle: dark sample /
sample / dark reference / reference and a chopper segment signal correction. The temperature of
the room is controlled and ranges from 20.5 to 21.5 °C. The samples are brought into the room one
hour before the measurement to ensure a correct thermalization.

The first module — an InGaAs integrating sphere (IS) of 150 mm in diameter — is used for reflectance
and transmittance, in total and diffuse modes. It is referred to as "IS 150mm" in the following. The
detector is a photomultiplier R6872 for high energy in the whole UV/vis wavelength and a Peltier
cooled detector for NIR, the switching occurring at 860 nm. The UV/Vis resolution is less than 0.05
nm and the NIR resolution is less than 0.20 nm. The back aperture for reflectance measurements is a
25 mm diameter hole. The front side aperture for diffuse reflectance measurements is a 30 mm side
square. For diffuse transmittance and reflectance measurements, a light trap guarantees a
transmittance lower than 0.1 %, eliminating errors due to back reflectance. The diffuse spectralon
has been calibrated by LabSphere™. The incident light beam hits the sample with an angle of 8° and
every diffuse and collimated rays are collected; the geometry of measurements is thus 8°:d (“d”
standing for “diffuse”). The size of the spot is 3 mm wide and 12 mm high.



At the beginning of each series of measurements, a baseline is made to correct any instrument
deviation. Measurements are made between 280 nm and 2450 nm with 10 nm steps as
recommended by the IEC standard 62788-1-4:2016. The spectralon is systematically placed in the
same position, to minimize uncertainty due to its potential inhomogeneity. At the beginning of each
series of measurements, a baseline is measured: (i) in transmittance mode, the baseline is a
measurement of the transmission without sample to obtain 100% - (ii) in reflectance mode, the
baseline is a measurement of the reflectance of the calibrated spectralon. At the end of the
measurement serie, baseline is checked for any deviation. A check of the dark level is done after
baseline measurement, using a light trap at the back hole of the integrating sphere. It ensures that
the spot of the spectrophotometer is correctly aligned with the sample’s aperture. The four
measurements geometries are illustrated in Figure 2.

(a) Total transmittance T; geometry (b) Diffuse transmittance T .y geometry

Specular port

closed \

Spectralon

£
.

T Detector I
Sample l Light trap
Integrating
sphere
(c) Total reflectance R, geometry (d) Diffuse reflectance R_; geometry
/\ Q
Sample \L Sample

Figure 2: Four measurement geometries used in the work: (a) Total transmittance. (b) Diffuse transmittance. (c) Total
reflectance. (d) Diffuse reflectance.

Four physical quantities are measured by the set up:

*  First, the total transmittance T; : in this case, the sample is located at the front port of the
integrating sphere and the back port is closed with the LabSphere™ spectralon. Diffuse and
collimated rays are measured together.

e Then, the diffuse transmittance T,;: (also denoted as “collimated-to-diffuse” transmittance).
In this case, the sample is located at the front port of the integrating sphere and the back
port is closed with the light trap. Only diffuse light is measured, since the collimated part
leaves the integrating sphere.

* The total reflectance R;: In this case, the sample is located at the back port of the sphere,
the specular light port at 16° from the front port is closed. The light trap is located at the
back of the sample. Diffuse and collimated rays are measured together.



e The diffuse reflectance R.4: (also denoted as the “collimated-to-diffuse” reflectance) in this
case, the configuration is similar tothe one for measuring the total reflectance, but the
specular port is open.

Collimated transmittance T and reflectance R.c are computed as Tec = Tt - Teg and Ree = Rt - Reg. The
size of the specular ports of the integrating sphere to avoid measuring collimated light (for diffuse
measurements) is not zero. Consequently, a part of the scattered light may be counted as collimated
light. In the current experimental setup, all transmitted rays included in a solid angle of 0.02 sr
around the normal are included in the collimated part. All reflected rays included in a solid angle of
0.04 sr around the reflected collimated ray are also counted in the collimated part.

In the next section, a model used to deduce the optical parameters from the reflectance and
transmittance measurements is presented.



3. Overview of the optical 4-flux model

In this section, the different procedures used to extract the optical parameters from R and T
experiments are reviewed and tested on a reference non diffusing samples (BK7 glass and EVA
encapsulants).

3.1 Formalism of the 4-flux model

This section is dedicated to a brief presentation of the 4-flux model by Maheu et al. (1984) [34], the
starting point of the approach used in this work. It describes the propagation of light through a thick
and homogeneous layer, accounting for absorption, reflection and refraction at the interfaces, and
scattering (in the Lambertian approximation). Coherence, polarization and non-linearity effects are
neglected.

In the case of a layer composed of randomly homogeneously distributed particles, with
perpendicular illumination of unpolarised light, the propagation of light in a medium that absorbs
and scatters light is governed by the radiative transfer equation [35], [36]:

al(z, w) wo [t , N @o

P G0 +7L p(u I, 1) = = S(T, 1) (1)
where I(t, 1) is the luminance (or specific intensity) of the diffuse radiation at an optical depth 7 and
the direction of propagation p. The optical depth is T = (s + a)h, with s the scaterring coefficient, a
the absorbtion coefficient, and h the thickness of the film. The single scattering albedo is defined as
wo = s/(s+ a). p(u, i) is the scattering phase function, i.e., the probability that a scattering event
changes the light direction from u to y'. Finally, S(z, 1) is the intensity of the collimated beam in the
direction p.

Let define I; — the forward diffuse flux — and J; — the backward diffuse flux. The 4-flux model
approximates the radiative transport equation, if I; and J; are Lambertian. In opposition to the 2-flux
model, also known as the Kulbelka-Munk model [37], it also considers the propagation of the
collimated (or ballistic) forward flux I, and collimated outward flux /. and their coupling with the
aforementioned diffused fluxes.

There exist various formulations of the 4-flux model. Maheu et al. [34], [38] proposed a four flux
model for a scattering layer, accounting for the reflectance and transmittance of its bordering
interface. Vargas et al., [39] have generalized the expression of Maheu et al., taking into account
different value for forward scattering ratio in up and down direction. The expressions for the diffuse
and collimated reflectances are given as functions of light transport parameters g, s, {, € explained
below, and the optical index n.

The fraction of irradiance absorbed by a layer of infinitesimal thickness dz is adz, where a is the
absorption coefficient in m™. Similarly, the fraction of irradiance scattered by a layer of infinitesimal
thickness dz is sdz, where s is the scattering coefficient in m™. The average crossing parameter € is
defined as the average path travelled by the diffuse radiation across the layer. If a collimated beam
crosses an elementary distance dz, a diffuse radiation travels a distance edz in average. The forward
scattering ratio { is the ratio of irradiance scattered by the particles in the forward hemisphere
divided by the total scattered energy. The ratio of energy back scattered is thus 1 — {. This value is
defined for a collimated beam and is considered to be approximatively the same for a diffuse
radiation.

According to the previous definitions, the collimated and the diffuse exitance at the surface of an
infinite medium without interface with air obey to the coupled balance differential equations (2) to

(5):
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The reflectance of the interface between the air and the scattering layer are then included in the
following form: 1 is the reflectance of the collimated beam, r§ is the reflectance of the diffuse
radiation flowing inward the layer and ré' for the diffuse radiation flowing outward the layer. The
reflectance of the collimated beam at normal incidence is expressed as a function of the complex
value of the relative refractive index n :

r=|(n-1/(n+D? (6)

where the symbol |.| denotes the modulus of a complex number. The reflectance ry of the diffuse
radiation, called bi-hemispherical reflectance, is described below in a dedicated section.

The solution of these equations (2-6) requires boundary conditions. In the original model of Maheu
et al., a reflective background is added behind the sample. The sample and the layer are not in
optical contact and are separated by a thick layer of air. The geometry used by Maheu et al. is
presented in Figure 3. In the present study, as no background is used, its effect is therefore not taken
into account in the model presented (the reflectance values of the background are therefore zero
and the transmittance values are unity).

Diffuse
radiation
T4
Sample Background
rC
Collimated —
. —mmm (= 1)
radiation

Figure 3: Geometry of the system as studied by Maheu et al. The layer of the sample is placed above a background and
separated by a thick layer of air. For directional light at normal incidence, the reflectance of the air/sample interface is 1,
and the one of the air/background is r2. The reflectance of the air/sample interface for a perfectly diffuse light is ré. At the
air/background interface the diffuse reflectance is rgll’. The background has a diffuse transmittance T4 and a collimated
transmittance t.. In the geometry of this study, no background is used: in brackets, the corresponding values of reflectance
and transmittance are mentioned.




Following Maheu et al., the collimated-to-collimated transmittance T,., the collimated-to-diffuse

transmittance T,;, the collimated-to-collimated reflectance R.., and the collimated-to-diffuse
reflectance R4 are given by:

(1 —r.)?%exp(—(a + s)h)
—r2exp(—2(a + s)h)
(1- r&)(l —1,) exp(—(a+ s)h) Ny

Tee = (7)
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(1 — r&)(l —1.)exp(—(a+ s)h) Np
RCd = Pl (10)
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where the constant 4; are given by:

Ay =€?ala+2(1 - Q)s] (15)
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To summarize, the Maheu et al. model allows to calculate four measurable quantities (namely T, Te,
R, Rcc) as functions of five unknown quantities describing the layer optical properties (namely g, s, €,
¢, n), knowing the sample thickness h. Figure 4 summarizes the possible transfers between the
incident collimated flux, the reflected fluxes - collimated and diffuse - and the transmitted fluxes -
collimated and diffuse
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Figure 4: Diagram of the possible transfers between the collimated incident flux and the reflected and transmitted,
collimated and diffuse fluxes.

In order to reduce the number of unknown layer optical parameters, Rozé et al. [40] have proposed a
procedure which allows to express the average crossing parameter € and the forward scattering ratio
C as functions of the other parameters, and one additional unknown quantity, the asymmetry
parameter g of the Henyey-Greenstein phase function (see supplementary materials Eq.(1) and Fig.
S2 ). Consequently, the number of unknown optical parameters are now four, namely a, s, g and n.
Examples of average crossing parameters € and forward scattering ratios  obtained with this method
are given in supplementary materials Fig. S3.

A fitting algorithm is used to solve the system of four equations and four unknowns, by minimising
the following objective function “root-mean-square error” RMSE wavelength by wavelength
(Equation (20)). The Matlab® function “fmincon” has been used, with a sequential quadratic
programing algorithm “SQP” described in Nocedal et al. [41]. The possibility to fit several samples of
the same nature but different thicknesses is added. In this study, to extract the optical parameters of
each encapsulant material, we used two samples (N = 2) of different thicknesses. The first one is
made of a simple sheet of thickness h;, the second one is made with two sheets for a total thickness
h, = 2h;. (The details of the steps of the optimization routines are given in the supplementary
material Fig. S4)

RMSE

SN (Tech — Teck)® + (Teds — Tedi)” + (Rech — Rect)” + (Redl, — Redl)? (20)
4 N

Four experimental measurements T;, T.4, R:; R.q are carried out per sample, and the four
parameters a, s, g and n are to be determined. Several reasons led us to use two samples rather than
one. First, using more data than necessary increases the reliability of the fitting procedure. Second, it
ensures that the optical constants are valid for a range of thicknesses, rather than a single thickness.
Finally, if the fit is good for both samples, it is an important indication of volume scattering rather
than surface scattering. Indeed, the thicker the sample is, the greater the volume scattering is, which
is not obviously the case for surface scattering.

3.2 Improved bi-hemispherical reflectance of the diffuse fluxes at interfaces

The boundary condition requires a value of the bi-hemispherical reflectance r& of the diffuse flux
going outward the layer. Assuming that the diffuse fluxes are perfectly Lambertian, the bi-
hemispherical reflectance is typically computed by integration of the Fresnel coefficient R;_,, /s for
polarization p or s over the hemisphere:

10
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rcg—p/s(n) = T (21)
Jo_,sin(26) do
The total bi-hemispherical reflectance is given by :
i i
yi = ldop Tla=s ; Ta=s (22)

Duntley and Walsh found an analytical solution of this integral, giving the reflectance as a function of
the refractive index, as mentioned in equation (23) [42].
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However, the assumption of Lambertian diffuse flux is questionable when the considered layers are
weakly diffusing (i.e., translucent) or too thin. And even for a highly diffusing layer, the assumption of
Lambertian diffuse flux does not hold when scattering is highly anisotropic. Indeed, for a strong
anisotropy (g = 1), the diffuse flux is collimated. In consequence, the reflectance of the interfaces
for the the inward and outward fluxes should be equal to the Fresnel reflectance at normal
incidence. This issue illustrates one of the limitations of the 4-flux approach in case of anisotropic
scattering, anisotropy being included in the bulk equations but not in the boundary conditions. A
solving of the radiative transport equation would prevent this issue.

In order to address this issue in an approximated way, we propose to replace the conventional bi-
hemispherical reflectance by the following expression, which account for anisotropy:

T
f@zzo Ri—p/s(e: n) Py (6, g) sin(20) d6
T

JZ, Puc(6, 9) sin(20) do

Tipss(ng) = (24)

This new formulation of the bi-hemispherical reflectance accounts for the anisotropy factor g and
maintains a continuity between the Fresnel reflectance for the collimated case (g = +1) and the
conventional bi-hemispherical reflectance in the limit case of isotropic diffusion (g = 0). Indeed, the
variation of the improved bi-hemispherical reflectance as a function of g and n is shown in Figure 5,
where both reflectances for the flux flowing outward and the flux flowing inward are plotted.

As expected, for a strong anisotropy (g = +1), as the diffuse flux is actually directional, the
improved bi-hemispherical reflectance of the inward and the outward flux for n = 1.5 are the same
and coincide with the expected value of 4 % given by the analytical Fresnel reflectance formula. For a
perfect isotropy (g = 0) and the same value of refractive index n, the improved bi-hemispherical
reflectance is rfl = 59.6 %, which is the same value as the one yielded by equation (23).

As there is no obvious analytical solution for the improved bi-hemispherical reflectance, its values are
all pre-calculated and interpolated by a fifth-degree polynomial as a function of n and g.

However, this approach is not completely accurate. Indeed, when using the equations (24), we only
integrate the frontal lobe of the Henyey-Greenstein phase function. This is therefore representative
of the forward diffuse flux intercepting the second interface. On the other hand, the backscattered
flux in the volume at the first beam pass, which then intercepts the first interface, has an angular
distribution given by the back lobe of the phase function. If g = 0, the phase function is isotropic, and
the problem does not arise. Similarly, if g is close to 1, the flux is directional and the backscattered

11



flux is negligible. On the other hand, for intermediate values of g, the angular distributions of the
front and back lobes are different, and thus the bi-hemispherical reflectance should be different. This
is not the case in the model used: the front and rear interfaces are supposed to be identical. This
weakness may result in an error in the extraction of parameters.

First guess of optimization routine, boundaries of the optimization routine and diagram of the
procedure can be found in supplementary materials, Tab. S2 and Fig. S4.
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Figure 5: Bi-hemispherical reflectance of the diffuse flux as a function of the asymmetry parameter g of the Henyey-
Greenstein phase function for a refractive index of the layer n=1.3, 1.5, or 1.7. Plotted for both cases: flux flowing outward
(solid lines) and inward (dashed lines) the encapsulant sheet.

3.3 Model validation on known non-diffusing media: BK7 glass and EVA encapsulants

For the two following cases, as these encapsulants are not diffusing, the scattering parameters of the
model are forced to 0 for the scattering coefficient s and to 1 for the asymmetry factor g. In this way,
the model of this study is forced to use the same assumptions as the ones used for the determination
of the optical constants of the BK7 glass and the EVA encapsulant (collimated beams only).

3.3.1 Comparison with literature for a BK7 reference glass

The model is applied on a 4.953 mm thick reference glass: the n-BK7 glass from SCHOTT. The
refractive index n and absorption coefficient a of this material are well known (Schott Datasheets
[43]). Extracted refractive index and extinction coefficient are plotted in Figure 6: Absorption
coefficient a (left) and refractive index n (right) of a SCHOTT glass n-BK7 obtained from the literature
(black) and from the 4-flux model used in this study (blue). The agreement is very good between
SCHOTT refractive index (which are values fitted with a Sellmeier model), and the raw value
(wavelength by wavelength — no dispersion model) obtain with the 4-flux model of this study (Figure
6). SCHOTT gives the absorption coefficient data for only a few wavelengths. The two data sets are
guasi-identical, except for one measuring point at 1500 nm. This difference is due to a change of
detector in the integrating sphere that occurs at 1460 nm, and it is not significant: it produces a
difference of less than 0.1% in transmission and reflection.
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Figure 6 : Absorption coefficient a (a) and refractive index n (b) of a SCHOTT glass n-BK7 obtained from the literature (black)
and from the 4-flux model used in this study (blue).

The experimental values of collimated-to-collimated and collimated-to-diffuse transmittances and
reflectances are given on the Figure 7. The modelled values are also given on the figure, and are
completely superimposed to the experimental values: the fitting error (RMSE) is smaller than 0.04 %
for every wavelength. These results validate our approach, at least for the collimated 2-flux form, as
the considered sample is very weakly scattering.
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Figure 7: Comparison of experimental measurements of collimated-to-collimated (cc) and collimated-to-diffuse (cd)
transmittances (T) on (a) and reflectances (R) on (b) with the values obtained with the model and extraction of optical
constants after the fitting procedure for a SCHOTT glass n-BK7.

3.3.2 Comparison with literature for an EVA encapsulant

The model was also applied to a UV-transmissive encapsulant from the family of EVAs, which are
known to be low-diffusing. The supplier is First Solar. The two samples are 387 and 598 um thick. The
values obtained are compared to the measurements published by Vogt et al. on a Bridgestone
EVASKY S87 with 25 layers of EVA laminated together, to obtain more precision on the absorption
coefficient [24]. The total thickness of the 25-layers sample is 10.2 mm, corresponding to a thickness
of single layer of 400 um. The results can be found in the Figure 8.

The results for the refractive index differ by less than 1 % in the visible range. This difference could
be due to scattering from the surface state which lowers the reflectance of the collimated beam, or
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by an interface consisting of an effective porous medium. This corresponds to a difference in the
reflectance of 0.6 % absolute at an air/encapsulant interface. But this configuration never occurs in a
real module: the encapsulant is always covered with glass. The reflectance coefficient at a
glass/encapsulant is 0.001 % for a glass with refractive index of 1.5 and encapsulant with refractive
index of 1.47. It becomes 0.01 % if the encapsulants has a refractive index of 1.47. Both reflectances
can be considered as negligible.

The refractive index of the encapsulant also affects the optical coupling with the cell. The reflectance
of a heterojunction cell encapsulated in an EVA with an index of 1.49 at 550 nm is 0.89 % (obtained
with Sunsolve). If a material with an index of 1.47 at 550 nm is now used, the reflectance is 0.90 %.
We can therefore conclude that the 1 % difference between the refractive index value obtained by
Vogt et al. and obtained in this study has no impact either on the optical coupling between the
encapsulant and the cell.
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Figure 8 : (a) Absorption coefficient a and (b) refractive index n of a UV-Transmissive non-scattering glass n-BK7 obtained
from the literature (red) and from the present 4-flux model (blue).

The absorption coefficient is similar throughout the 1000-2500 nm range: the absorption peaks are
linked to the common bond C-H , C-O and N-H and their overtones [32]. Below 1000 nm, the
difference is more pronounced, but it may be attributed to sample differences. Indeed, in this
spectral range, the nature of additives may impact the absorption, and it is known that these
additives and their proportions may differ among producers. In conclusion, even if minor differences
have been observed, the absorption and refractive index on low diffusing EVA encapsulant have been
found in good agreements with literature data.
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4. Application of the 4-flux model on experiments and comparison with
other approaches.

In this section, results obtained using the 4-flux model are discussed and compared to simplified
approaches. Indeed, several other approaches, proposed for either fully transparent or highly
scattering layers, allows the extraction of optical parameters. In the next section, these approaches
are summarized, and benchmarked with the more general 4-flux approaches proposed in this paper
in the following. Being more general, the same code used for 4-flux approaches can be tuned to this
aim, after minor modifications detailed here after. Let’s describe in the following approach 1 to 3, the
fourth approach being the anisotropic four flux modelled previously described. The four approaches
are compared for experimental measurements (Figure S5 - left) performed on two low UV-cutoff TPO
samples of different thicknesses (0.667 mm & 1.141 mm), which can be seen in Figure S5.

4.1 Approach 1: Collimated 2-flux model applied on specular components of transmission and
reflectance only.

The first approach is the standard procedure used for the extraction of optical constants of
transparent materials using a spectrophotometer and neglecting light scattering. In this approach,
the 4-flux model is reduced into a 2-flux model with only collimated components, and the absorption
coefficient, as well as the refractive index n are extracted for any wavelength. Thus, this approach is
a particular case of the more general 4-flux methods, and consequently the same code can operate
it, provided that the scattering coefficient s is set to zero. Consequently, the optical thickness 0 =
(a + s) h reduces to a function of only the absorption a and thickness h of the sample: 0 = ah. The
single scattering albedo w is zero across the entire spectral range: w = s/(a +s) = 0. Since g is 1
and w is 0, the tabulated average crossing parameter € and forward scattering ratio { are unity, over
the whole spectral domain considered. The reflectance of the collimated light is governed by the
Fresnel angular reflectance. This model is applied to specular only experimental values of
transmission and reflectance. Importantly, in this approach, the root-mean-square error RMSE
function (that the extraction code tends to minimize) does not include experimental value of the
diffuse transmittance and reflectance. Approach 1 can be considered as a “reference” approach.

4.2 Approach 2: Collimated 2-flux model applied on specular and diffuse components of
transmission and reflectance

As seen previously, approach 1 performs an extraction of the optical parameters n and a from the
specular measurements only. Simulated directional transmittance and reflectance may end up in
good agreement with experiments, leading to low value of RMSE. However, as it ignores light
scattering, the extracted value of optical parameters n and a are questionable. In other words, the
values of RMSE only give an indication of the quality of the specular reflectance and transmittance
curves fitting, but do not necessarily guarantee that the extracted parameters are correct. To better
estimate the real value of the RMSE, this approach 2 is proposed. It uses the same extraction model
than approach one (collimated flux only — no scattering) but apply it on the four experimental
measurements (with diffuse reflectance and transmittance added) Thus, the calculation of the RMSE
includes additional information on the experimental reality of diffusion phenomena in the material.
Indeed, the error made by assuming that no light scattering occurs in the model (while it is not really
the case in the experiment) is included in the calculation of RMSE. By this procedure, the comparison
of the value of the RMSE calculated by approach 2 and the other approaches based on the 4-flux
model that account for scattering (approach 3 and 4) is fairer. This approach can be considered as an
adapted “reference” approach.

4.3 Approach 3: Collimated and isotropic diffuse 4-flux model applied on specular and diffuse
components of transmission and reflectance
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The third approach uses a 4-flux model: one collimated and one diffuse flux propagating forward,
and one collimated and one diffuse flux propagating backward. The diffuse fluxes considered
isotropic: diffusion is similar in all directions. This implies that the forward scattered part is the same
as the backward scattered part. The asymmetry parameter of the Henyey-Greenstein phase
function g is fixed to 0. Let’s give details about the range of variation of the code parameters. First,
the optimisation procedure is forced to look for refractive index n in the range 1.0 and 2.0. The
optical thickness o is related to the absorption coefficient a, scattering coefficicent s and thickness h
of the sample: 0 = (a + s) h. The single scattering albedo @ is free to vary between 0 and 1. Since g
is 0 and w and o are free to vary, the tabulated average crossing parameter € can take values
between 1 and 3 — around 2.5 where the absorption is negligible. The forward scattering ratio can
take values between 0 and 1, and should be around 0.5 when the absorptance is negligible. The
reflectance of the collimated light is governed by the Fresnel formula. The refection at interfaces of
the diffuse light is computed as a function of n and g. This approach corresponds almost to the
standard 4-flux model of Maheu et al., 1984, where the forward scattering ratio is fixed to 0.5 and
the average crossing parameter is 2.5.

4.4 Comparison of the four approaches root-mean-square error RMSE.

In this part, the four approaches are compared first in terms of their ability to reproduce the
experimental measurements, i.e., in terms of the quality of the fit obtained, quantified by the value
of the “root-mean-square error” RMSE equation (20) between the prediction and measurement.
RMSE is a spectral value, as each wavelength is processed independently. Because of the
normalization by the number of samples aforementioned, it is independent of the number of
samples used for fitting. In our case, each experiment is performed on two samples of different
thicknesses. RMSE values are plotted in Figure 9. Approaches 1 to 3 have been presented in the last
section, while approach 4 corresponds to the 4-flux model proposed in this paper.

30%
—— Approach 1: 2-flux on Tt & Rt Approach 1 2 4
——— Approach 2: 2-flux on collimated and diffuse R&T
Approach 3: 4-flux isotropic
25% ——— Approach 4: 4-flux anisotropic RMSE 0.20 5.38 3.08 0.08
Integrated
s
o 20% Error T +0.33 -0.10 -0.19 | -0.09
o
g ¢ -0.22 | +0.09 | -0.08 | +0.10
g 15%
s Error R -0.18 -0.00 -0.26 | +0.01
s ‘ +030 | -0.04 | -0.27 | -0.02
‘g‘ 10%
&« Error T +0.00 +8.50 | +3.50 | +0.10
o | ¢ | +0.00 | +12.26 | +5.08 | 0.06
\ Error R +0.00 +1.63 -3.39 | +0.02
0% — - . +0.00 | +2.32 | -5.03 | -0.01

0 500 1000 1500 2000 2500
Wavelength (nm)

Figure 9: Left: Root mean square error (RMSE) of the fitting procedure for each of the four approaches performed on two
samples of low UV cut-off TPO family (thickness 667 um and 1141 um). Right: RMSE integrated on all wavelengths for each

approach and details of error on each component for sample 1 (top value) and sample 2 (bottom value).

Experiments have been performed on samples of encapsulant from the low UV cut-off TPO family,
chosen for its highly diffusing nature, recognizable at glance by its milky appearance. Experimental
value of transmittances and reflectances are given in the supplementary materials, Fig. S5. Two
samples of the same material but of different thickness are used, as this procedure allows to
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minimize uncertainties. The first sample “TPO low UV cut-off 1” is obtained by laminating a simple
sheet of encapsulant: its thickness (667 um after lamination) is representative of the thickness that a
real encapsulant would have in a PV module. The second sample “TPO low UV cut-off 2”7 is 1141 um
thick, obtained by laminating two sheets. The few unphysical experimental data where the
absorption is found negative are simply removed to avoid any issue for the extraction procedure.

It can be observed that the four models follow a similar wavelength dependency: the error is higher
in the ultraviolet range than in the infrared. This trend is like the one observed for the spectral
dependency of the diffuse transmittance and diffuse reflectance curves. All models show a negligible
error (< 0.2 %) beyond 2300 nm, where scattering is negligible. All these observations suggest that
the fit error is mainly a consequence of the way scattering is treated.

At shorter wavelengths (300 nm), where the RMSE is the highest, approach 1 generates an error of
2.2 %, approach 2 an error of 28.5 %, approach 3 an error of 14 % and approach 4 an error of 0.6 %.
As expected, the RMSE value with approach 2 is higher than the one with approach 1, as it includes in
the error calculation the fact that diffuse reflectance and transmittance are ignored, in contrast with
approach 1. Approach 3, an isotropic 4-flux model, gives better results than approach 2, but its
overall error remains significant. Finally, approach 4, an anisotropic collimated/diffused 4-flux model,
gives the best results, reducing the error by a factor of 20. Over the whole spectral range, the error of
approach 4 is less than 0.6 %, which is an outstanding result. Indeed, even though the uncertainty of
the spectrometer is estimated at 0.1 %, other uncertainties are added to the fit procedure. For
instance, the tabulation of € and { proposed by Rozé et al., which is done by performing the fit of
curves obtained by Monte-Carlo simulation, has an accuracy of 0.5 %. Moreover, the difference
between a spectralon and a mirror as reference sample for reflectance can be as high as 0.6 % in the
UV spectral range (supplementary materials, Figure S1). A closer look to the results obtained in term
of absorption, refection index, scattering parameters and anisotropy are analysed in more details in
the next section.

The table of Figure 9 summarizes the root mean square error, and the error on each component for
sample 1 and sample 2. In this table, the values are not spectrally resolved, the mean of the error on
the whole spectral range is computed instead. Using this procedure, results are easier to read,
without significantly changing the overall conclusions. The details of spectral errors on each
component can be found in supplementary materials, Fig. S6.

4.5 Comparison of the four approaches extracted optical parameters.

Regarding approach 1, the collimated transmittance is underestimated for sample 1 and
overestimated for sample 2. The opposite is true for collimated reflectance. Ignoring light scattering,
the model attributes the high reflectance values in the UVs to an artificially increase of the refractive
index (Figure 10), resulting to unphysical values, higher than 2 (high-index polymer hardly exceed an
index of 1.8 without the addition of nanoparticles [44]). This may also explain the decrease in
transmittance over this spectral range for a single sample. However, as refraction is due to interfaces
and not bulk, the impact of such a high value of the refractive index should be the same whatever
the sample thickness. However, this is not the case: the total reflectance of sample 2 is higher in the
UVs. The fit procedure therefore finds a compromise between the two values. As an indication, we
can see that the difference between the total reflectance of sample 1 and sample 2 is 5.5 % at 300
nm, which corresponds approximately to a fitting error of 2.2 % for this wavelength.

Regarding approach 2, the model cannot explain the diffuse transmittance and diffuse reflectance,
impacting the associated error. However, the fit obtained on collimated components is quite good:
well below 0.5 % for transmittance and reflectance, for both samples. The low value of collimated
transmittance and reflectance in the UVs region, in reality due to light scattering, are attributed
within this model to absorption. Thus, in this model, the extracted absorption coefficient a
corresponds more to an extinction coefficient k = a + s. Moreover, the extracted refractive index
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n has a more plausible value in this approach: between 1.51 at 300 nm to 1.44 at 2400 nm. It can be

fitted by a Sellmeier model.
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Figure 10: Results of the optimization applied to the two low UV-cutoff TPO samples of different thicknesses: absorption
coefficient (a), refractive index (b), scattering coefficient (c) and asymmetry parameter (d), for approach 1 (blue), 2 (purple),
3 (yellow) and 4 (green).

Approach 3 overestimates the collimated transmittance by 1.5 % for sample 1 and 2 % for sample 2,
and it underestimates the diffuse transmittance by 20 % for both samples. Collimated reflectance is
also overestimated by more than 4.5 % for sample 1 and 4 % for sample 2, and diffuse reflectance is
overestimated by 15 % for sample 1 and 20 % for sample 2. In this model, the scattering being
isotropic, the proportion of light scattered backwards, and forwards, are the same. This is not what is
observed: the diffuse transmittance is higher than the diffuse reflectance for both samples. In
consequence, the model finds a compromise by overestimating one and underestimating the other.
Moreover, at the interfaces, the diffuse reflectance coefficient between the encapsulant and air is
very high, as expected for a Lambertian illumination. The reflectance coefficient increases with the
angle of incidence. There is even a critical angle from which there is total internal reflectance. In this
configuration, for a refractive index of 1.44, 55.8 % of the light is reflected. With a refractive index of
1.8, 73 % of the light is reflected. Due to the high internal reflectance, the effective path of the light
in the encapsulant is higher than in the other model: the computed absorption coefficient needs to
be smaller than in other model to explain the same total absorbance. The reason why the model
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converges to high value of refractive index in the UVs region has not been found. The scattering
coefficient s looks plausible.

Approach 4 is the best one in term of RMSE. The errors on each of the reflectance and transmittance
components, are always less than 0.5 % for any wavelength with both samples. The trend of the
optimized parameters is physically plausible: the asymmetry parameter g, in particular, takes values
between 0.7 and 0.9 over the whole spectral range. In IRs, the scattering is low, so it can be assumed
that the g values beyond 1500 nm are meaningless. However, the variation of g in the UVs and in the
visible is necessary: if g is fixed at 0.8 over the whole spectral range, the RMSE in the UVs rises to 2
%, and the refractive index becomes high (1.7) for a polymer.

4.6 Impact of extracted optical parameters on the performance estimation of encapsulated
silicon photo-voltaic module

Erroneous extracted optical parameters can significantly impact the performance estimation of
encapsulated silicon photo-voltaic module: this part aims at estimating such errors due to volume
light absorption and scattering only in the calculation of the short current circuit .

The performance of the reference, non-absorbing and non-diffusing encapsulated bulk
heterojunction silicon PV module, has been done following the analytical model of Hanifi et al. [45] :
here, we consider the impact of low UV cut-off TPO encapsulant of thickness 667 um under AM1.5
solar spectrum weighted by the external quantum efficiency (EQE) of an 21.78% HIT solar cell. This
reference cell is described by the following parameters of the 2-diodes equivalent circuit: a
saturation current Jo; = 11.14 fA/cm?, a recombination Jo2 = 6.871 nA/cm?, a serie resistance Rs = 0.7
Ohm.cm?, a photogenerated current Jp, of 37.65 mA/cm? and an infinite shunt resistance. Moreover,
to simplify the discussion, only light absorption and backscattering (i. e. volume effects) have been
considered, assuming that the refractive index is the same for all approaches. This is a substantial
simplification, since for example in approach 1 and 3, the refractive index becomes much greater
than 1.5 in UVs.

The results are summarized in the Table 1.

Effecton I, ‘ Approach 1 ‘ Approach 2 | Approach 4
Only absorption (%) -2.16% -21.33% -0.79 % -1.86 %
Only backscattering (%) / / -10.10 % -0.81 %
Remaining (%) 97.84 % 78.67 % 89.11% 97.30 %

Table 1: Losses on photo-generated current due to absorption and backscattering for each of the four approaches.
(Reference is a non-absorbing and non-diffusing encapsulated bulk heterojunction silicon PV module)

The most accurate approach (approach 4) predicts a loss on the Isc by absorption of 1.86 % and a loss
by backscattering of 0.81 %. In term of power conversion efficiency, this corresponds to -0.38 %.ps in
efficiency of the module from absorption, and -0.17 %abs from backscattering. Thus, the fact that the
encapsulant diffuses light has a significant detrimental impact on the cell to module efficiency
decrease, that should be considered when selecting encapsulant.

Moreover, it must be noted that the parameter extraction used also has a significant impact on the
performance prediction. For instance, the isotropic scattering model tends to overestimate light back
scattering (-10.1 % compared to -0.81 %) and specular models tend to overestimate absorption (-2.16
% for approach 1 and -21.33 % for approach 2).
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5. An example of application of the 4-flux model: comparison of high and
a low UV cut-off highly diffusive TPO optical properties

This part is devoted to the presentation of the results of two diffusive encapsulants of the TPO’s
family. The first one has been designed to absorb UVs (high UV cut-off) to prevent the module from
degradation and ageing due to UV at the expense of module performance, while the second one lets
them pass through (low UV cut-off). Although the exact composition of both materials has been kept
secret by the manufacturer, the two material differs only by the presence of UV absorbers in the high
cut-off TPO encapsulant. The nominal thickness of the two encapsulants, as claimed by the
manufacturer, is 600 um. The 4-flux model previously presented has been applied to both
encapsulants, and the results are presented in the following.

5.1 Optical parameter extraction of high and a low UV cut-off highly diffusive TPO

The quality of the fit obtained for both encapsulants in term of “root-mean-square error”
RMSE is shown in Figure 11. In the Visible-Infrared range, the error on both samples is similar, on
average less than 0.1 %. In the visible range, the error increases as expected when the wavelength
decreases, because light scattering becomes more and more important. For the high UV cut-off
encapsulant, the error in the UVs drops to 0.1 % in the UV range, because the scattered flux is
completely absorbed, while it remains high for the low UV cut-off encapsulant. For both samples the
maximum error remains as low as 0.6 %, which is a satisfactory result.
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Figure 11: Root mean square error obtained in the extraction of optical parameters using the 4-flux method for high and low
UV cut-off TPO samples.

Extracted optical parameters are given in Figure 12. The absorption coefficient a is found
similar for the two samples from 450 to 2500nm, and significantly different in the UV range. This
result is expected and shows that the extraction is reliable: different samples give identical results
over the spectral range where their difference in chemical composition has no impact.

The results on the refractive index are also similar, it decreases from 1.49 in the UVs to 1.44
in the infrared at 2500 nm. A Sellmeier model, representative of transparent materials in the visible-
infrared range, can satisfactorily model the spectral variation of the index. The local decrease present
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at 2100 nm is probably a measurement artefact. Indeed, the refractive index is the real part of the
complex index, and the absorption coefficient is related to the imaginary part. These two parts are
linked by the Kramers-Kronig relations: a local variation of the optical index must be associated with
a local variation of the coefficient, in a way that can be described by the Lorentz oscillator model.
However, the absorption at 2100 nm is not the strongest of the spectral range, there is no reason it
should cause a local variation of the index.

In both cases, the scattering coefficients show a similar variation in power law for both samples. It is
more important for high-cut-off TPO, due to the presence of additional scattering particles (probably
UV absorbers). Especially in UVs, it becomes ten times higher than for low cut-off TPO. Although it
appears to be more diffusive, the diffusion lobe is slightly more specular for high cut-off TPO, as
shown by the higher values of the g-asymmetry factor. However, the overall trend is similar for both
samples: a more specular lobe in the UV-Visible (average g = 0.85) which becomes more and more
isotropic in the infrared (g = 0.2 at 2400nm).
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Figure 12: Optimization results of the optical constants of low (yellow) and high (blue dotted) UV cut-off TPO: absorption
coefficient (a), refractive index (b), scattering coefficent (c) and asymmetry parameter (d).
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5.2 Impact of extracted optical parameters on the performance estimation of silicon photo-
voltaic module encapsulated by low and high UV cut off

For the two 600 um thick encapsulants, the effect on the photo-generated current is reported in the
Table 2. The absorbed part represents a loss of 1.67 % in the approach of low cut-off TPO and rises to
3.81 % loss for low cut-off TPO: this represents an additional 2.1 % loss. The backscattered portion is
about 0.7-0.8 % for both encapsulants, which is consistent with the values of nearly similar scattering
coefficients.

Effecton I, TPO High UV Cut-off
Only absorption (%) -3.81% -1.67 %
Only backscattering (%) -0.77 % -0.73 %
Remaining (%) 95.48 % 97.58 %

Table 2: Effect of optical constants on the photo-generated current (absorption and backscattering) for both sample of TPO
(high and low UV cut-off).

Considering the reference cell described in the part 4.6, the absorbed part induces a loss of 0.86 %abs
for the low cut-off and 0.38 %.ps for the high cut-off TPO. The backscattered portion induces an
identical loss of 0.17 %.ps for both samples.

In conclusion, the application of the 4-flux extraction model to two encapsulants of the same nature
(TPO) but with a different behaviour in term of UVs absorption, appears consistent: similar values of
optical constants (a, s, n, g) for wavelengths greater than 500 nm have been found. In the UV range
however, the high cut off encapsulant has been found more absorbing, and a slight increase of the
scattering coefficient, most likely due to the presence of UV absorbers, has been observed.

The higher absorption of high UV cut-off encapsulant results in 2.1 % higher photo-generated current
losses Is.. The scattering coefficients being similar, the associated losses due to backscattering on the
Isc are similar. For comparison, a UV-Transmissive EVA would cause an absorption loss of only 0.5 %.
Characterized TPOs are therefore much more absorbent than EVA, and in addition generate
backscattering.
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6. Conclusion

Some of the new encapsulants used in PV modules are much more volume diffusive than the
historical EVAs, such as the TPO and POE families. Characterisation of the optical constants of these
materials is important for simulation (analytical model or ray-tracing), numerical prototyping and loss
analysis of various PV module technologies. However, until now, light scattering effects in
encapsulant volume were not properly included in the simulation of module performance losses.

This work shows that in order to correctly reproduce the measurements of spectral
collimated and diffuse reflectances and transmittances a 4-flux model is required,
combiningthehistorical model of Maheu et al., 1984, and the tabulation of Rozé et al., 2001. This
later makes it possible to overcome the fit of the average crossing parameter and forward scattering
ratio, the two parameters being expressed as a function of one, the asymmetry parameter of the
Henyey-Greenstein phase function, reducing the number of extracted parameters.

Moreover, we have proposed an approximated procedure to calculate more precisely the bi-
hemispherical reflectance coefficient of the diffuse flux accounting for anisotropy. Using this model,
a numerical procedure of optimisation, based on the minimization of the root-mean-square error,
has been implemented to extract the absorption coefficient a (m?, the scattering coefficient s (m™),
the asymmetry factor g and the refractive index n from the measurement of the total transmittance
T;, the diffuse transmittance T,;, the total reflectance R; and the diffuse reflectance R.4. This
procedure combines experiments performed on two samples of different thickness for a better
accuracy. The results obtained with this innovative approach have been compared with more
conventional approaches, neglecting diffusion or assuming isotropic scattering, both on specular and
diffusing encapsulants: it turns out that the improved 4-flux model is the best approach to reproduce
accurately experimental data and obtained reasonable values of the optical parameters, and in
particular the refractive index.

The proposed 4-flux model allows the accurate calculation of the absorption and
backscattering that will take place in a module encapsulant, and the associated losses on photo
generated current weighted by the EQE and the AM1.5 spectrum.. To the best of our knowledge,
such backscatter loss has never been mentioned in cell to module analyses until now. As an example,
results on two 600 um thick TPO encapsulants (one high UV cut-off and the other low UV cut-off)
show a backscatter loss of 0.75 % on average, and a loss on the I, by absorption of 1.67 % for the
low cut-off against 3.81 % for the high cut-off.

Any study on module lifetime must take into account the evolution of optical parameters,
not only silicon-based modules. The yellowing of some materials and the appearance of moisture
ingress change the absorption and scattering of the material: the application of the presented
method could be of great interest for durability studies. Also, in the future, this 4-flux model could be
generalized to include emission terms and account for changes in wavelength, to deal with
luminescent down shift encapsulants.
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