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Abstract

Building Integrated Photovoltaic systems can produce a significant portion of the

energy demand of urban areas. Despite their potential, they remain a niche technol-

ogy that architects and project engineers still find esthetically limited. The dark blue

or black color of standard photovoltaic panels is considered inappropriate for restora-

tion projects of historic buildings and represents a major constraint on the develop-

ment of new projects. This work will provide insight into how the use of optic filters

can offer new pathways for architectural acceptance of photovoltaic panels. Optic fil-

ters selectively reflect or transmit light by interference and can be designed and fabri-

cated using cost-effective and industrially compatible processes. By using in-house

developed ray tracing software coupled with TCAD Sentaurus, more than 400 colors

were obtained, and their impact on the opto-electrical performance of interdigitated

back-contacted solar cells was studied. Results show a maximum efficiency loss of

1.6% absolute at the perpendicular incidence of light on the range of obtained colors

when compared with a standard dark blue solar cell. Simulations for different angles

of incidence showed that the current reduction on the standard device could be

modeled using a cosine relationship. The colored cells, however, deviated signifi-

cantly from this relationship. We propose that the angular behavior of any cell

(colored or standard) could be simulated by modifying the effective irradiance with

scaling factors equal to the ratios of the photogenerated current at any angle with

respect to the value at normal incidence. We demonstrate that this approach accu-

rately models the effect of the color filter and allows for an easy transition from a

bare cell to an encapsulated one. Due to the spectral effect of the filter, we devel-

oped both a spectrally resolved optical model and a two-dimensional finite volume

transient thermal model. In case of the optical model, we demonstrate an accuracy in

the prediction of the reflectance produced by the color with values of mean bias

error (MBE) between 2.0% and 3.9%. As for the thermal model, it was validated by

first analyzing a standard model under conditions of nominal operating cell
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temperature and then comparing its results with published scientific literature. Later,

we compare its prediction against 2 weeks of measurements. In both cases the

thermal model proves an adequate accuracy, yielding differences below 1.5�C with

respect to other scientific works and an MBE value of 0.89�C as well as a root-

mean-square error value of 2.10�C for the entire measurement period. With the

validated models, we studied the effect of the encapsulation on the color perception.

We present two options of color filters. The first one produces relatively low reflec-

tance losses and presents relative annual direct current (DC) energy losses of up to

6.4% for Delft, in the Netherlands, and up to 5.9% for Alice Springs in Australia.

However, this first option has very poor color brightness. The second studied filter

produces highly saturated bright colors. Improving brightness can increase the annual

DC relative losses up to 13.7% and 13.5% for Delft and Alice Springs, respectively.

Overall, we demonstrate that colored filters based on multilayer optical stacks are a

versatile option for coloring cells that allow a good compromise between esthetics

and performance.

K E YWORD S

BIPV, c-Si Solar Cells, colored modules, color perception, performance assessment, solar
energy

1 | INTRODUCTION

Urban areas are among the largest contributor of CO2 emissions,1 and

this trend will significantly increase in the coming years.2,3 To reduce

the carbon footprint of cities and towns, most of the countries are

making efforts to produce carbon-neutral buildings in next decades.4

In the United States, for example, the Department of Energy (DoE)

seeks to halve the energy consumption of buildings by 2030. To this

end, the DoE is focusing its efforts on solar water heating and Building

Integrated Photovoltaic (BIPV) systems.5 The latter can replace a stan-

dard roof or façade as they generate electrical energy and provide

protection from environmental condition.6 In the Europe Union too,

the directive related to the energy performance of buildings

(2018/844/EU) establishes that member estates must create

roadmaps to reduce the greenhouse gasses emissions by 80%–95%

compared with 1990 by creating an energy efficient building stock

either via new project developments or effective renovation of exis-

ting structures.7 To achieve these objectives, the International Energy

Agency (IEA) argues that BIPV implementation must be a priority.8

BIPV systems deployed in available areas can substantially

contribute to urban energy needs. In the United States, 58% of the

residential electrical energy demand could be supplied by BIPV

systems. For Germany, United Kingdom, and the Netherlands this

figure is around 30%.9 Yet, despite this potential, BIPV systems

remain a niche technology with less than 2% of market share.10

Several barriers hinder BIPV market growth, such as the lack of

standards, little synergies among stakeholders, performance issues,

elevated costs, no specific governmental incentives, and esthetic

limitations.11,12 Architects and project engineers have expressed that

color and shape of modules are a limiting factor for BIPV implementa-

tion.13 Among several technical requirement that these new products

must have, color versatility is one of those. Several techniques have

been introduced to change the esthetics of standard photovoltaic

(PV) modules. With respect to color, the use of automotive paints on

the front side glass14 has been proposed. Additionally, implementation

of ceramic inks on glass can also produce incredibly versatile

esthetics.15,16 Some solutions are focused on coloring the polymer

used as encapsulant,17 while other solutions focus on coloring the

cells, like implementing dielectric resonant nano scatterers18 or the

use of textured structures on the Glass/EVA interface.19 One technol-

ogy, however, that can be applied both on cells and the glass is optic

color filters (hence referred as Color filters). Among all the available

technologies, color filters have shown great potential in terms of color

saturation and reduced performance losses, albeit with an increased

cost.17 Given its marked technical advantages, this last technique was

selected as the focus of this work.

This research seeks to provide insight on how color filters can be

used to provide esthetic flexibility to BIPV systems based on crystal-

line silicon (c-Si) modules. The selected architecture is based on inter-

digitated back-contacted (IBC) c-Si solar cells. Such technology

currently holds the highest conversion efficiency (η) not only at cell

level at laboratory scale20,21 but also at module level among all

commercially available technologies.22 Moreover, as both metallic

contacts are at the back side of the cells, modules based on such

architecture result in a pleasant and homogeneous esthetic. Combin-

ing our in-house developed ray tracing software coupled with device's

physics modeling platform, optical cell-to-module (CTM) losses model

and energy yield model, we can predict not only the appearance of
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colored IBC c-Si modules, but also their angular- and location-

dependent energy yield performance for BIPV applications.

2 | BASIC THEORY OF OPTICAL FILTERS

2.1 | Fundamentals of multilayer optical systems

Optic filters (OF) are multilayered systems designed to deliver a

desired wavelength-dependent reflection or transmission of light.

With proper design, these optical devices can provide very high values

of transmittance/reflectance (reaching 99%) at a given wavelength,23

the so-called Bragg wavelength (λΒ), and exhibit a so-called photonic

bandgap (Δg).
24 This is the width of the reflectance peak produced by

the design of the filter. The working principle of an OF is based on

light interference. As shown in Figure 1A, when a thin layer of a mate-

rial with given refractive index (nL) and thickness dL is deposited

between an incident medium and a substrate (with refractive indexes

of n0 and ns, respectively), such that n0 < nL < nS, the rays reflected at

point A of the first interface defined by the media n0 and nL can inter-

act with the one reflected at point B of the second interface, at point

C. Depending on the phase shift of the ray which is related to the

refractive index and the thickness of the medium, either constructive

or destructive interferences can occur leading to an increase or

decrease of the reflected ray, respectively.25

Mathematically, to produce destructive interference of a photon

of wavelength λ at normal incidence (θ = 0�) in Figure 1A), the thin

layer with a refractive index of nL should have a thickness equal to:

¼ λ=4nL. This design is commonly known as a Quarter Wavelength

Optical Thickness (QWOT) layer. In this work, we have modeled OFs

based on two materials with a refractive index mismatch. Both the

high refractive index (nH) and the low refractive index (nL) materials

constituting the OF can be intersperse and deposited on the surface

(see Figure 1B). To achieve a desired reflectance (R) profile, the

pattern of the two-media constituting the OF can be varied in differ-

ent ways (thicknesses and position of nL and nH). Each pattern defines

the so-called period (p), as indicated in Figure 1B. For example, an OF

which delivers high reflectance in a narrow wavelength range can be

obtained by using many periods in the multilayer stack. An OF with a

period based on two materials (nL, nH) can provide high reflectance

either by deposition of an even number of layers on a nL/nH sequence

or an odd number of layers for a nH/nL one.
23 For these setups, their

reflectance is given by23:

R¼
1� nH

nL

� �2p
� n2Hns

1þ nH
nL

� �2p
� n2Hns

0
B@

1
CA

2

ð1Þ

while their photonic band gap Δg can be estimated as follows.26

Δg ¼4
π
�sin�1 nH�nL

nHþnL

� �
ð2Þ

Since the purpose of the OF is to provide esthetic flexibility with

minimum optical losses, the following design guidelines were consid-

ered for this study:

1. Materials composing the filter must have an energy bandgap equal

or higher than 2.75 eV (i.e., wavelength shorter than 450 nm) to

mitigate parasitic losses due to photon absorption. Furthermore, as

expressed in Equation 2, we consider two potential design options

in this study. Option 1 is a filter with a low refractive index

difference nH�nLð Þ and Option 2 with a higher value of this same

difference. We selected these two options to analyze how color

saturation and brightness can be tuned by slight modifications of

the optical properties of a given material.

2. The filter design should provide flexibility on installation. It could

be deposited on the encapsulating glass of a PV module or on

F IGURE 1 (A) Optical system comprising a thin film layer (n = nL) of thickness dL in between an incident medium (n = n0) and a substrate
(n = ns). A ray of a given wavelength (black line) is reflected both on the surface of the layer (A) and the surface of the substrate (B), their optical
paths AD and ABC, respectively, are dependent of the layer thickness dL. For a given thickness dL both rays interact producing constructive
(bolstering reflectance) or destructive (bolstering transmittance) interference. (B) The reflectance or transmittance of any surface can be tuned by
using multilayer optic filters. This is done by tuning the thickness of the layers, the optical properties of the materials used, and how they are
arranged in the filter [Colour figure can be viewed at wileyonlinelibrary.com]
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the cell itself. For the former application, fabrication, and installa-

tion of the filter need to be decoupled. See Appendix A for more

details.

The color tuning OF used in this work was designed based on two

dielectric layers: silicon dioxide (SiO2) and silicon nitride (SiNX). The

first reason for selecting these materials is related to the deposition

method. Deploying Plasma Enhanced Chemical Vapor Deposition

(PE-CVD), both materials can be quickly deposited. Deposition rates

for the SiO2 and SiNx on this study were 26.4 and 18.2 nm/min,

respectively, for the case of Option 1. More information of the

manufacturing process can be found in Appendix A. The second rea-

son is that SiO2/SiNX layers significantly improve color purity and

brightness and exhibit low parasitic losses.27 On a potential upscale

scenario, a single-sided, low-CAPEX and high throughput28 physical

vapor deposition technique, such as sputtering,29 could be suitable to

manufacture these devices.

By tuning the bandgap of SiO2 and SiNx, achieved by adjusting

the deposition parameters during fabrication, the first

abovementioned guideline is met (See Appendix A). Filter Option 1

deployed a refractive index value of SiNx of nH = 1.73. Whereas

Option 2 used a SiNx with a refractive index value nH = 2.10). To

produce bright colors, a stack of 10 pairs of SiO2/SiNX was used for

both filter options.

2.2 | General behavior of OFs at different angles
of incidence

The reflectance profile of a multistack OF is not independent from the

angle of incidence of light, as Figure 2A shows. Increasing the angle of

incidence, the high reflectance region of an OF applied to a polished

surface tends to shift towards shorter wavelengths compared with

the one designed for normal incidence. This effect is related to the

change of the optical light path through the layers of the filter which

was designed only considering normal incidence. This leads to a wave-

length shift of the constructive interference.23

For textured surfaces, the angular behavior of the OF is different

compared with flat surfaces. As Figure 2B depicts, when the angle of

incidence increases, the Δg width expands. The wavelength at which

the R has a peak remains constant at least for angles between 0� and

40�. At larger angles of incidence, the peak of R shifts slightly towards

longer wavelengths. This behavior is highly dependent on the type of

texturing the device has. Figure 2B reports the simulated reflectance

change for a OF-coated and pyramidally textured c-Si wafer (slope of

54.7�). This is the reason why, as the angle of incidence approaches

this value, the reflectance spectra present a larger photonic bandgap

and reflectance peak.

Given their ability to modify the way a surface reflects light, OFs

have been studied for various applications on PV devices. For

example, studies have been performed to assess their suitability as

metal-free back reflectors.30–32 Also, other works focus on their use

to produce colored cells.33 Color filters, however, require a specific

modeling approach to reasonably assess their impact on the perfor-

mance of colored cells, particularly considering their spectral nature.

3 | MODELING FRAMEWORK—CELL LEVEL

The modeling framework presented in this investigation is divided in

two parts. First, a study on how the implementation of an OF affects

the performance of a c-Si solar cell. It is important to highlight that we

do not consider any potential effect that the manufacturing process

might have on the cell when the color filter is deposited. From the

study, we investigate how the behavior can be modeled using stan-

dard electrical models. We latter extrapolate this method towards

fully encapsulated cells and examine the effect that the color filter

deposited on cells has on the direct current (DC) energy yield and

operational temperature of PV modules installed in two different

locations.

F IGURE 2 (A) Simulated effect of increasing the angle of incidence on the reflectance profile of a color filter deposited on a flat glass surface.
Such a filter is formed by 10 pairs of SiNX/SiO2 (90 and 110 nm, respectively). (B) Simulated effect of increasing the angle of incidence on the
reflectance profile for the same filter layout as in (A) but deposited on a pyramidally textured solar cell surface. The wavelength at which R is
maximum remains within a small range up until 40�; then the reflectance across all wavelengths starts to increase
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We begin with the optical effect that the OF has on the appear-

ance of surfaces. To this end, GenPro434 is used to calculate the

reflectance produced by a color filter. A color perception model pro-

vides an estimation of the color produced by a given combination of

thickness values of the materials used on the filter.

Given a certain color, we are interested in simulating the

impact of the color tuning OF on the conversion efficiency of our

selected structure (an IBC c-Si solar cell) not only when the OF

covers the cell itself but also for different angles of incidence

(AOI). To this end, we deploy TCAD Sentaurus to study the effect

of the filter on the electrical quality of the cell. From this knowl-

edge, we demonstrate that by calculating color-specific and angle-

dependent modifying factors, the optical losses introduced by the

OF can be modeled by using these factors to scale the effective

irradiance reaching the cell. The open circuit voltage (VOC) and the

fill factor (FF) of the colored cells are instead mostly independent

from the OF in place, something that we shall show in the follow-

ing section. Furthermore, we corroborate that these angular scaling

factors are the same whether calculated from Sentaurus or from

GenPro4. This allows the direct use of a two-diode electrical

model, simplifying the modeling process, particularly the extrapola-

tion to module level.

3.1 | Selected solar cell structure

The inset of Figure 3A depicts an IBC architecture based on poly-Si

carrier-selective passivating contacts.35 This device, designed, man-

ufactured, and characterized at our facilities,36 was used as the refer-

ence case for the performance assessment. Measured external

quantum efficiency (EQE) spectrum and current density-voltage (J-V)

curve of the selected device are reported in Figure 3A,B, respectively.

The conversion efficiency of this device is 21.36%.

The opto-electrical performance of the reference cell is the

starting point for assessing how the implementation of a colored filter

affects device performance. To this end, 10 pairs of SiO2/SiNX

(Option 1) with different thickness combinations were modeled onto

the reference cell architecture by means of TCAD Sentaurus.37,38

Device considerations include a random pyramidal texturing at the

front side. Pyramids present a maximum height of 5.6 μm and a fixed

based angle of 54.7�. The thickness of the wafer is 280 μm. The simu-

lation considered a 650-μm-wide rear pitch. Further details of the

complete modeling, simulation, and optimization study of this struc-

ture can be found elsewhere.37,38

3.2 | Optical model

The optical model consists of the following steps: (1) determination of

the reflectance, absorptance and transmittance spectra of a colored

solar cell (bare and encapsulated) and (2) application of a color percep-

tion model to predict the color produced by the filter. The backbone

of both steps is the in-house developed MATLAB®-based ray tracing

software named GenPro4.34

3.2.1 | GenPro4 simulations

GenPro4 (GP4) combines ray tracing and wave optics in a single pack-

age. The core of the software is the extended net-radiation method.

On incoherent layers, GP4 uses the Lambert–Beer and Fresnel law

equations. On multistack optical systems with coherent layers, GP4

deploys a different algorithm based on the characteristic matrix

method described by Mcleod.23 The outputs of the software are the

wavelength dependent absorptance, the reflectance and the transmit-

tance of the optical system modeled. Additionally, GP4 uses the

AM1.5 spectrum to estimate a photogenerated current density

(mA/cm2) by assuming that every photon effectively absorbed on the

cell yields an electron–hole pair. In this work, this implied photocur-

rent density will be defined as Jph.

F IGURE 3 (A) External quantum efficiency (EQE) spectrum and (B) current density-voltage (J-V) curve of the selected reference interdigitated
back-contacted (IBC) solar cell. Insets: (A) solar cell sketch, (B) external parameters of the reference solar cell [Colour figure can be viewed at
wileyonlinelibrary.com]
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3.2.2 | Color perception model

Colors perceived by humans from nonluminous objects depends on

how they are illuminated and how they reflect light.39 The way to

model this phenomenon has been heavily studied during the last cen-

tury.40–42 GP4 is used to design the pattern of the OF required to

deliver a desired R spectrum. The model then converts such generated

spectrum into Red, Green, and Blue [RRGB, GRGB, BRGB] color coordi-

nates to render the color as perceived by humans on a computer

screen. A common standard for evaluating color perception is given

by the Comission Internationale de l'Eclairage (CIE) system.42 An exam-

ple the application of color perception models on solar cells and mod-

ules can be found also on.43 Details of this model, the mathematics

involved, and how R spectrum can be converted to a perceived color

can be found in Appendix B.

3.3 | Electrical model

As stated earlier, the selected model to assess the electrical perfor-

mance of a colored cell is the two-diode model.44,45 As inputs, this

model requires in first place the effective irradiance reaching the c-Si

solar cell, after considering all the optical effects. These effects

include the reflectance, transmittance, and absorptance of all the inco-

herent and coherent layers (glass, EVA, OF, antireflective coating,

etc.). In second place, this model also needs the operational tempera-

ture of the c-Si solar cell.

First, the parameters of a standard device were found by using

the J-V curve obtained for normal incidence as shown in Figure 3B.

The cell area was assumed equal to 153 cm2, which is the area of the

commercial IBC cell from SunPower, the Maxeon generation III.46 The

geometry of the cell can be found in Appendix B.

The fitting method used to find these values was the calculator

devised by47 assuming a cell temperature of 298.15 K. The result from

this fitting can be found oin Appendix B.6. With these parameters, we

applied the two-diode equivalent electrical circuit to calculate the I-V

curve of a solar cell for a vast combination of irradiances and tempera-

tures. Curves were obtained for irradiances ranging from 1 W/m2 to

1200 W/m2 with a resolution of 1 W/m2, combined with cell temper-

atures ranging from �10�C to 120�C every 2�C. In total, 77,935

different IV curves were produced. In the calculation, both the series

and shunt resistances were considered temperature independent.

4 | MODELING FRAMEWORK—MODULE
LEVEL

4.1 | Optical effects of encapsulation on color
saturation and angular behavior

For the case of a module, the effective irradiance reaching the solar

cell is now also determined by the reflectance and absorptance spec-

tra of the glass, the encapsulant ethylene vinyl acetate (EVA), the

colored filter, and the antireflective coating. We used GenPro4 simu-

lations to calculate the transmittance τ0 for normal incidence. This

parameter is defined as the ratio between the light intensity that

reaches the silicon (Icell) and the light intensity reaching the front

surface of the module (IPOA).

τ0 ¼ Icell
IPOA

ð3Þ

We performed the calculations by considering the properties of the

encapsulant glass and EVA shown in Table 1. For the case of a module

without filter (standard case), τ0 was found to be equal to 0.903.

To calculate the plane of array irradiance GPOA, we use the Perez

simplified diffuse irradiance model.50 Typical meteorological year data

obtained from Meteonorm,51 with a 10-min resolution, are utilized to

obtain the following irradiance components: direct (Gdir), circumsolar

(Gc), horizon brightening (Ghb), isotropic diffuse (Gid), and ground

reflected (Ggr). The sum of these components produces the value of

GPOA. To account for the sensible dependence of the colored modules

on the angle of incidence, three different values are calculated for

each time instant.

AOI dir,cð Þ ¼ cos�1 cosθzcosθMþ sinθzsinθMcos θA�θAMð Þ½ � ð4Þ

AOI id,hbð Þ ¼59:7�0:1388θMþ0:001497θM ð5Þ

AOI grð Þ ¼90�0:5788θMþ0:002693θM ð6Þ

where θz and θA are the solar zenith and azimuth, respectively. θM and

θAM are the module tilt and azimuth, respectively. Equations 5 and 6

where extracted from the work of Gilman et al52

4.2 | Thermal model

The spectral nature of the color filter demands a specific modeling

approach for the estimation of the operational temperature. An

important contribution to the temperature of a solar cell comes from

the thermalization of highly energetic photons. The additional reflec-

tance of light within the visible spectrum produced by the color filter

TABLE 1 Physical and optical properties of the layers that
contribute to front side optical losses

Material Thickness Optical properties

Glass 3.20 cm See Vogt et al.48

EVA 0.58 cm See Vogt et al.49

SiNX layer Variable (0–
200 nm)

See Appendix A for both

options

SiO2 layer Variable (0–
200 nm)

See Appendix A for both

options

Antireflective

coating-SiNX

78 nm See Procel et al.38
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can result in lower operational temperatures when compared with a

standard solar cell. Moreover, different colors generate different

effects on the cell temperature, depending on the wavelength range

in which they reflect. To assess this effect, we have developed a two-

dimensional finite volume transient thermal model based on the work

of Aly et al.53

From GenPro4, we calculate the spectral absorptance at each

layer of the PV module for a wavelength range from 300 to 1800 nm.

We estimate the spectral irradiance by calculating, at every time

instant, the value of air mass. We then used SMARTS54 to obtain a

spectral direct normal incidence irradiance and a spectral diffuse hori-

zontal irradiance. With these, alongside the Perez transposition

model,50 we obtain the spectral plane of array irradiance. We finally

estimate the volumetric heat generation at each layer of the PV mod-

ule by multiplying the spectral absorptance at each layer with the irra-

diance that reaches it and integrate over the whole wavelength range.

We divide the module into finite volumes, each represented by a

node (see Figure 4). At each node, we carried out an energy balance

equation, which depends on the node location within the module. A

surface node, for example, has three different heat transfer mecha-

nisms: convection and radiation from the front surface with the ambi-

ent and conduction with the nodes inside the material (see nodes

2 and 11 in Figure 4.) and conduction from the nodes that depict the

layers above or below the surface node. In general, the thermal bal-

ance equation is defined as follows:

_Einþ _Egen ¼ _Est ð7Þ

where _Ein represents the energy flow entering (or exiting) a node; _Egen

is the generated energy flow, which in this case, is produced by light

absorption of the different layers on the PV module; and _Est is the

energy stored in each node.

All the equations deployed for this thermal model can be found in

Appendix B. Overall, our thermal model has the following

assumptions:

1. The space between cells is not considered. The solar cell is

modeled as a continuous layer over the entire module geometry.

2. Radiation and convection on the sides are neglected. Aly et al.

demonstrated that this assumption leads to very low error.53

3. The frame of the module is not considered in this calculation.

4. The thermalization losses are calculated considering an energy

bandgap that is temperature independent. More details on the cal-

culation of the thermalization losses and on the thermal properties

used for these calculations are reported in Appendix B.

5 | SIMULATION WORK AND VALIDATION

5.1 | Color perception results

We established that variation of the thicknesses of the layers inside

an optical stack changed the wavelength value at which the reflec-

tance reached a maximum value. With an OF Option 1 as base, the

thickness values of both the SiO2 and the SiNX were varied from 0 to

200 nm in steps of 10 nm. The color perception model was used to

build color matrices, which depict the predicted color appearance at

normal incidence. Two matrices were considered, one for the case of a

color filter deposited on glass (as in Figure 5A), another for the case of

the filter deposited on a bare cell. Figure 5 shows the different colors

obtained for all thickness combinations. The matrices show that the

deposition of the filter on the textured surface of a bare solar cell pro-

duces colors with lower brightness compared with the case of a color

filter deposited on flat glass.

F IGURE 4 The spectral thermal model divides the photovoltaic (PV) module structure into finite volumes. Each volume is represented by a
node. At each node, an energy balance is carried out depending on the heat transfer mechanisms associated with the node. The model allows the
user to set the number of vertical and horizontal nodes. (A) The structure of the PV module has 12 different nodes in which the energy balance
equation is unique, the remaining nodes have a similar equation to any of these 12 options. (B) Example of a central node located within two
materials (see. e.g., node 8 on (A)). The energy balance for this node consists of conduction of heat from the adjacent nodes both on the vertical
axis and the horizontal axis [Colour figure can be viewed at wileyonlinelibrary.com]
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To quantify this, we calculate the coordinates on the Hue Satura-

tion Value (HSV) color space of two selected combination of thick-

nesses: (90 nm of SiO2, 110 nm of SiNX) and (50 nm of SiO2, 110 nm

of SiNX). These combinations yield a bright orange and a bright green

color, respectively, when deposited on flat glass, as shown in Figure 5.

Similarly, they produce a dark brown and a dark green color, respec-

tively, when deposited on the solar cell. The conversion from RGB to

HSV is relatively simple via the MATLAB® image processing tool. The

values of HSV for the selected colors for each case can be found in

Table 2.

Table 2 shows that a specific color filter deposited on flat glass

produces higher brightness compared with deposition on a textured

solar cell (denoted by the third coordinate V of the HSV values). The

first coordinate (H) denotes the hue of the color. To find its position

on the cylindrical coordinate of the color space, the value of H must

be multiplied by 360�. The color space starts with reds (0�), and it is

followed by orange, yellow, green, cyan, blue, and magenta at every

60�, respectively. The saturation value can be maximum both on dark

and bright colors (coordinate S). The explanation for this is outside the

scope of this paper, but more information can be found in Lumb

et al..55 The calculation of HSV helps to analyze the effect of encapsu-

lation on a colored solar cell.

5.1.1 | Validation of the color perception model

It is important to note that colors perceived in Figure 5A can be

deceiving. Since the system is an OF on glass, gray must be taken

as transparent or not perceived color rather than an opaque gray

surface. From this color matrix three colors were selected for

fabrication as summarized in Figure 6. Three OFs (based on design

Option 1) showing a red, yellow, and green color appearance were

designed and realized on glass. The thicknesses of the layers

composing the different colored OFs are indicated also in Table 3.

Photographic evidence of the fabricated samples is in good agree-

ment with colors predicted by our model as shown in Figure 6. The

R spectra exhibited by the fabricated filters were measured using a

spectrophotometer. They are presented in Figure 7 alongside simu-

lated results, showing good agreement in the wavelength range

between 380 and 1180 nm.

F IGURE 5 Differences in color perception according to the placement of the color filter: (A) color matrix for 10 pairs of SiO2/SiNX layers
deposited behind the front glass, (B) color matrix for 10 pairs of SiO2/SiNX layers deposited directly on the c-Si solar cell. Placing the filter on the
front textured surface of a solar cell produces color with a brightness lower than placing it on the flat surface of the glass. The white squares
represent the selected colors used to compare the colors on the Hue Saturation Value (HSV) color space [Colour figure can be viewed at
wileyonlinelibrary.com]

TABLE 2 RGB coordinates and HSV
coordinates of two different color filters:
one deposited on flat and another on
nonencapsulated colored solar cells

Surface SiO2/SiNX thickness (nm) R-G-B color coordinate HSV color coordinate

Flat glass 90/110 204-077-077 0.00-0.62-0.80

Textured cell 90/110 170-089-000 0.08-1.00-0.66

Flat glass 50/110 125-221-025 0.25-0.88-0.86

Textured cell 50/110 000-121-049 0.40-1.00-0.47

Abbreviations: HSV, Hue Saturation Value; RGB, Red, Green and Blue.
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The mean average error (MAE) and the mean bias error (MBE) of

the measurements were calculated as follows:

MAE¼
Pn

i¼1 yi�xij j
n

Equation 7ð Þ

and

MBE¼
Pn

i¼1 yi�xið Þ
n

Equation 8ð Þ

where yi is the predicted value, xi is the measured value, and n repre-

sents the number of measured points. The results are presented in

Table 4. Overall, the color model can accurately predict the resulting

surface color once deposited on a flat glass.

The deposition of a multistack colored filter on the textured sur-

face of a solar cell can be accurately translated from the planar model.

In their work, Ingenito et al.32 demonstrated that by increasing the

deposition time on the PECVD machine by a factor of 1.7, the thick-

ness calculated for a planar surface could be obtained on the orthogo-

nal direction to the pyramid facet of a textured solar cell.

5.2 | Electrical model validation

The main objective of this work is to find ways to accurately model

the effect of implementing a color filter on a solar cell in a simplified

way. From an electrical point of view, we decided to test whether the

use of a standard two-diode model could be suitable to this end. The

two-diode model can be described as an analytical expression to

describe the behavior of a solar cell. The model assumes (i) low injec-

tion level conditions, (ii) infinite thickness on the cell, (iii) uniform

generation-rate, (iv) superposition principle, and (v) an ideal behavior

on its diodes and resistances. On the other hand, TCAD Sentaurus

describes the working principles of a solar cell by using the fundamen-

tal equations of a semiconductor. It makes no assumptions and uses

as inputs the properties of the layers and the materials involved on

the cell structure. For this reason, TCAD Sentaurus was deployed as a

validation step of our approach of how to electrically model a colored

cell with a two-diode model.

To monitor the impact of the color tuning OF on the η of our IBC

c-Si solar cell, if the color tuning OF covers the textured front side of

the device, several SiO2/SiNX stacks were adapted onto the reference

solar cell and modeled. Like the flat case on glass, the thickness of

every material was varied from 0 to 200 nm at 10-nm steps. The color

matrix of the colored filters applied to our textured IBC c-Si solar cell is

reported in Figure 5. As stated before, the obtained colors are less

bright with the respect to those deposited on glass owing to the front

texturing of the device. On the other hand, the front texturing yields

lower R values at the wavelength of design and, therefore, lower opti-

cal losses. The EQE spectra obtained by placing the color tuning OF on

the textured device before encapsulation of a dark green cell and a

brown cell are shown in Figure 8A. The impact of the dark green and

the brown OFs on the J-V curves is shown in Figure 8B. The EQE spec-

tra of the colored solar cells show a slight increase at a wavelength

value of 400 nm. Since Sentaurus simulations are carried on bare solar

cells, the refractive indexes of the materials that compose the filter

improve the optical performance of the cell's front surface. From a

value of n in the ARC layer (n = 2.4), the tuned SiNX (n = 1.73) and the

SiO2 (n = 1.50) can reduce light reflection at wavelengths outside the

interference range. Additionally, for the case of the brown colored cell,

the dip on the EQE occurs on a wavelength range in which the stan-

dard device absorbs better. Because of this, the impact of this color on

the performance of the cell is greater than the effect produced by the

green filter. We also observe that while the JSC changes significantly

for the presence of the color tuning OF, the VOC and the FF remain

largely color-independent, as reported in Figure 8B. This is demon-

strated by the opto-electrical modeling of colored IBC c-Si solar cells

F IGURE 6 Perceived colors of the chosen optic filters (OFs).
Notice that the three samples are placed above a double textured c-Si
solar cell with standard antireflective coating (ARC). The colors
perceived by placing the filter above a solar device are not altered by
the device. Note that the deposition area of the layers is not
homogeneous, so the desired thicknesses were only achieved in the
middle of each glass sheet [Colour figure can be viewed at
wileyonlinelibrary.com]

TABLE 3 Thicknesses and perceived color of the filters

Color Thickness

SIO2 = 100 nm

SINX = 100 nm

SIO2 = 90 nm

SINX = 100 nm

SIO2 = 40 nm

SINX = 110 nm
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within the complete thickness space of both SiO2 and SiNx. From these

simulations, we extracted the values of VOC, FF, JSC, and η. In Appendix

C we report the trends of η and JSC, respectively, as function of SiO2

/SiNx thickness pairs for the case of the filter Option 1. From the simi-

larity of both trends, the variation in JSC as function of different color

tuning OF is the main driver for the variation in η. Relating to the color

matrix in Figure 5, it is also noticeable that lowest JSC values are

obtained for colors that reflect light in wavelength ranges in which the

IBC utilizes the light better. Considering the reference JSC value and

the values in Figure 8B, a color-specific ΔJSC = JSC-ref - JSC-color map

could be generated. Such a map would help predict the impact that

each color has on the η of a nonencapsulated colored IBC c-Si solar cell

by derating its JSC from the reference value. That is, not accounting for

any potential manufacturing issues, the implementation of a color

tuning OF is not expected to negatively impact on the electrical quality

of the device itself.

To evaluate the effects that values of AOI larger than 0� have

on VOC, VMPP, JMPP, and FF, Sentaurus simulations were carried out

to calculate these performance parameters on both the standard cell

and the green and brown solar cell. The selected values were 0�, 20�,

40�, 60�, and 80�. Results from these simulations are presented by

the J-V curves found in Appendix C and the numeric values shown in

Table 5.

From the simulations from Sentaurus, we concluded that even at

different angles of incidence, the main driver in power loss on both

the colored and standard solar cells is the reduction of current genera-

tion. From Table 5, the voltage variation for all three cases remains

reasonably similar. The biggest difference is found to be of 6 mV

between the standard cell and the brown solar cell at an incidence

angle of 80�. This voltage difference represents a deviation of less

than 1%. For lower AOI values, the differences are in the order of

2 mV or less. Regarding the FF, the maximum difference is of 0.001.

With these two findings, we conclude that the addition of a color filter

produces negligible effects on the values of VOC and FF, even at

higher angles of incidence.

In their work, Balenzategui and Chenlo56 state that the angular

effect on short circuit current density can be approximated by the

following cosine relation:

JSC θð Þ ¼ JSC 0�ð Þ �cos θð Þ ð9Þ

According to Equation 9, the ratio between the JSC at any angle of

incidence with respect to its value at normal incidence equals the

TABLE 4 Mean absolute error and mean bias error of the
reflectance spectrum for each selected color

Color Thickness

MAE = 5.10%

MBE = 2.80%

MAE = 5.30%

MBE = 3.92%

MAE = 4.00%

MBE = 3.57%

Abbreviations: MAE, mean average error; MBE, mean bias error.

F IGURE 7 Measured and simulated reflectance spectra of the (A) red, (B) yellow, and (C) green samples. These OFs resemble the optical
system in Figure 6 R spectra were measured from the glass side of the samples [Colour figure can be viewed at wileyonlinelibrary.com]
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cosine of the angle. For the case of colored cells, such approach can

be inaccurate. To study this, the values of JSC obtained from the

simulations for all cases were used to calculate a short circuit current

angular factor jSC, mathematically defined as follows:

jSC θð Þ ¼
JSC θð Þ
JSC 0�ð Þ

ð10Þ

Notice that according to Equation 9, the value of jSC always equals the

cosine of the angle of incidence. The trends obtained from

Equation 10 for the standard and the colored cells are shown in

Figure C4. The approximation used in Equation 3 is sensible for the

case of the standard solar cell, but not for the colored cells, as their

angular behavior deviates significantly.

The suitability of the two-diode model was analyzed by keeping

all but the light collected current density (JL) parameters constant. The

value of (JL) was changed to the values previously found with

Sentaurus. The calculated jSC factors were used to modify the effec-

tive normal incidence irradiance Gcell as follows:

Gcell θð Þ ¼Gcell 0�ð Þ � jSC θð Þ ð11Þ

The objective is to verify that, if by reducing the intensity of light

without changing the angle of incidence, similar behavior is produced

(see Figure 9). The jSC factor used for each cell is presented in Table 6.

Figure 9 shows that modeling the angular behavior of a cell by using

the angular factor jSC to modify the value of effective irradiance at

normal incidence produces very accurate results. The prediction of

the maximum power point at every angle of incidence, for a standard

and a colored cell, produces very little error, as shown in Table 7.

The complete data for the case of the colored cells can be found

in Appendix C.

We then assessed the suitability of using the implied photocur-

rent density Jph obtained from GenPro4 to calculate the angular

modifying factors jSC. We report the validity of this approach in

Appendix C (Figure C7).

5.3 | Thermal model validation

We validated the thermal model in two steps: First, by simulating the

PV module working under NOCT conditions. The AM1.5 spectrum,

with its DNI and DHI components (on a wavelength range from

F IGURE 8 Simulated effect of a dark green (dashed) and brown (dash-dotted) color tuning Optic filter (OF) on (A) the external quantum
efficiency (EQE) and (B) the J-V curve of a nonencapsulated interdigitated back-contacted (IBC) c-Si solar cell endowed with the color tuning OF
(see inset) compared with a standard cell (blue line) [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 5 External parameters of nonencapsulated standard, dark green and brown colored IBC c-Si solar cells for different angles of
incidence

Parameter 0� - STANDARD 40� 80� 0� - GREEN 40� 80� 0� - BROWN 40� 80�

JSC (mA/cm2) 39.443 29.197 6.045 38.020 26.956 5.255 36.889 25.942 4.958

ΔJSC (mA/cm2) 0.000 �10.246 �33.399 �1.423 �12.487 �34.188 �2.554 �13.501 �34.485

VOC (V) 0.691 0.682 0.634 0.690 0.680 0.630 0.689 0.679 0.628

Jmpp (mA/cm2) 37.022 27.480 5.686 35.732 25.316 4.948 34.655 24.378 4.661

Vmpp (V) 0.577 0.572 0.531 0.576 0.572 0.526 0.576 0.571 0.525

Fill factor (�) 0.784 0.789 0.787 0.785 0.790 0.787 0.785 0.790 0.786

Efficiency (%) 21.362 15.719 3.019 20.582 14.481 2.603 19.961 13.920 2.447

Abbreviation: IBC, interdigitated back-contacted.
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300 to 1800 nm) scaled down and equal to 800 W/m2 was used as

the input of the model. The remaining conditions were set according

to the Standard57: module tilt of 45�, wind speed of 1 m/s, and ambi-

ent temperature of 20�C. The thermal properties of the module were

kept as those reported in Appendix B.4.

The thermal behavior of a standard module was simulated under

NOCT conditions for a duration of 1 h, calculating its temperature

every 5 s. The results, shown in Figure 10, produce a temperature at

quasi-steady state conditions of 47.20�C. The front glass surface pre-

sents a temperature that is almost 1�C lower than the c-Si. Likewise,

the back Tedlar presents a temperature difference of 0.5�C.

These results match the findings of.53 Using equal thermal prop-

erty data, the authors calculated a temperature of the solar cell under

NOCT of 48.75�C for a module that reported a NOCT temperature

value of 47.5�C ± 1.5�C. This represents an error for our model of

3.1% with respect to the authors findings and of 0.6% compared with

the datasheet used as benchmark. Moreover, Peter et al.58 created a

three-dimensional finite element model based on COMSOL multi-

physics. In their findings, they calculated an NOCT temperature of

46.05�C for a crystalline silicon module, with a temperature difference

between the solar cell and the glass of 1�C. Such results match those

obtained with our model framework. This first validation process

allows the analysis of the effect of the color filter on the temperature

of an encapsulated cell and the assessment of its cooling potential

when working under stable weather conditions.

We performed a second validation step to assess the accuracy of

the thermal model when dealing with changing environmental condi-

tions. A 250 Wp module, manufactured in our facilities, was installed

on a rack that was tilted at 30� oriented towards south; further details

of the set up can be found in Appendix B.4. A total of four thermo-

couples were installed with appropriate isolation to the backside of

the module. Measurements of temperature were carried out from the

12 to 24 June 2021 with a time resolution of 1 min.

The spectrally resolved thermal model can follow the behavior of

the measurements with a minutely resolution. For the entire captured

data (12,630 data points) the root-mean-square error (RMSE) is

1.88�C, with an MBE of �0.76�C. Estimation of the daily values of

RMSE and MBE is reported in Table C1. The daily values of both

F IGURE 9 (A) Comparison between the J-V curves of a standard interdigitated back-contacted (IBC) solar cell obtained by Sentaurus
simulation (lines) and those obtained by the two-diode model (markers). (B) The effect on performance for different angles of incidence of light
can be modeled with great accuracy (C) by adjusting the value of irradiance at normal incidence with the angular factor jSC [Colour figure can be
viewed at wileyonlinelibrary.com]

TABLE 6 Values of the jSC angular factors for a nonencapsulated
standard, a green and a brown colored solar cell

AOI Standard Green Brown

0� 1.000 1.000 1.000

20� 0.947 0.925 0.916

40� 0.740 0.709 0.703

60� 0.461 0.414 0.401

80� 0.153 0.138 0.134

Abbreviation: AOI, angle of incidence.

TABLE 7 Error on the estimation of the maximum power point
(mpp) with a two-diode model compared with TCAD Sentaurus for
both a standard, a green and a brown nonencapsulated solar cell at

different angles of incidence of light

Error (%)

AOI Standard Green Brown

0� �0.151 �0.086 �0.028

20� �0.066 0.061 0.152

40� 0.329 0.445 0.525

60� 0.819 0.921 0.927

80� 1.251 1.328 1.409

Abbreviation: AOI, angle of incidence.
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RMSE and MBE are higher compared with those calculated the entire

data set. The model itself performs well, given that the error reported

on other transient models, for entire data sets, is within the range as

that produced here.59,60

5.4 | Effect of encapsulation on color saturation
and application of angular factors on module level
simulations

In Figure 5 we showed that a color filter deposited on a textured

solar cell could produce colors with similar saturation, but lower

brightness, than when deposited on flat glass. However, the

appearance of a colored cell can change significantly due to the

encapsulation. We study this effect by calculating the HSV

color coordinates of the brown and green solar cells after

encapsulation.

Table 8 shows the effect of the encapsulation on the saturation

value of a colored cell. For both the brown and the green solar cell,

encapsulation with a flat glass reduces the perceived saturation of

colors significantly. Moreover, the brown solar cell presents a signifi-

cant change in its hue, meaning that it will not appear as brown any-

more. For the case of the green solar cell, the effect on the perceived

hue is lower, and the cell could still be perceived as a dark green,

although with poor saturation and brightness.

Evidently, good color saturation should be an important aspect on

a module with encapsulated colored solar cells. For this reason, we

studied different ways of improving this aspect. One approach was to

consider the front glass of the PV module with a random micro-

textured pattern. These patterns can be produced via wet etching, as

F IGURE 10 Operational temperature of a photovoltaic (PV) module under NOCT conditions. (A) Temperature profile after 1 h of simulation
time of all the layers of the PV module. (B) Transient behavior of the c-Si cell inside the PV module [Colour figure can be viewed at
wileyonlinelibrary.com]

TABLE 8 Effect of the encapsulation on the saturation of colored solar cells (a), when the cells are encapsulated with a flat glass layer (b), the
saturation value of the bare cell drops dramatically, and when the front surface of the glass is textured (c), in some cases, the saturation value

increases to high values but the hue changes

Perceived color Brown Green Encapsulation effect Front glass texturing effect

H-S-V coordinates 0.08-1.00-0.66 0.40-1.00-0.47 0.84-0.15-0.31 0.45-0.34-0.32 0.23-0.31-0.34 0.54-0.80-0.31

Structure

(a) (b) (c)
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shown by previous studies.61–64 On section (c) of Table 8, we present

the effect produced by the texturing on the perceived color of the

cell. For the case of the brown cell, neither the hue nor the saturation

can be restored. There is a slight improvement on the saturation, but

its value remains low. For the case of the green cell, the front textur-

ing improves the saturation significantly, albeit with an important

change on the hue. On both cases, the brightness of the color itself

remains lower than for the case of the bare cell.

The calculation of the color saturation was performed for all the

thickness combinations shown in Figure 5B. Considering encapsula-

tion with a textured front glass (as shown in Table 8c), colors that

presented values of the S coordinate higher than 0.5 were selected,

see Figure C8B. A very small number of colors achieve a value higher

than this threshold. Further ways to improve the S and V values of

encapsulated colored cell involve, for example, modeling different

front glass texturing. If very high color brightness is required, the best

approach is to deposit the filter on glass. This last solution will be

explored on a future publication.

Increasing the difference between the refractive indexes of the

materials that constitute the filter has profound effects on color satu-

ration, as shown by Equation 1. However, Equation 2 also states that

the increasing this difference also affects the photonic bandgap,

which can lead to greater performance losses. Still, given that the

color saturation produced by a filter with a SiNX of n = 1.73 (Option

1) is limited, we explored how changing this property can produced

better color appearance. By implementing Option 2, the color satura-

tion of the encapsulated cell is significantly improved. Figure C16A

highlights this improvement and shows better brightness on the per-

ceived colors as well.

The angular factors jSC (as defined by Equation 10) were

calculated for a range of angles of incidence from 0� to 85� with a

resolution of 5� for all the colors depicted in Figure C16A). The

values of the jSC obtained for a standard module were then

compared with other angle of incidence modifiers models developed

by Martin-Ruiz65 and Marion,66 showing good agreement

(See Appendix C).

Since these factors already consider the effect of absorptance

and reflectance from the glass/EVA/Filter, the irradiance reaching an

encapsulated cell at any AOI is defined as follows:

Gcell θð Þ ¼ τ0 �GPOA � jSC θð Þ ð12Þ

where GPOA is the irradiance on the plane of array of the module.

As explained previously and presented in Figure 8, the implemen-

tation of a color produces changes on the EQE of the cell. Even for

similar peak reflectance, the brown colored cell presents a larger JSC

degradation compared with the green cell. This spectral behavior

needs to be considered when performance calculations are done with

scalar values of GPOA. To account for the spectral sensitivity of a

colored cell, the following color factor (CF) is introduced:

CF¼ JPHcolor
JPHstd

ð13Þ

CF is then defined as the ratio of the photogenerated current density

of a colored cell (JPHcolor) with respect to that of a standard device

(JPHstd) for the same spectrum. In this work, AM1.5 spectrum was

used to calculate this factor for each color.

As the relationship between JPH and Irradiance can be considered

linear,56 CF modifies Equation 12 as follows:

Gcell θð Þ ¼ τ0 �CF � jSC dir,cð Þ � Gdir þGcð Þþ jSC id,hbð Þ � GidþGhbð Þþ jSC grð Þ �Ggr

h i
ð14Þ

with all the respective angular modifiers being considered for each

component of irradiance.

6 | IMPACT OF A COLOR TUNING OF ON
THE DC ENERGY YIELD OF AN
ENCAPSULATED CELL

Once we validated the optical and the thermal models and demon-

strated that the optical losses produced by the filter can be modeled

by scaling down the plane of array irradiance by using angular and

color dependent factors, we calculate the DC energy yield of a col-

ored solar cell.

To this end, we selected five different encapsulated solar cells,

one standard device, without any color filter, two colored cells with a

colored filter made with SiO2/SiNX, for both color filter options

discussed.

Two different locations were selected for this study: Delft, in the

Netherlands, and Alice Springs, in Australia. The former is a location

with an average annual diffuse to global (D2G) factor of 0.531.67 This

means that, on average, due to environmental conditions, the diffuse

component of irradiance dominates over the direct normal compo-

nent. The latter, by contrast, has an average annual D2G factor of

0.211, making it a location with a greater occurrence of clear skies.

For both locations, we extracted weather data from the software

Meteonorm.51 The selected time resolution was 10 min. The modeling

framework was deployed, calculating the effective irradiance reaching

the silicon of the cell, estimating its temperature under the ambient

conditions at the given time instant and, via iteration, calculating its

power production.

6.1 | Effect on operational temperature

Given that the additional reflectance produced by the filter can imply

a temperature reduction, we studied this effect under NOCT condi-

tions, like the validation procedure. For this, we selected the case of

encapsulation with a textured front glass surface.

For the standard device, the operational temperature calculated

under NOCT was 47.20�C. The thermalization losses were estimated

with a wavelength resolution of 10 nm. Figure 11B shows the amount

of energy thermalized by the c-Si cell and the power extracted for a
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wavelength range from 300 to 1800 nm. Notice that the bandgap was

considered temperature independent and equal to 1100 nm.

For the case of an encapsulated colored solar cell, we selected

a color produced by the deposition of a filter based on Option

2. The thicknesses selected in this example were SiO2 = 110 and

SiNX = 80 nm. Figure 12A shows that the colored solar cell reaches a

steady state temperature under NOCT conditions of 44.10�C, which

is 3.10�C lower than the standard cell under the same conditions. This

temperature reduction is driven by a reduction on the thermalization

losses close to 600 nm, as shown in Figure 12B. The effect also

negatively affects the amount of power that can be extracted from

the cell, which is translated into lower electric energy.

We then calculated the steady state temperature under

NOCT conditions for all combination of thicknesses (ranging from

0–200 nm). For Option 1, we found a maximum temperature reduc-

tion of 2.5�C under NOCT conditions. Most of the colors with high

saturation, however, did not present reductions beyond 2.0�C. For

Option 2, the temperature reduction produced is higher, reaching a

maximum of 5.2�C. Bright and saturated colors presented reductions

ranging from 2.0�C to 5.0�C. The results for all color combinations can

be found in Appendix D.

6.2 | Effect on DC energy yield

Finally, we calculated the DC energy yield of the five encapsulated

solar cells. On all cases, the encapsulated front surface was textured

glass. We selected this case as it is the one that yields better

F IGURE 11 (A) Temperature profile of the encapsulated standard solar cell without color filter. (B) Representation of the thermalized power
on the c-Si cell for a wavelength range from 300 to 1800 nm. For this calculation, the bandgap of the cell was assumed independent from the
temperature and equal to 1100 nm [Colour figure can be viewed at wileyonlinelibrary.com]

F IGURE 12 (A) Temperature profile of an encapsulated colored cell with an optic filter with 10 pairs of SiO2 = 110 nm and SiNX = 80 nm
(option 2) under NOCT conditions. At steady state, the encapsulated cell reaches a temperature of 44.10�C, nearly 3�C lower than an
encapsulated standard solar cell under the same conditions. (B) Thermalization losses are reduced due to the additional reflectance required to
change the color appearance of the solar cell [Colour figure can be viewed at wileyonlinelibrary.com]
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saturation and brightness of colors for both options of filters com-

pared with the case of encapsulation with a flat front glass. The cho-

sen colors from both options of color filter can be found in Table 9.

Notice that the colors were selected for a high saturation as obtained

with Option 2, and a comparison is made with the filter produced by

Option 1 with the same thickness combination.

The installation layout assumed that the encapsulated cell is tilted

35� from the horizontal, oriented towards the optimum azimuth

according to the location (i.e., South for Delft and North for Alice

Springs). Also, the backside of the encapsulated cell has no forced

convection on its backside (BIPV condition). All the simulation param-

eters can be found in Figure 13.

The simulation results for each of the selected colors and the

standard devices are summarized in Table 10. For the case of the

color filter with SiNX with a value of n = 1.73 (Option 1), the green

colored cell installed in Delft presents a relative DC yield loss of

2.25% compared with the standard cell. The dark brown color pre-

sents higher relative losses of 3.93%, despite its poor saturation. On

Alice Springs, the relative energy loss for the green cell is slightly

lower compared with Delft, with a value of 2.23%. Similar case is

found for the dark brown cell, which on the Australian city presents a

relative annual yield loss of 3.57% compared with the standard case.

Of all the colors that can be produced from this filter option, the

maximum relative DC energy yield loss for Delft was of 11.3%,

whereas on Alice Spring it was found to be of 10.9% (see Appendix D

for the full overview of all color combinations). In Alice Springs the

losses were slightly lower than Delft due to a slight better thermal

performance of the colored cell.

When the refractive index of the SiNX is increased to n = 2.1

(Option 2), the increase in saturation is followed by a decrease in the

relative annual DC energy loss compared with a standard solar cell.

For Delft, the green colored cell has an 8.15% relative DC yield loss,

whereas the brown colored cell presents a relative loss of 10.95%. In

Alice springs, the relative loss was 7.73% for a green colored cell,

whereas the brown cell presented relative losses of 10.55%.

For Option 1, the colors that present a saturation value above 0.5

(shown in Figure 13) yield relative DC yield losses in Delft that range

from 1.20% to 2.70%. However, the color with the least relative loss

(1.20%) is a green color that, despite presenting a relatively high satu-

ration color, presents a very low brightness. This is a general trend

F IGURE 13 Simulation parameters for the direct current (DC) energy yield calculation. The simulated structure was an encapsulated
interdigitated back-contacted (IBC) solar cell with a textured front glass. All the colors produced by the combination of the different thicknesses
from each color filter were simulated by using typical meteorological year (TMY) data obtained from Meteonorm. The selected time resolution
was 10 min [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 9 Selected colored cells for DC energy yield assessment

Filter Thickness 1 Perceived color 1 Thickness 2 Perceived color 2

Option 1

SiO2/SiNX (n = 1.73)

110 nm/80 nm 130 nm/100 nm

Option 2

SiO2/SiNX (n = 2.10)

Note: The perceived colors account for the effect produced by the encapsulation.

Abbreviation: DC, direct current.
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observed on all the colors produced with this filter. Losses for Alice

Springs share a similar trend with relative yield losses that range from

1.10% to 2.20%.

Option 2 offers much better results not only in terms of satura-

tion but also in terms of brightness. For Delft, relative yield losses

range from 0.50% to 12.90% for colors with saturation values above

0.5. Like Option 1, the colors with low losses lack brightness. A combi-

nation of both is desirable from an esthetics perspective. To produce

such combination, losses increase in the rage from 7.00% to 12.90%;

this is consistent with findings from the works of Kutter et al.17

Notice that a filter can produce a color with poor saturation, poor

brightness, and still present high losses, which is the case of the

brown color produced with Option 1 for the thickness combination

shown in Table 9. This is due to a relatively high reflectance produced

outside the visible spectrum, which increases losses without affecting

color perception.

7 | CONCLUSIONS

We created a computational model to aid the design of a color tuning

OF for PV solar cells applications. The model uses (i) the standard pro-

posed by the International Committee of Illumination (CIE) to predict

color perception and (ii) advanced models validated via TCAD soft-

ware platform and experimental data that help predict the impact on

the opto-electrical performance when applied on a c-Si IBC solar cell.

The materials selected for the OF proposed in this work are SiO2 and

SiNX. Such materials were chosen because of their nonabsorptive

nature, their availability for industrial scale application, and their ade-

quate refractive index values over the entire visible spectrum. Sam-

ples manufactured and measured via spectrophotometry show that

the optical model accurately predicts reflectance spectra for different

colored OF.

Performance wise, the opto-electrical simulations deployed on

TCAD Sentaurus showed that the application of the filter is expected

to not influence the electrical quality of the cell, as the values of VOC,

FF and VMPP remain relatively unaffected. On the other hand, the OF

can have a significant impact on the current generation of the device.

Sentaurus simulations were deployed to opto-electrically assess

the effect of the color filter. Two selected colors, green and brown,

were studied. Results showed that, for normal incidence of light, the

green color reduces the efficiency of the cell by 0.78% absolute,

whereas the brown presented a reduction of 1.40% absolute, mostly

driven by current loss. For angles of incidence greater than 0�, the

current density of the standard changes closely to a cosine relation-

ship. Colored cells, however, have a significant deviation from this

behavior. By means of a two-diode equivalent electrical circuit, the

angular behavior of the cells was modeled by modifying the effective

irradiance with scaling factors. These factors were equal to the ratio

of photogenerated current at a given angle of incidence with respect

to the value at normal incidence. The approach was proven to be very

accurate, yielding absolute errors on the prediction of the maximum

power point of less than 0.2% for normal incidence and less than 2%

for an angle of incidence of light equal to 80�.

Since the filters operate by selectively reflecting light within the

visible spectrum, a two-dimensional finite volume thermal model was

developed to study the effect on the cell temperature produced by a

color filter. The model considers the absorption on every layer of the

module for a wavelength range from 300 to 1800 nm. Validation of

the model was carried on two ways: first, by studying its behavior

under NOCT conditions and second, by comparing its estimated tem-

perature against measurements taken during 12 days. The error

TABLE 10 DC energy yield for the selected colors on the chosen locations

Colored cell

Standard Green Option 1 Brown Option 1 Green Option 2 Brown Option 2

RGB value 23-88-72 101-70-64 93-140-83 139-92-60

HSV value 0.46-0.74-0.34 0.02-0.37-0.40 0.30-0.41-0.55 0.07-0.57-0.55

Delft

Energy yield (kWh/year) 3.56 3.48 3.42 3.27 3.17

Relative loss (%) - 2.25 3.93 8.15 10.95

Max. temp. (�C) 60.3�C 60.2�C 60.1�C 57.1�C 57.0�C

Alice Springs

Energy yield (kWh/year) 6.73 6.58 6.49 6.21 6.02

Relative loss (%) - 2.23 3.57 7.73 10.55

Max. temp. (�C) 75.0�C 73.6�C 73.4�C 71.4�C 71.3�C

Note: The installation conditions considered were 35� of tilt, optimum orientation and a BIPV layout (no forced convection on the backside).

Abbreviation: DC, direct current.
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produced under constant environmental conditions was below 2%

absolute. Compared against measurements with a resolution of 1 min,

the model produced MBE and RMSE of 0.89�C and 2.10�C, respec-

tively, when considering the entire measurement period. Daily values

of MBE and RMSE are significantly higher due to the low time

resolution.

With the validated optical and thermal models, we performed an

analysis of the effect that encapsulation has on color saturation. The

use of SiNX with a relatively low refractive index (n = 1.71, Option 1)

was studied first given its good results in terms of color saturation

and brightness on bare solar cells. However, once the effect of encap-

sulation was accounted, these properties were negatively impacted.

On some colors, the encapsulation eliminated almost entirely the sat-

uration and brightness of a bare colored cell.

The use of front glass texturing and increasing the value of the

refractive index of the SiNX to n = 2.1 (Option 2) was shown to

increase both the brightness and the saturation of color substantially.

This second option was also selected to study its effects on the per-

formance of an encapsulated cell.

Temperature calculations under NOCT conditions showed that

the deposition of Option 1 could have temperature reductions of up

to 2.20�C. The use of Option 2, given its better reflectance, produces

significant reductions of up to 5.20�C. We discussed that this temper-

ature reduction comes from the additional reflectance produced by

the colored filter, which reduces thermalization losses.

The reduction in operational temperature, however, does not

bridge the gap in electrical performance between an encapsulated col-

ored solar cell and an encapsulated standard solar cell. It is important

to highlight that this temperature reduction can have potential bene-

fits. Research has shown that degradation rates produced by thermal

cycling can significantly reduce the lifetime of PV modules, particularly

on very warm climate.68 This aspect will be studied in future works.

The model was used to study the effect of the colored filters on

the energy yield of an encapsulated cell. The installation layout

selected was a tilt of 35� with the optimal orientations for Delft in the

Netherlands and Alice Springs in Australia.

Calculations of DC energy yield showed that using color filters

can produce low relative yield losses compared with an encapsu-

lated standard device. For selected colors with high saturation

values (a value of S on the HSV color space greater than 0.5), the

losses presented by using Option 1 were up to 6.40% for Delft and

5.9% for Alice Springs. Despite the high saturation, the brightness

was still poor. This option of filter, however, is still a valid approach

for installation looking for dark tones with minimal impact on

performance.

If highly bright and highly saturated colors are desired, Option

2 is a promising alternative, but the relative DC yield losses will

increase up to 13.70%. There are, however, color options that meet

both high saturation and high brightness with relative losses below

7.00%.

Overall, we believe that colored filters produced by deposition of

multilayer optical systems is a promising alternative to improve the

esthetics of PV modules.
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APPENDIX A: MATERIALS, OPTICAL PROPERTIES, AND

MANUFACTURING DETAILS

Color filter Option 1 was fabricated so that when used in a PV module

it can be protected by the glass from environmental hazards. This

means that during encapsulation, the filter/glass system must be

rotated by 180� with respect to the fabrication position (see

Figure A1). This increases the lifetime of the filter, avoiding

unscheduled replacement due to scratches, or premature wear, which

can produce substantial changes on the color perceived. For this

reason, the material with the value of refractive index closer to that of

glass (in this case nL) is deposited as the outermost layer. Figure A2

presents the optical properties of the materials used onthis filter.

A.1 | Details on the deposition process for the colored filter

Option 1—SiNX with n = 1.73

The substrate used for the fabrication of the color tuning OF was

Corning Eagle XG glass. The necessary parameters to obtain an almost

F IGURE A1 To avoid confusions in the sequence during
fabrication the color tuning optic filter was designed to provide the
same reflectance pattern once installed on a real device. By installing
the filter as shown below, it is protected from environmental hazards
[Colour figure can be viewed at wileyonlinelibrary.com]

F IGURE A2 Wavelength-dependent real (n) and imaginary part
(k) of the complex refractive indexes of SiNx and SiO2 used in this
work. Measurements were carried out with a Woollam ellipsometer;
SiO2 was found to be nonabsorbing (k = 0) in the full wavelength
range of interest [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE A1 Manufacturing parameters for color filter Option 1
(SiNX with n = 1.73)

Parameter SiO2 SiNX

Temperature (�C) 300 300

Gas 1 flow (sccm) SiH4 = 1 SiH4 = 2.5

Gas 2 flow (sccm) CO2 = 55 NH3 = 47.5

Pressure (mbar) 1.40 0.80

Plasma power (W) 20 4

CTune (�) 26 26

CLoad (�) 53 53

Deposition rate on glass (nm/s) 0.44 0.30

TABLE A2 Manufacturing parameters for color filter Option 2
(SiNX with n = 2.10)

Parameter SiO2 SiNX

Temperature (�C) 300 300

Gas 1 flow (sccm) SiH4 = 8.5 SiH4 = 20

Gas 2 flow (sccm) N2O = 710 NH3 = 20

Pressure (mbar) 1000 650

Plasma power (W) 20 20

Deposition rate on glass (nm/s) 1.20 0.21

F IGURE A3 Refractive index and extinction coefficients of the
materials selected for the Option 2 filter [Colour figure can be viewed
at wileyonlinelibrary.com]
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stoichiometric SiO2 layer on glass and the recipe for the growth of Si3

N4 were developed at the PVMD staff. These parameters are summa-

rized in Table A1 below.

To ensure the same temperature between the substrate and the

chamber, the glass substrate was kept for 1 h with the process gasses

flowing through the chamber but without ignition of the plasma.

A.2 | Details on deposition process and optical characterization

of color filter Option 2—SiNX with n = 2.10

Like Option 1, the substrate used for fabrication and characterization

was Corning Eagle XG glass. The parameters of the manufacturing

process are shown below in Table A2.

The optical properties of the materials composing filter Option 2

are shown in Figure A3.

APPENDIX B: ADDITIONAL INFORMATION REGARDING

MODELING FRAMEWORK

The complete modeling flow chart used to estimate the energy yield

in this work can be found in Figure B1

B.1 | Complete modeling flow chart

B.2 | Color perception model theory

The CIE model uses a standard observer that is represented by three

mathematical functions called color matching functions.69 These func-

tions, denoted by x, y, and z, are wavelength dependent. Functions x

(λ) and z(λ) represent an approximation of the spectral response of the

cones of the human eye to light, while y(λ) models human perception

of luminosity. Once each of their values is normalized with respect to

y(λ)max – x(λ), y(λ), and z(λ), they become scaling factors called tri-

stimulus values69 and can be seen as mathematical constructs that

depict a unique hue.33 The CIE model also provides several theoretical

light sources called illuminants. Each illuminant represents the spectral

power distributions of a certain illumination source such as daylight,

fluorescence, and incandescent lamps. They are categorized in letters

and can be found elsewhere.70 The selected illuminant for this work is

called D65. This source emulates natural daylight conditions at noon,

and is the standard source used in simulations to render colors on a

computer's monitor.71,72

From the spectral power distribution of the source S(λ), the reflec-

tance profile of the surface R(λ), and the color matching functions x(λ),

y(λ), and z(λ), it is possible to calculate the following three coordinates:

X¼ 1
N

ð780

380
x λð Þ�R λð Þ�S λð Þdλ ðB1Þ

Y¼ 1
N

ð780

380
y λð Þ�R λð Þ�S λð Þdλ ðB2Þ

F IGURE B1 Flow chart of the modeling framework used in this research. *Denotes a selected illuminant for color perception, which can be
selected by the user. D65 is the most used illuminant for color representation on standard displays. Note that the thermal model and the two-
diode model have an iterative step, given their interdependency [Colour figure can be viewed at wileyonlinelibrary.com]
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Z¼ 1
N

ð780
380

z λð Þ�R λð Þ�S λð Þdλ ðB3Þ

where

N¼
ð780
380

y λð Þ�S λð Þdλ ðB4Þ

Since the obtained X, Y, and Z values are based on models

of human perception of light, they are used to produce a three-

dimensional space in which every color a human perceives can be

represented.73 This space is called the CIE XYZ color space. To

transform the X, Y, and Z coordinates into color coordinates used by

computer monitors, a transformation matrix is needed. The values of

this matrix depend on the illuminant used as reference and the color

space coordinates we want to find (e.g., sRGB and AdobeRGB). These

matrices can be found in Lindbloom.74 For the D65 illuminant and

sRGB color space (the one chosen for this project), the transformation

matrix is as follows:

R

G

B

2
64

3
75¼

3:2406 �1:5372 �0:4986

�0:9689 1:8758 0:0415

0:0557 �0:2040 1:5070

2
64

3
75

X

Y

Z

2
64

3
75 ðB5Þ

Since these R, G, and B values are linear, so-called gamma

correction must be performed to increase the accuracy of color

rendering. This is achieved by replacing each color coordinate into an

equation of the following form:

RsRGB ¼
12:92R if R≤0:0031308

or

1:005ð ÞR 1
2:4 �0:005 if R>0:0031308

8><
>: ðB7Þ

Equation (B7) shows the gamma correction for the R coordinate;

this same procedure must be performed for the G and B coordinates.

With this, the color rendering on a screen that uses sRGB becomes

accurate.

B.3 | Geometry of the selected solar cell

The geometry selected for the modeling of a full solar cell via the

two-diode model is based on the Maxeon Generation III IBC solar cell.

The geometry sketch, taken from Maxeon own datasheet,46 is shown

in Figure B2.

B.4 | Thermal model

For each different node (numbered 1 to 12 below), an energy balance

is computed by using linearized equations. All the equations are then

properly group into the matrix form:

A½ � Cf g¼ Tf g ðB8Þ

where [A] is the matrix fill with the temperature dependent variables

of the heat transfer mechanisms on each node at the time instant

analyzed, {C} is the vector of the temperature independent constants,

and {T} is the vector of the know temperatures, belonging to the

previous time step. Equation (B8) can be solved via Gauss–Seidel

method. The equation for each node is shown in the table below. The

equation for each node is presented on Table B1

For a better understanding of the equations shown above, the

schematic of each node is presented in Figure B3.

B.5 | Estimation of heat generation in the solar cells

The main mechanisms of heat generation within the solar cells

are four: thermalization, absorption of photons with energy lower

than the gap, recombination, and resistive losses. It is assumed

that absorbed photons with energies higher than the bandgap

(Egap ¼ h�c
λgap

) generate an electron–hole pair; hence, parasitic

F IGURE B2 (A) Selected area value from a commercial IBC solar cell produced by SunPower.46 The remaining values used for the electrical
simulation are based on the JV characteristics of the cell produce on our group. (B) Sketch of the encapsulated cell used for performance
calculations [Colour figure can be viewed at wileyonlinelibrary.com]
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absorption of photons with E ≥ Egap within the bulk is neglected. Also,

radiative recombination processes are neglected since we are

considering c-Si solar cells.

Pabs λð Þ is defined as the total spectral power density absorbed in

the bulk of the solar cell (made of c-Si). Notice that Pabs λð Þ for λ> λgap
is not necessarily zero.

TABLE B1 Equations for each of the 12 different nodes used on the thermal model of the PV module

Node Equation

1. QgenΔt

ρCp
þTp

m,nþ2BicFoyTaþ2BiRFoyTs ¼ Tpþ1
m,n 1þ2Foy þ2Foxþ2BicFoy þ2BiRFoyð Þ�2FoyT

pþ1
m,nþ1�2FoxT

pþ1
mþ1,n

2. QgenΔt

ρCp
þTp

m,nþ2BicFoyTaþ2BiRFoyTs ¼ Tpþ1
m,n 1þ2Foy þ2Foxþ2BicFoy þ2BiRFoyð Þ�2FoyT

pþ1
m,nþ1�FoxT

pþ1
mþ1,n�FoxT

pþ1
m�1,n

3. QgenΔt

ρCp
þTp

m,nþ2BicFoyTaþ2BiRFoyTs ¼ Tpþ1
m,n 1þ2Foy þ2Foxþ2BicFoy þ2BiRFoyð Þ�2FoyT

pþ1
m,nþ1�2FoxT

pþ1
m�1,n

4. QgenΔt

ρCp
þTp

m,n ¼ Tpþ1
m,n 1þ2Foyþ2Foxð Þ�FoyT

pþ1
m,nþ1�FoyT

pþ1
m,n�1�2FoxT

pþ1
mþ1,n

5. QgenΔt

ρCp
þTp

m,n ¼ Tpþ1
m,n 1þ2Foyþ2Foxð Þ�FoyT

pþ1
m,nþ1�FoyT

pþ1
m,n�1�FoxT

pþ1
mþ1,n�FoxT

pþ1
m�1,n

6. QgenΔt

ρCp
þTp

m,n ¼ Tpþ1
m,n 1þ2Foyþ2Foxð Þ�FoyT

pþ1
m,nþ1�FoyT

pþ1
m,n�1�2FoxT

pþ1
m�1,n

7. Q1þQ2þTp
m,n ¼ Tpþ1

m,n 1þR1þR2þR3þR4ð Þ�R1T
pþ1
m,n�1�R2T

pþ1
m,nþ1� R3þR4ð ÞTpþ1

mþ1,n

8. Q1þQ2þTp
m,n ¼ Tpþ1

m,n 1þR1þR2þ2R3ð Þ�R1T
pþ1
m,n�1�R2T

pþ1
m,nþ1�R3T

pþ1
mþ1,n�R3T

pþ1
m�1,n

9. Q1þQ2þTp
m,n ¼ Tpþ1

m,n 1þR1þR2þR3þR4ð Þ�R1T
pþ1
m,n�1�R2T

pþ1
m,nþ1� R3þR4ð ÞTpþ1

m�1,n

10. QgenΔt

ρCp
þTp

m,nþ2BicFoyTaþ2BiRFoyTs ¼ Tpþ1
m,n 1þ2Foy þ2Foxþ2BicFoy þ2BiRFoyð Þ�2FoyT

pþ1
m,n�1�2FoxT

pþ1
mþ1,n

11. QgenΔt

ρCp
þTp

m,nþ2BicFoyTaþ2BiRFoyTs ¼ Tpþ1
m,n 1þ2Foy þ2Foxþ2BicFoy þ2BiRFoyð Þ�2FoyT

pþ1
m,n�1�2FoxT

pþ1
mþ1,n

12. QgenΔt

ρCp
þTp

m,nþ2BicFoyTaþ2BiRFoyTs ¼ Tpþ1
m,n 1þ2Foy þ2Foxþ2BicFoy þ2BiRFoyð Þ�2FoyT

pþ1
m,n�1�2FoxT

pþ1
m�1,n3

Note: For more information regarding these equations, please consult the work of Aly et al.53

Abbreviation: PV, photovoltaic.

F IGURE B3 Details on the node distribution of the thermal model. Notice that on the equations above, each equation relates to a previous
node either on the vertical or the horizontal axis. Full information about the meaning of all the variables presented here is available at53 [Colour
figure can be viewed at wileyonlinelibrary.com]
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Φabs λð Þ¼Pabs λð Þ λ
h�c represents the spectral photon flux absorbed

in the bulk.

Prel λð Þ¼ Φabs λð Þh �c
λgap

, if λ≤ λgap

0, if λ> λgap

8<
: is the spectral power density of

the absorbed photons after thermalization, that is, after relaxing to

Egap. The heat due to thermalization and absorption beyond λgap is as

follows:

P1 ¼
ð∞

0

Pabs λð Þ�Prel λð Þð Þdλ:

The heat due to recombination and resistive losses can be

calculated knowing the electrical power generated by the solar cell Pe:

P2 ¼
ð∞

0

Pabs λð Þdλ�P1�Pe:

At the specific irradiance and temperature conditions, Pe can

be approximated in different ways; for this work, we considered

that the FF of the cell was independent of the temperature.

This makes the estimation of the power produced by the cell

straightforward.

Lastly, we estimate the total heat generation in the solar cell as

follows: P1þP2

The physical and thermal properties of each layer of the encapsu-

lated cell used on this work are summarized in Table B2.

B.6 | Electrical model details

The effective irradiance used in the two-diode model (Figure B4) is

estimated by considering all the optical losses produced by the glass,

the EVA, the color filter, and the antireflective coating used on the

solar cell (Figure B5).

TABLE B2 Physical and thermal properties of each layer of the encapsulated cell

Layer Thickness—t (m) Thermal conductivity—k (W/m K) Density—ρ (kg/m3) Specific heat capacity—Cp (J/kg K)

Glass 3.2 � 10�3 1.8 3,000 500

EVA (� 2) 580 � 10�6 0.35 960 2090

PV cell 210 � 10�6 148 2330 677

Back sheet 100 � 10�6 0.2 1200 1250

Note: The physical properties are obtained from the materials used to build the module that was measured for validation (see next section). The thermal

properties were obtained from.53

Abbreviation: PV, photovoltaic.

F IGURE B4 Sketch of the two-diode model used on this work
[Colour figure can be viewed at wileyonlinelibrary.com]

F IGURE B5 The calculation of the effective irradiance used in
the two-diode model considers the losses produced by reflectance
and absorptance of the different layers placed above the bulk of the
c-Si solar cell. These losses are translated into a transmittance factor
τ0 [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE B3 Parameters used of the two-diode model with an
assumed cell temperature of 298.15 K

Parameter Value

Light collected current (JL) (mA/cm2) 39.443

Saturation current 1 (J1) (pA/cm2) 83.650

Ideality factor 1 (m1) (�) 1.347

Saturation current 2 (J2) (nA/cm2) 0.453

Ideality factor 2 (m2) (�) 2

Shunt resistance (RSH) (kΩ cm2) 23.570

Series resistance (RS) (Ω cm2) 0.424
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The J-V curve from the selected solar architecture discussed on

Section 3.1 was used to extract the parameters necessary to model it

by means of a two-diode model. Table B3 showcases the results.

APPENDIX C: ADDITIONAL INFORMATION REGARDING

SIMULATION AND VALIDATION

C.1 | Trends for short circuit current density and efficiency of

colored cells (unencapsulated cells)

The J-V curves obtained from Sentaurus for both the standard

device and the colored devices are shown below (see Figure C1 for

the case of a standard cell, and Figure C2 and Figure C3, for a

green and a brown cell, respectively). Additionally, the trend of the

angle of incidence modifying factors jSC for each case is shown in

Figure C4.

Additionally, TCAD Sentaurus simulations were carried for all the

possible thickness combinations of filter Option 1 SiO2/SiNX

(n = 1.73) to found overall trends. In the figures below, the

main effect on the efficiency (Figure C5(B) lies on the reduction of

the short circuit current density due to the reflectance produced by

the filter (Figure C5(A). The effects produced by the filter on the FF

and open circuit voltage of the cell, for all color combinations, are

negligible.

F IGURE C1 J-V curves obtained from Sentaurus simulations for a
nonencapsulated standard solar cell for different angles of incidence
[Colour figure can be viewed at wileyonlinelibrary.com]

F IGURE C2 J-V curves obtained from Sentaurus simulations for a
nonencapsulated green colored solar cell for different angles of
incidence [Colour figure can be viewed at wileyonlinelibrary.com]

F IGURE C3 J-V curves obtained from Sentaurus simulations for a
nonencapsulated brown colored solar cell for different angles of
incidence [Colour figure can be viewed at wileyonlinelibrary.com]

F IGURE C4 Trends of the jSC factor for a standard, a green and a
brown colored solar cell compared with the cosine relationship
established by56 [Colour figure can be viewed at wileyonlinelibrary.com]
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C.2 | Validation of the use of two-diode model for colored cells

Following the approach shown in Figure 9, we present the results for

the colored cells. Figure C6(A) presents the comparison of the J-V cur-

ves produced by the two diode with respect to TCAD Sentaurus for

the case of a brow cell, whereas Figure C6(B) shows this same com-

parison for the case of a green colored cell. The effect produced by a

color filter on the performance of a solar cell can be easily modeled by

scaling the POA irradiance of a standard device with color-specific

factors obtained with the optical model.

We extracted the photogenerated current Jph obtained with

GenPro4 and calculated the angular modifying factors jph and com-

pared them with those obtained with Sentaurus ( jSC). Figure C7 shows

this comparison. The modeling framework, therefore, only requires

the optical model to calculate the factors that will scale the effective

irradiance reaching the cell and the value of operative temperature

calculated via the spectral thermal model.

C.3 | Validation of the angular factor approach for encapsulated

devices

Figure C8A shows that the trend of the value of jSC obtained with

GenPro4 closely follows those from literature for a standard module.

Similar findings were observed by Sjerps-koomen et al..75 Also,

Knisely et al.76 found that even for modules with different photovol-

taic technologies, the relative optical response factor for different AOI

was remarkably equal on those using flat glass as a front layer.

Figure C8B shows the value of jSC also for the green and brown mod-

ules. The effect of the OF is noticeable for angles of incidence ranging

F IGURE C5 Effect of the color filter on the short circuit current density (left) and the efficiency (right) of an interdigitated back-contacted
(IBC) solar cell. The loss in efficiency is driven by the additional reflectance produced by the filter, which translated in lower current generation
[Colour figure can be viewed at wileyonlinelibrary.com]

F IGURE C6 Comparison between the J-V curves of a brown (A) and a green (B) interdigitated back-contacted (IBC) solar cell obtained by
Sentaurus simulation (lines) and those obtained by the two-diode model (markers) [Colour figure can be viewed at wileyonlinelibrary.com]
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F IGURE C7 Comparison between the angular factor jph. obtained from GP4 simulations to those obtained with Sentaurus (jSC) for
(A) a standard solar cell and (B) a brown colored solar cell [Colour figure can be viewed at wileyonlinelibrary.com]

F IGURE C8 (A) Comparison of the relative optical response (a concept similar to jSC used in this work) between the computational model
produced in this work and the Martin-Ruiz and Bill-Marion models to account for the effect of different angles of incidence (AOI) on the
performance of a standard dark blue module. (B) Change in the jSC factor for 153 cm2 wide, encapsulated standard and colored solar cells [Colour
figure can be viewed at wileyonlinelibrary.com]

F IGURE C9 Modeled surface morphology for the randomly textured glass substrate. (A) Orthogonal projection of the 3D model, which was
built based on the scan obtained by AFM. (B) Crater depths and peaks heights of the textured surface. The average crater depth on the sample
was found to be of 0.7 μm. For more information, please refer to61–64 [Colour figure can be viewed at wileyonlinelibrary.com]
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from 20� to 60�. At values higher than 60�, the reflectance produced

by the air/glass interface dominates and the difference between the

standard and the colored modules practically disappears. On a tex-

tured glass, the value of jSC is different than for the case of a flat glass.

The results for this case are shown in the following section.

C.4 | Front glass texture

As discussed in Section 5.4, to increase color saturation and bright-

ness, we considered that the front glass of the module had random

micro-texturing. The morphology considered is presented on

Figure C9.

Color perception and angular behavior are dependent on the

nature of the texturing of the front glass. Additionally, the texturing

considered here does not necessarily correspond to the texturing

found on commercially available glasses used on PV modules. As

these textures themselves usually vary for different manufacturers,

we consider that an in-depth analysis of their effects merits a detailed

discussion that goes beyond the scope of this work. However, their

implementation on the current framework is of relative simplicity.

C.5 | Angle of incidence modifiers with a textured surface

To increase color saturation and brightness, the addition of a textured

glass surface also has a significant impact on the value of the irradi-

ance scaling factor jSC for angles of incidences greater than the nor-

mal. Furthermore, each of the options of color filter presented in this

work has a unique reflectance impact. We calculated the value of jSC

F IGURE C10 Value of the angle of incidence modifier (jSC) for an encapsulated colored and standard cell with textured glass: (A) for an
encapsulated colored cell using filter option 1; (B) for an encapsulated colored cell using filter Option 2. Improving saturation and color brightness
increases the angular losses produced by the filter, as shown by the lower value of jSC produced by the filter Option 2 [Colour figure can be
viewed at wileyonlinelibrary.com]

F IGURE C11 Photograph of the set up used for the validation of the thermal model. The arrows indicate the module measured (left) and the
location of the thermocouples (right) [Colour figure can be viewed at wileyonlinelibrary.com]
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for each filter option and for each combination of material thickness

of the filter. In the figures below we show how texturing the surface

of the front glass improves the angular performance of both the

standard and the colored filter. The results shown on Figure C10 are

consistent with the findings of Duell et al77 and Zhou et al.78

C.6 | Measurement set up used for the validation of thermal

model

The setup used for the temperature measurements was made up of

six mini modules—each equipped with 16 Al-BSF Cells (4 � 4)—

connected in series to achieve a peak power of 250 Wp (See

Figure C11(A)). This cell technology was chosen due to technical avail-

ability to reach a high value of peak power in the module. The mount-

ing of the set up closely represents a BIPV condition, with very low

convection on the backside and negligible effects of the wind on the

sides (See Figure C11(B)). The measurement station, located at the

roof of a selected building within the Delft University of Technology

campus,79 is fully equipped with all the necessary sensors to measure

irradiance components, wind speed, ambient temperature, and plane

of array irradiance. The time resolution used to obtain the data was of

1 min. T-type thermocouples were attached to the back of the module

(see arrows in Figure C11(B)) and connected to a PicoLog TC-08 data

logger. Averaged values of temperature were taken every minute and

used for validation of the model presented in this work.

The comparison between the temperature values obtained by the

thermal model and those measured directly on the module is shown in

Figure C12. For simplicity of viewing, all the data for a measured irra-

diance below 10 W/m2 were omitted; hence, the simulated tempera-

ture value at the end of the day was used as the first iteration value

for the following day (notice the straight lines). Table C1 shows the

calculated daily MBE and RMSE values for the prediction of opera-

tional temperature.

C.7 | Effect of viewing angle on color perception

The effect of how the perceived color of the device change for differ-

ent AOI is depicted in Figure C13 for the abovementioned dark green

and brown solar cells, respectively. The change in color appearance of

these colored cells with respect to the AOI is much smaller than the

case of color tuning OF deposited on glass. It is found that only for

incident angles larger than 50� the OFs will exhibit a noticeable

change in the color perception (= change in both hue and saturation

of the color). As the angle of incidence of light increases, the photo-

current of the cell decreases due to the shift and growth of the Δg.

Besides, it is worth mentioning that the EQE spectra exhibit larger

broadband oscillations as the AOI increases, despite the color tuning

OF coating a textured interface. These effects are considerable and

are in accord with the trend previously shown in Figure 2B in case of

nonflat color tuning OF.

For the case of an encapsulated cell with front textured glass, the

effect of the viewing angle on color perception is shown in

Figure C14.

C.8 | Saturation matrices for textured glass surfaces for filters

Option 1 and Option 2

As discussed in Section 5.4, we estimated the color saturation of both

filter options after encapsulation and selected those that presented a

saturation value of 0.5 (in the HSV color space). Figure C15 presents

the results obtained for filter Option 1. Figure C16 presents these

results for filter Option 2.

F IGURE C12 Simulated versus measured operational
temperature of a 250 Wp c-Si module. The thermal model was
calculated for a raw data resolution of 1 min and compared with the
average value of the four thermocouples installed on the module. The
model can mimic the behavior of the model even for such low time
resolution [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE C1 Daily MBE and RMSE for the minutely resolution data

Day MBE (�C) RMSE (�C)

June 12 �1.11 1.49

June 13 0.58 2.00

June 14 �0.25 1.74

June 15 0.58 1.64

June 16 �0.96 1.83

June 17 �1.56 2.10

June 18 �1.82 2.50

June 19 0.30 0.91

June 20 �1.67 2.44

June 21 �1.36 1.96

June 22 �0.78 1.51

June 23 �0.93 1.89

June 24 �0.95 1.93

Abbreviations: MBE, mean bias error; RMSE, root-mean-square error.
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F IGURE C14 Effect of the viewing angle of an encapsulated colored solar cell. For this case, filter Option 2 was studied for the case of the
textured glass. On the left, for the case of a green (SiO2 = 110 nm and SiNX = 80 nm) encapsulated cell, and on the right, for the case of a brown
encapsulated cell (SiO2 = 130 nm and SiNX = 110 nm) [Colour figure can be viewed at wileyonlinelibrary.com]

F IGURE C13 Reflectance spectra of front textured nonencapsulated (A) dark green and (B) brown solar cells for three different angles of
incidence of light. In the insets, the color perception from a viewer's incident angle of the colored cells is shown: (left) the hue-bound color
change (next to the legend) and (B) the same color change represented on the CIE 1931 chromaticity diagram73 [Colour figure can be viewed at
wileyonlinelibrary.com]
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APPENDIX D: EFFECT ON TEMPERATURE AND ENERGY YIELD

FOR ALL THICKNESS COMBINATIONS OF FILTERS OPTION 1

AND OPTION 2

D.1 | Effect of the color filter on the temperature of the module

at NOCT conditions

Figure D1 presents the steady state temperature under NOCT condi-

tions for an encapsulated color cell manufactured with filter Option 1.

The results for a colored cell made with filter Option 2 are shown in

Figure D2.

D.2 | Effect on the annual DC energy yield: Delft

Figure D3 presents the relative DC energy yield losses for encapsu-

lated colored cells (for filter Option 1) for Delft, NL.

Figure D4 presents the relative DC energy yield losses

for encapsulated colored cells (for filter Option 2) for Delft, NL.

D.3 | Effect on the annual DC energy yield: Alice Springs

Figure D5 presents the relative DC energy yield losses for encapsu-

lated colored cells (for filter Option 1) for Alice Springs, AU.

Figure D6 presents the relative DC energy yield losses for

encapsulated colored cells (for filter Option 2) for AliceSprings, AU.

F IGURE C16 (A) Color matrix produced by deposition of 10 periods of SiO2/SiNX (n = 2.1) on a solar cell (encapsulation with front textured
glass is considered). The color saturation is substantially improved. (B) The number of colors whose saturation value is above 0.5 increases
substantially when compared with a filter with SiNX with a value of n = 1.73 [Colour figure can be viewed at wileyonlinelibrary.com]

F IGURE C15 (A) Effect of encapsulating colored solar cells with a textured front glass. The overall effect is that of low saturation and low
brightness. (B) Encapsulated colored cell that still achieves a saturation value higher than 0.5 in the Hue Saturation Value (HSV) color space
[Colour figure can be viewed at wileyonlinelibrary.com]
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F IGURE D1 Steady state
temperature under NOCT conditions for
colored encapsulated cells based on the
filter Option 1. Some colored cells present
a maximum reduction in operational
temperature compared with a standard
cell of 2.1�C [Colour figure can be viewed
at wileyonlinelibrary.com]

F IGURE D2 Steady state
temperature under NOCT conditions for
colored encapsulated cells based on the

filter Option 2. Some colored cells present
a maximum reduction in operational
temperature compared with a standard
cell of 5.2�C [Colour figure can be viewed
at wileyonlinelibrary.com]
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F IGURE D3 Relative losses on the
direct current (DC) annual energy yield of
an encapsulated color solar cell (with the
filter Option 1) for a tilt angle of 35� and
azimuth towards south located in
Delft, NL [Colour figure can be viewed at
wileyonlinelibrary.com]

F IGURE D4 Relative losses on the
direct current (DC) annual energy yield of
an encapsulated color solar cell (with the
filter Option 2) for a tilt angle of 35� and
azimuth towards south located in
Delft, NL [Colour figure can be viewed at
wileyonlinelibrary.com]
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F IGURE D6 Relative losses on the
direct current (DC) annual energy yield of
an encapsulated color solar cell (with the
filter Option 2) for a tilt angle of 35� and
azimuth towards north located in Alice
Springs, AU [Colour figure can be viewed

at wileyonlinelibrary.com]

F IGURE D5 Relative losses on the
direct current (DC) annual energy yield of
an encapsulated color solar cell (with the
filter Option 1) for a tilt angle of 35� and
azimuth towards north located in Alice
Springs, AU [Colour figure can be viewed
at wileyonlinelibrary.com]
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