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1. INTRODUCTION

A photovoltaic (PV) solar cell is a device converting electromagnetic
radiation coming from the Sun into electricity. Nowadays, solar energyis one
of fastest growing renewable energy sources [1]. Importantly, this field holds
huge potential in fighting against climate change or addressing humanity’s
increasing energy demand, as it can provide more energy than we need.
According to the estimation made by M. Perez and R. Perez, in the next 30
years solar energy potential is 8300 Terawatt-years (TWyr/y) (authors
assumed energy conversion efficiency of 20% and realistic use of area), while
consumption needed would be around 660 TWyr/y, what is about 12 times
less [2].

Despite projections indicating potential growth, current PV share from
global energy consumption remains at only around 2% [1] (data from 2022).
One prospective market for PV applications is building-integrated
photovoltaics (BIPV). It has such advantages as having an energy source
closer to the user, reducing energy transmission costs, excluding the need for
additional area, and implementing (nearly) zero-energy buildings. However,
the expansion of this market faces limitations due to the predominant
aesthetical appearance of PV solar cells available in the market, which are
commonly blue or black. Consequently, there is a growing demand for colored
PV products to harmonize with the colors of old towns, various building
elements, or to realize other architectural ideas.

The report from PV sites identifies five crucial characteristics for BIPV:
(1) low cost, (2) aesthetics, (3) long lifetime, (4) product flexibility, and (5)
high efficiency [26]. Therefore, in further literature analysis, focus will be put
on these aspects (if published works contain such information).

The visual appearance of a photovoltaic device depends on its reflectance
spectra. The properties of such spectra can be relatively easily altered by
adjusting the thickness of a single anti-reflective coating (SLARC) of the solar
cell. For Silicon solar cells, which cover around 92-95% of whole PV market
[3], this is usually a layer of hydrogenated silicon nitride (SiNx:H) deposited
on the top of silicon by plasma enhanced chemical vapor deposition (PECVD)
[4]. Historically, the primary focus of commercial PV has been on efficiency
and longevity. Consequently, the optimization of the anti-reflective coating
thickness aimed at performance has resulted in a blue or black color.
Nevertheless, this color alteration holds the potential to yield almost any other
color. The variation of SLARC thickness is considered one of the simplest
approaches to color modification and potentially can be cheap, as existing
manufacturing equipment can be used [5]. However, as it interferes with

11



manufacturing process, laser ablation needs to be adjusted for ablating SiNx:H
with different thicknesses, while maintaining its passivating properties [6-8].
A more sophisticated coloring approach is deposition of additional metal
oxide forming a double layer anti-reflective coating (DLARC) on the
commercial solar cell, leaving the cell production process intact [9,10]. The
use of DLARC only requires layer optimization for light trapping properties,
without the need to be optimized for passivation [4]. Besides, this way also
the yield can be enhanced, as utilization of double or triple anti-reflective
coatings can be more efficient [6,7]. Y. Chen carried out a research for the
solar cells with MgF2/SiNyx:H, SiO2/SiNyx:H and Al,O3/SiN:Hx DLARC:s [8].
Authors concluded that DLARC is more flexible to modulate colors compared
to SLARC while still guaranteeing good passivation quality without
significant optical generation loss. Moreover, Minghua Li et. al reported
experimental results for multi-crystalline solar cells with SiO2/SiNy:H
DLARC [9]. Researchers obtained 4 different colors with different SiO;
thicknesses of 84 (greyish yellow), 136 (purple), 190 (deep blue), 220 (green)
nm using e-beam evaporation technique. Resulting relative change in
efficiency was +0.6, -0.7, -4.5 and -2.6%. However, authors also stated that
the SiO; layer is not the best choice for DLARC cells because its refractive
index is very similar to ethylene vinyl acetate (EVA) (n=1.5) that is mostly
used for the module encapsulation in the PV industry [11]. Therefore, the
effect shown in the work could be neglected after lamination. Same team one
year later reported more detailed theoretical analysis with employing SiOxNy
instead of SiO; to mitigate the mentioned drawback of their previous work
[10]. In this approach, the SiNx:H (the refractive index n=2.05 and the
thickness d = 80 nm) was covered with a varying thickness of the SiOxNy film
(n=1.8). The resulting cells have no additional current density improvement
with increasing SiOxNy thickness, but obtained colors were quite similar to the
case of SLARC.

Even more elaborate solution could be realized using multilayer
coatings called distributed Bragg reflectors (DBRs) [12]. These structures
consist of periodic stacks of high and low refractive index material and can be
finely tuned to exhibit high reflectance within a selected wavelength interval,
while having low reflectance outside its range [13]. Similarly, the intentional
selection of the structure parameters allows the desired color effects of the
reflected light to be obtained. Due to these reasons, DBR coloring can be
considered a more flexible method, compared to previously described
SLARCs and DLARCs. Besides, it is worth noting that, in cases like this,
efficiency loss is inevitable, as the reflection peak maxima increases (in most
cases) compared to anti-reflective coatings (ARCS), resulting in higher loss
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but improved aesthetical properties. B. Blisi et al. demonstrated that quite
homogeneous and bright colors on large surface area of 1 m? size textured
glass could be achieved with energy loss less than 6% [14]. In their study
researchers utilized 7 TiO./SiO, layers (4 high refractive index, 3 low
refractive index) deposited with PVD lab coater. Similarly, A. Soman et al.
employed Silicon Nitride and Silicon oxynitride bilayer stacks [15]. Coatings
were applied on the top of the commercial solar cell of 5x5 cm using radio
frequency plasma enhanced chemical vapor deposition (PECVD). Resulting
efficiency loss ranged from 19 to 41% compared to reference case of
commercial solar cell with blue color. Notably, researchers even produced a
white coating, what is challenging due to the requirement to obtain flat
reflectance spectra. Another article published by group represented by Z. Xu
et al. used 5 bilayers of TiO, and SiO deposited on glass with magnetron
sputtering technique [16]. The loss in efficiency was from 16.3 to 28.4%
(relative), depending on the color. However, all these implementations of
DBR technology were realized on expensive magnetron sputtering or
chemical vapor deposition (CVD) technologies.

Some other coloring solutions include: mica pigment [17], plasmonic
coatings [18], quantum dot solar cells [19], liquid crystals [20]),
semitransparent solar cells [21,22].

This implies that, despite the existence of various coloring techniques,
there is still room for improvement, particularly in terms of cost efficiency,
scalability, and commercial viability. Certain technologies described above
employ expensive deposition techniques [14-16], some of them experience
high efficiency losses [15,16], have limited coloring possibilities [17,18], or
experience low homogeneity [18] Meanwhile, other technologies have
presented results in the early stages on small sizes [19,23] or face challenges
in scalability [22]. This work addresses and proposes improvements to these
issues (or some of them), as elaborated in subsequent paragraphs.

Therefore, the aim of this work was to explore cost-effective
methodologies for modification of solar cell color by applying functional
metal oxides and employing combined simulations with experiments while
using commercial solar cells as a baseline.

As a first step of this work, simple interference-based colorization of Si
based solar cells and panels employing ITO/SiNx:H double layer antireflective
coatings was analyzed by means of simulations and then realized
experimentally. Indium Tin Oxide (ITO) emerges as a promising candidate
for such a layer owing to its stability and ease of modification of its refractive
index through stoichiometry and adjustments in film crystalline structure [24].
Furthermore, with high electrical conductivity, ITO becomes highly appealing
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for the formation of a DLARC as it holds the potential to not only reduce
resistance loss in the contacts but also facilitate busbar soldering after the
deposition of ITO. What is more, ITO deposition is used in the glass industry
for large area deposition of the IR reflection, EMC shielding or other electro-
optical coatings, thus could be easily adapted for solar cell coloring.

As a second step of this work, a more elaborate solution is proposed
using distributed Bragg reflectors. This approach offers distinct advantages
over colored solar cells with double-layer anti-reflective coatings (DLARCS).
Notably, coatings applied to a glass substrate enable the entire surface to be
colored, extending beyond individual solar cells. Besides, color brightness
could be expected to be higher in such structures, as tuning of DBRs allow to
obtain higher reflection peaks compared to SLARCs [25]. Unlike in the
published articles employing this technology, in this work structure is
optimized for lower number of periods of high and low refractive layer stacks
and experimentally realized with sol-gel solutions deposited using dip coating
technique. The sol-gel technigue holds potential advantages in terms of cost-
effectiveness and scalability when compared to the costly vacuum-based
deposition technologies. This work also involves a more detailed colorimetric
analysis (compared to other works) and evaluation of sensitivity of color to
the deviations in characteristic parameters (refractive index and thickness)
from the optimal case of Bragg’s condition.

The final part of this work was dedicated to coloring of tandem solar
cells, what was absent in the literature. Some additional reasons are detailed
in the further text.

A noticeable increase of interest of research groups and industry in
tandem solar cells can be observed [26]. Such increase is especially
accelerated by the fast approach of silicon commercial solar cells towards their
maximum efficiency. Currently, such efficiencies in industry are already
around 25-26%, with the average being at 24% [11]. While Shockley-Queisser
limit for silicon is around 32% [27], and practical limit is just above 27%,
considering factors such as extrinsic recombination loss, optical loss, and
resistive loss [28]. This is only 1-2% away from the current maximum
industrial efficiencies. Hence, similarly as for the single junction solar cells
there will be increasing need for colored tandem cells in such markets as
building integrated photovoltaics (BIPV) [29-31].

While currently the highest obtained silicon based tandem efficiency
belongs to perovskite/silicon, achieving 33.9% at a small scale (~1 cm?) and
28.6% (~258 cm?) at a larger scale [32], perovskites still face stability issues
[33]. Another promising technology is based on the kieserite family of
compounds. These materials offer notable advantages, as they exhibit
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excellent stability and do not rely on critical raw materials (CRM) as defined
by the European Commission [34]. When used in photovoltaics, these
materials are also called kesterites, because of the name of their (desired)
crystalline structure. Kesterite material is a quaternary compound having a
similar structure to commercial Cu(In,Ga)(S,Se). (CIGSSe) technology,
where two indium ir galium atoms are replaced with one tin and one zinc atom
resulting in Cu.ZnSn(S,Se)s [35]. Moreover, their band gap can be precisely
tailored by alloying with anionic substitutions of Se or S or cationic
substitutions of Si, Ge, and Sn within a range from 0.88 to 2.22 eV.

Yet, colored solutions are not published for tandem solar cells to our
knowledge. This suggested simulating kesterite/silicon tandem solar cells with
an idea to evaluate their colorimetric properties as it is becoming more and
more relevant. For this, pure germanium kesterite Cu.ZnGe(S,Se)s was
employed. Its refractive index spectra were incorporated with a band gap
ranging from 1.52 to 2.02 eV via sulfur/selenium alloying (Cu2ZnGe(SxSei-)4
or CZGSSe) [36] to determine the optimal kesterite thickness and a bandgap,
what was absent or not fully realized in prior research. To explore the impact
of individual modifications, a stepwise approach was adopted to improve the
kesterite structure. Finally, evaluation of colorimetric properties for the
tandem device by varying Al,Os; anti-reflective coating thickness was
demonstrated.

1.1 Objectives and tasks

1.1.1 Objectives

Explore cost-effective methodologies for modification of solar cell color
by applying functional metal oxides, employing combined simulations with
experiments while using commercial solar cells as a baseline.

1.1.2 Tasks

1. Theoretical analysis and experimental implementation of functional
coatings to be made by incorporating ITO on the top of commercial
silicon solar cells to create double-layer anti-reflective coatings
(DLARC). This involves investigating the impact of two critical
parameters — thickness and refractive index — on the optical and electrical
characteristics of solar cells, with a particular emphasis on the color
aspect. Additionally, assessing the viability and acceptability of the
proposed technology for integration into solar panels.

2. Exploring the optimal design of functional metal oxide coatings to create
a Bragg reflector structure intended for application in photovoltaics (PV).
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Then, experimentally realizing the optimized structure on glass substrates
using the sol-gel dip coating technique and thoroughly characterizing its
optical (including color) and electrical properties. Subsequently,
demonstrating its suitability for integration into PV panels and
performing a comparative analysis of its characteristics. Finally,
investigating the sensitivity of color characteristics to deviations in
refractive index and thickness from the optimal case of Bragg’s
condition.

3. Investigating the potential of two-terminal tandem solar cells with silicon
as the bottom sub-cell through simulations. Analyzing the coloring
possibilities of these devices and assessing their impact on the electrical
properties of the structure. Comparing these characteristics with
characteristics obtained using coloring methods described in 2 previous
tasks and evaluating its viability for building-integrated photovoltaics
(BIPV).

1.2 Scientific novelty

Our group was first for using ITO as a part of double anti-reflective
coating formed by the deposition of this oxide on the top of commercial silicon
solar cell. Using simulations the effect of refractive index of DLARC on
optical characteristics and color was first time analyzed. Novel solar cells were
made using magnetron sputtering technique with varying ITO thicknesses.
Then such cells were employed for producing PV mini modules, what was not
present in prior research. Finally, a much more detailed colorimetric analysis
was performed emphasizing comparison between laminated and non-
laminated solar cells.

In the next part of the work, an innovative Bragg reflector structure is
presented, which was optimized for lower and uneven number of high and low
refractive index material stacks compared to the other works. Using
simulations, it was proved that uneven and even numbered metal oxide
structures have similar characteristics and therefore a simpler solution was
favored for easier experimental realization. First time, this structure was
experimentally realized for PV using a potentially cheap sol-gel dipping
technique. Besides, in this work a more detailed colorimetric analysis was
performed and Bragg reflector technology was compared to other coloring
technologies using characteristic parameters from CIE color space: xyY and
color purity parameter. Finally, a sensitivity of color to refractive index and
thickness deviations from the optimal case of Bragg’s condition was
presented, what was absent in the prior works.
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In the third part of the work, first time coloring of a two terminal tandem
solar cell was analyzed using simulation employing kesterite as a top sub-cell
and silicon as a bottom sub-cell. In the first part of this section partial
optimization of kesterite sub cell was performed. For this, a wider range
kesterite refractive index spectra were incorporated with a band gap from 1.52
to 2.02 eV via sulfur/selenium alloying (Cu.ZnGe(SxSe1-x)s or CZGSSe) [36]
to determine the optimal kesterite thickness and a bandgap, compared to a
maximum of 1.6 eV band gap employed in previous works [35]. Besides, a
state of the art PERC silicon solar cell with 24% of efficiency was used as a
bottom device [4], while most of other works used older silicon devices
[38,39]. Finally, the coloring of such tandem structure was investigated by the
variation of thickness of functional metal oxide coating of Al.Os from 0 to
300 nm and its effect on optical and electrical characteristics of the PV device.
Also, characteristic colorimetric parameters were compared with other
coloring techniques and viability to be used in building integrated
photovoltaics analyzed.

1.3 Author’s contribution

Abstract contributions are detailed according to Contributor Roles
Taxonomy [40].

Most of the work was done by the author of this work: conceptualization,
methodology (measurements: spectrometer, profilometer, solar simulators),
software (simulations using OPAL 2 by PV Lighthouse [41], simulations
using transfer matrix method implemented with c++ and python programming
languages, simulations using SCAPS, script for merging two J-V curves of
both sub-cells for tandem simulations, calculation of calorimetric data using
Bentwin+ software by Bentham, setting simulation parameters for tandem
simulations using REF cells, optimization of Kkesterite/silicon tandem),
validation, formal analysis (colorimetric analysis, optical and electrical solar
cell characteristic data analysis), investigation (overall experiment planning,
sample preparation and cleaning, laser cutting of multi-crystalline solar cells,
solar cell soldering/lamination, sol-gel solution preparation, dipping
experiments, sample annealings), resources (most of recourses planned and
provided), data curation (selection of simulation data from the literature:
refractive indexes, work functions, doping etc.), writing—original draft
preparation (most of the writing for all of the published articles and solely for
thesis), writing—review and editing (most of the writing for all of the
published articles and solely for thesis), visualization (almost all of the figures
and schemes, except several detailed in the work).
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Ellipsometry measurements were performed, and refractive index spectra
computed by Ernesta Buzavaité-Verteliené and Zigmas Balevicius (TiO,
Si0O; and glass).

SEM measurements were done by Cedric Leuvrey from Institut de
Physique et de Chimie des Mat eriaux de Strasbourg (UMR CNRS) during a
1-month secondment in the latter institution.

Alexander Ulyashin from SINTEF (Oslo) was the author of the idea to
use ITO for double layer anti-reflective coatings on commercial solar cells.
He helped a lot with preparing the first article: conceptualization, planning the
experiment, analysis of the results, editing, validation, supervision.

Marit Stange from SINTEF (Oslo) was helping me to do magnetron
sputtering of ITO layers with different sputtering durations. Depositions were
done at SINTEF during a 1-month secondment there.

Juras Ulbikas was the author of the initial idea to use Bragg reflectors for
solar cell coloring. Also responsible for receiving funding for some projects
related to this work.

Jolanta Donéliené helped me working on coloring based on Bragg
reflectors: preparing sol-gel solutions, dip coating, investigation, writing —
review and editing. However, most of the work was done by the author of this
thesis.

Artinas Setkus (supervisor) helped with most parts of the work:
conceptualization, planning of the experiments, methodology, validation,
investigation, supervision, review and editing, formal analysis.

1.4 Dissertation structure

Dissertation is divided into 7 chapters:

1. INTRODUCTION,

2. LITERATURE REVIEW,

3. METHODOLOGIES USED IN THE RESEARCH,

4. FUNCTIONAL METAL OXIDE COATINGS FOR THE
FORMATION OF DOUBLE LAYER ANTI-REFLECTIVE COATINGS
ON PHOTOVOLTAIC STRUCTURES — THE EFFECT OF THICKNESS,

5. FUNCTIONAL METAL OXIDE COATINGS FOR THE
FORMATION OF DOUBLE LAYER ANTI-REFLECTIVE COATINGS
ON PHOTOVOLTAIC STRUCTURES - THE EFFECT OF REFRACTIVE
INDEX,

6. FUNCTIONAL METAL OXIDE COATINGS FOR THE
FORMATION OF BRAGG REFLECTOR STRUCTURES FOR
PHOTOVOLTAIC CELLS,
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7. FUNCTIONAL COATINGS FOR COLORING OF TANDEM
CELLS: DIGITAL MODEL CALCULATIONS.

In the introduction section, state of art solar cell coloring results are
presented, with the novelty highlighted. Besides, here other important
dissertation details are introduced: objectives, tasks, authors contribution,
dissertation structure, publications, conferences and defensive statements.

In the second chapter (“Literature review"), the most relevant literature
is examined. It is comprised of 3 sub-paragraphs: anti-reflective coatings
(ARCs), sol-gel theory and colorimetry. In the first one, the analysis focuses
on the reflectance characteristics of solar cells, as they play an essential role
in this work. Starting from the Fresnel equations, the reduction of reflectance
in silicon solar cells is explained and different anti-reflective coating types are
detailed. In the second sub-paragraph, sol-gel theory is explained, that was
used for the experimental realization of Bragg reflectors in 6" section of this
work. While in the 3" sub-section the colorimetry theory is presented with the
most important characteristic parameters and their formulas to evaluate color
quantitatively.

In the third section, the methodologies employed in this work are
introduced. Those that were most frequently utilized are described in higher
detail, and vice versa. Along with them simulation methodology is explained
in detail as it was an essential part of this work.

The results are presented starting from the fourth chapter, where
functional coatings based on double-layer anti-reflective coatings (DLARCS)
are presented. These DLARCs were created on commercial solar cells by
adding indium-doped tin oxide (ITO) as a top layer, utilizing both optical
simulations and experimental implementations. In the fourth paragraph,
emphasis was placed on exploring the impact of thickness variations on
DLARC characteristics. Initially demonstrated through simulations, this effect
was further validated experimentally by varying the thickness of the ITO
layer. Next, characterization of these structures was performed. Moving to the
fifth paragraph, the analysis shifted to the influence of the refractive index,
considering a range of achievable values for ITO. Two defensive statements
were formed from these paragraphs.

In the sixth section a different coloring idea is presented. In this case
multilayered low and high refractive index coatings called Bragg reflectors
were analyzed using simulations and realized experimentally. Using
simulations this structure was optimized and then metal oxide layers deposited
using sol-gel dipping technique. Later characterization followed and a 3™
defensive statement formed.
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The final section of this work was designated to coloring of 2 terminal
tandem structures. This seemed as the most logical continuation of previous
results as currently tandem solar cells are under extensive research to replace
single junction silicon solar cells. Therefore, in 7" section 2 terminal tandem
kesterite/silicon solar cells were simulated using SCAPS and transfer matrix
methods for the electrical and optical simulations (respectively). Firstly,
structure was optimized, and then anti-reflective coating added as a final step.
Finally colorimetric analysis was performed with variation of ARC thickness
and 4™ defensive statement formed.

1.5 Author’s publication list

1.5.1 Publications

Publications on the topic of the dissertation in ISI journals:

[P1] M. Rudzikas, A. Setkus, M. Stange, J. Ulbikas, A. Ulyashin, Simple
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ITO/SiNX:H double layer antireflective coatings, Sol. Energy. 207
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[P2] M. Rudzikas, J. Donéliené, E. Buzavaité-Verteliené, Z. Balevicius, C.
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https://doi.org/10.3390/mal6186107.
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Morphology and structure of TixOy nanoparticles generated by
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investigation of full-scale phase change material thermal energy
storage prototype for domestic hot water, J. Energy Storage. (2024).
https://doi.org/10.1016/j.est.2023.110283.

1.5.2 Conferences attended on the topic of the dissertation

Matas Rudzikas, Ariinas Setkus, Marit Stange, Juras Ulbikas.
Alexander G. Ulyashin, Simple color modification of commercial
solar cells with ITO/SiNx double layer coatings, Fiztech 2019,
Vilnius, Lietuva.

Matas Rudzikas, Artinas Setkus, I§ tirpalo formuojamy metaly oksidy
sluoksniy optiniy savybiy priklausomybés nuo technologijos tyrimai
ir praktinis taikymas fotovoltiniuose elementuose, Fiztech 2020,
Vilnius, Lietuva.

Matas Rudzikas, Ariinas Setkus, Marit Stange, Juras Ulbikas.
Alexander G. Ulyashin, Colorization of Si based solar cells and panels
using double layer coatings, PVSEC 2020, Online.
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Vertelien¢, Zigmas Balevi¢ius, Ariinas Setkus, Characterisation of
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solutions, ADVANCED MATERIALS AND TECHNOLOGIES
2021, Palanga, Lithuania.

[C5] M. Rudzikas, A. Setkus, N. Curmei, D. Serban, J. Donélien¢, J.
Ulbikas, Alexander G. Ulyashin, Sol-gel method for double layer
coated colored silicon solar cells, EU PVSEC 2021, Online.

[C6] M. Rudzikas, J. Doneliené, J. Ulbikas, A. Setkus, Sol-gel Coated
Bragg reflector Structures for Colored PV, Silicon PV 2022,
Konstanz, Germany (attended online).

[C7] M. Rudzikas, J. Donéliené, S. Pakalka, A. Setkus, A simulation study
of pure germanium kesterite to be used for 2t kesterite/silicon tandem
cell, EU PVSEC 2023, Lishon, Portugal.

1.6 Defensive statements

First defensive statement. Thickness variation of ITO or similar metal
oxide from 0 to 240 nm as a part of double layer anti-reflective coating formed
on the top of the commercial silicon solar cell enables the adjustment of cell ’s
color palette from blue to brown. This modification is associated with a
relatively low current density loss of up to 8%, and post-lamination color
purity decreases by 82% for blue and 71% for green PV panels.

Second defensive statement. Tuning the refractive index of ITO used in
double layer anti-reflective coatings of silicon solar cells on the top of SiNx:H
produces lower, blue-shifted and narrower reflection peaks in the surface
reflection spectrum when the ITO refractive index is lower (1.8 at 632 nm)
compared to a higher refractive index (2.07 at 632 nm). This leads to
comparable hues and color purity and a higher color brightness for higher
ITO refractive index.

Third defensive statement. Optimal design of Bragg reflector structure
for coloring of solar panels using TiO. and SiO, metal oxides consists of only
3 layers formed on the glass substrate (glass/TiO2/SiO,/TiO;) and results in
2-3 times higher brightness compared to the panels with colored commercial
solar cells. The tolerable technological deviations from the color related
numbers to be indistinguishable by human eye are +/- 0.05 for the refractive
index spectrum and less than approximately +/- 2% for the thickness.

Fourth statement. ARC thickness variation of Al,O3; from 0 to 300 nm
allows modification of reflectance spectra and therefore also color of
kesterite/silicon monolithic tandem solar cells with efficiency loss of less than
2% relative. Such modification is restricted by low color purity (compared to
single junction solar cells) and hues are limited to brownish and purplish (and
their mix).
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2. LITERATURE REVIEW
2.1 Anti-reflective coatings

Plain silicon has a reflectance spectrum of around 30%, which is a
significant optical loss for a solar cell. To mitigate such loss, anti-reflective
coatings (ARCs) are employed in solar cells (and texturization added). This is
a single or multiple thin layers (from tenths to hundreds of nm thick) that are
designed to reduce reflection. Reflection is minimum when layer optical
thickness equals quarter of wavelength. Usually in PV devices ARC thickness
is set to have minimum at around 600 nm, where solar cells have highest
guantum efficiency values [42]. While for the deposition plasma enhanced
chemical vapor deposition (PECVD) is used [43]. However, by using double
layer coatings with A/4 design, with growing indices from air to silicon, the
minimum in reflection is broader in wavelength.

Electromagnetic wave propagating in
multilayered structure undergoes multiple
in Figure 1. As anti-reflective coatings are \ ( \{\(
less thick than the coherence length of light
(which is typically less than 30 um [44]), it Figure 1. Electromagnetic wave
interference pattern. It can be described ng — air, n; and n, — 1% and — 2™
analytically using Fresnel’s equations [45]; antireflective coating and ns —
substrate.

reflections and transmissions as it is shown
results in constructive and destructive paths in DLARC structure, where

_ T cos ¢ — Tj41 COS P41 €))
1 — 5 P
7l; €OS ¢; + 41 COS Py1q

_ Tl COS P; — 71; COS Piyq
Tlj41 COS ¢; + 7; COS P4 q

(2)

ui

Here r, and r are Fresnel reflection coefficients for perpendicular and
parallel polarized light (s-polarized and p-polarized), ¢, and ¢, are incidence
angle and refracted beam angle (shown in Figure 1).

Often only a perpendicular light beam is considered with metal oxide
coatings having little or no absorption. This allows to simplify the equations
(¢; = 0,k = 0, k— extinction coefficient):

T L 2 S
r=r=n=_—_

3)

Niy1 T 1

From this reflection coefficient can be easily calculated:
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In order to calculate reflection amplitude, which is the sum of all partial
reflections, we need firstly to add them. For SLARC this results in the
following formula:

—-ié

r= W—Ze,; (4)
1+ 1rre
2m
6= TTld; (5)

Where § is phase change between two subsequent layers. By multiplying
reflectance amplitude with its complex conjugate, we can obtain reflectance
coefficient:

_ 1P 417+ 2rryc088 (6)
1+ 1rf + 2ryrycoss’

Besides, optimal refractive index for SLARC also can be easily
calculated (ng > nq) [7]:

ny = Jron; ™
Here ng — is a refractive index of a substrate.
In case of DLARC, reflection amplitude gets much more complicated,
shown in our first article [46]. While optimal refractive indexes for DLARC
using quarter wavelength stacks is [47]:

ng_ [no
f ®

It should be noted that there are other anti-reflective coating types, like
gradient, porous, biomimetic photonic nanostructures, ARC gratings [48].
However, they are more complicated and less relevant for this work, therefore
not detailed in this paragraph.

2.2 Sol-gel solution theory (for Bragg reflector structures)

For the preparation of Bragg reflectors in the 6th section of this work,
sol-gel solutions were employed. This selection was favored for the cost
effectiveness and scalability of this method [49-51].

The term "sol-gel" has evolved over time, and now it can simply be
referred to as the formation of solid materials from liquid precursors. Sol can
be described as a colloidal solution of amorphous, crystalline, or
polycrystalline nanoparticles, traditionally obtained through the hydrolysis
and condensation of alkoxide precursors (although not exclusively) [52]. A
gel is a particular three-dimensional network of a solid in a liquid, typically
formed by the aggregation of nanoparticles present in the sol. If covalent
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bonds form among them, the process is irreversible, whereas weak Van der
Waals or hydrogen bonding results in a reversible process. The structure of
the gel network strongly depends on the size and shape of the sol particles
[53]. Gels can be classified into five groups: (a) colloidal, (b) metal-oxane
polymer, (c) metal compounds, (d) polymer network | and (e) polymer
network 1l (Figure 2) [49]. However, this is just one of the most used
classifications, as there is currently no universally accepted categorization.

(@) Colloidal ~ (b) metal-oxane (c) metal (d) polymer (e) polymer
polymer compounds network | network 11
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Figure 2. Classification of gels according to the work by A. E. Danks, S. R. Hall
and Z. Schnepp (used with permission) [49].

Aglomeration of sol particles aims to reduce their interlayer energy by
decreasing the surface area-to-volume ratio, and it occurs due to Van der
Waals forces [53]. Various additives are employed to prevent agglomeration.

Usually, various metal nitrides, chlorides, and acetates are employed as
precursors for such solutions, which are soluble in water or alcohol solvents.
Several main types of precursors can be distinguished:

¢ Inorganic compounds: nitrates, sulfates, chlorides;

e Metal-organic compounds: acetates, carbonates, butoxides, oxalates,

alkoxides, Cu(hfac),;

e Organometallic compounds: polymeric sols, particle sols, emulsions.

In this work only results with metal-organic precursors are presented,
therefore only theory related with these precursors will be presented.

Key stages in the formation of sol-gels:

1. Formation of sol (dispersed system with a dispersed phase of solid
particles in the range of 10-100 nm) through hydrolysis and partial
condensation with alkoxides. During hydrolysis, a metal alkoxide
reacts with water, replacing one or several -OR groups with
hydroxyl (M-OH) or oxide compounds.

2. Formation of the gel through polycondensation reactions, creating
metal-oxo-metal or metal-hydroxide-metal bonds;

3. Aging — a process during which the gel network is formed. Aging
often leads to a reduction in the volume of the solution due to the
removal of the solvent;
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4. Drying of the gel to form a dense xerogel, resulting in a deformed
pore structure or an aerogel (e.g., by supercritical drying method);
5. Removal of surface M-OH groups by heating.

2.3 Dip coating deposition technique

Dip coating technique was used for the deposition of Bragg reflector
structures from sol-gel solutions due to its high repeatability, high
homogeneity, low material waste and easy obtainable thin films. One of
alternatives was spin-coating which is a common method in research
community, however it is not scalable. Another possibility would be spray
pyrolysis (ultrasonic), but its challenging to make thin film and homogeneous
films, therefore dip coating was favoured. It should be noted that spray
pyrolysis technique was employed in the progress of this work, however it
was dropped after some time, as no successful films were prepared. Therefore,
only results using dip coating will be presented in the dissertation.

The dip coating system consists of a withdrawal platform with a fixing
point for substrate that can move relative to the vessel: into the liquid solution
and out of it. Usually the substrate is fixed vertically, immersed and pulled out
of the liquid at a constant speed (Figure 3). Although dip coating deposition
is quite easy, the physics and chemistry involved in this process is rather
complex. During the immersion process at least six forces drive the formation
of the film: gravity, the viscous drag force between the liquid and the
substrate, the meniscus surface tension force, the inertia force of the liquid at
the boundary between the formed coating and the liquid, the surface tension
force gradient, and the (dis)conjoining pressure force [54].

Experimental Setup Formation Mechanism Solid Thin Film

Substrate l
R o
- 2@
¥
{ 3 )
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Figure 3. A scheme of dip coating process (used with
a permission from the work from Colm Glynn and
Colm O’Dwyer [55]).

To achieve uniform layers, it is important to use the solvent, which has a
low surface tension and can be sufficiently volatile and fluid. Alcohols meet
these conditions and thus are frequently used in this process.

Depending on the deposition speed, two main coating regimes can be
distinguished: capillary/evaporation and drain/evaporation [55]. The capillary
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regime happens at slow withdrawal speeds, while the drain regime occurs at
high speeds. It is important to note that the layer thickness increases with an
increase in withdrawal speed in the drain regime, while in the capillary regime,
it is the opposite.

The thickness of the layer in the dipping process primarily depends on
the withdrawal speed. However, other parameters are also important,
including the precursor solution concentration, temperature, angle between
the substrate and the vertical (if applicable), and withdrawal acceleration (if
applicable).

Landau proposed a model to determine the thickness of the coated layer,
applicable in the fast withdrawal regime [55]:

(UOU)Z/3
) 9
s @
where: Up is the withdrawal speed, 7 is the viscosity, y is the surface
tension, p is the density, and g is the gravitational acceleration. The model
considers Newtonian fluids, and evaporation is assumed to be negligible. The
slow withdrawal speed regime is not detailed as it is not relevant to this work.

ho = 0,94

2.4 Magnetron sputtering deposition technique

Magnetron sputtering is one of thin film formation techniques [56]. A
scheme of its working principle is depicted in Figure 4. An electric field is
established between the cathode (at the bottom) and the anode (the top).
Perpendicular to it, a magnetic field is created near the target surface in such
away that its lines curve towards the sample surface. At the bottom, the target
of the material that is being vaporized is placed, while at the top, a substrate
is fixed on which the material layer will be deposited.

Electrons when subjected to an electric and magnetic field move in
spirals around the lines of the magnetic field, as depicted in the image. When
gas are (usually argon) introduced in a chamber they are ionized due to atom-
electron colisions and directed towards the cathode. This way plasma is
formed above the target. Upon colliding with the target, argon ions displace
atoms from its material. The neutral target atoms move straight towards the
substrate. In order for them to reach the substrate they need a considerable
mean free path. Hence, magnetron sputtering requires a relatively high
vacuum on the order of 10° torr.
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Figure 4. The scheme of the magnetron sputtering
process.

Magnetron sputtering has an advantage over regular ion sputtering in
terms of higher vaporization rate because electrons are concentrated in a
smaller space, resulting in a faster ionization process [57].

To vaporize non-conductive layers (such as metal oxides), variable
voltage is required. For this, Radio Frequency (RF) Sputtering is used
allowing to alternate the electric filed at radio frequencies. This is employed
to prevent the accumulation of charge on not conductive types of sputtering
target materials (or oxides). Over time, such charge buildup can result in
arcing into the plasma, generating droplets that create quality control issues
on thin films. In extreme cases, it may even lead to the complete cessation of
atom sputtering, thus terminating the entire process.

The properties of the vaporized layer depend on pressure, temperature,
vaporization time, gas ratio (in case of reactive sputtering), and material
constants.

2.5 Solar panel lamination

Meier Icolam 18/11 membrane laminator was used for the lamination of
PV mini panels.

In the production of crystalline silicon solar modules, a vacuum
lamination step is employed to integrate the components of the module into a
single entity. Throughout this process, encapsulation materials are bonded
together by heating them to a temperature range of 120-150°C for 7 to 15
minutes (with a potential extension for thicker glass exceeding 2-4 mm).

Typically, a flat laminator is utilized, and its schematic is depicted in
Figure 5. Two chambers are present in such a laminator: upper and lower, and
they are interconnected through a membrane. Both can be independently
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evacuated, and the module lay-up is typically heated in the lower chamber
using a heating plate. The heating plate is connected to the module through
so-called pins, facilitating a more gentle and homogeneous heat transfer
(compared do direct heat transfer) to prevent glass warping initiated
temperature differences between the front and bottom glass of the PV panel.

Upper chamber

Figure 5. A diagram of the flat-bed laminator with its main components:
the membrane that separates the upper and lower chambers (grey), solar
module (blue), the heater (red), a vacuum pump (grey), space
surrounding the module — the lower chamber, and the space above the
membrane - the upper chamber.

The lamination process consists of three main steps [58] (typical

lamination working diagram is depicted in Figure 6):

1.

In the upper chamber, the space is evacuated before placing the
components forming the module stack onto the laminator on the heating
plate. Then the lower chamber is vacuumed over a certain period of time
to remove air, preventing the formation of bubbles. Simultaneously, the
temperature of the laminator is raised to the required level for the
polymerization reaction to take place (or for thermoplastics to melt). As
the temperature rises, the elastomer softens and liquefies.

In the second step, when the required temperature is reached, the
polymerization reaction occurs. This is a reaction occurring at elastomer
or thermoplastic elastomer materials which chemically crosslink after
certain temperatures, causing irreversible solidification and adhesion to
glass. Ethylene vinyl acetate is one of such materials and most popular
for use in PV panels, as it accounts for up to around 72% of whole
encapsulation market (even around 83%, including POE mixed with
EVA) [11]. During this process, the upper chamber is ventilated (while
maintaining the lower chamber in a vacuum), creating a pressure of up to
100 kPa on the module. This compression enhances the adhesion of the
solidified EVA to the glass.

The final step is the cooling of the module. In some cases, modules are
cooled in the air, in some other cases cooling is performed in laminator
with special cooling mode or alternatively, a separate space or device is
used, creating specific cooling conditions.
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Figure 6. Typical laminator working diagram.
Temperature is displayed with black curve, upper
chamber pressure in red, lower chamber pressure in
light blue.
Important to note that for each laminator and each different module or
material, it is necessary to individually adjust the lamination conditions to
achieve optimal results: a fast process and a high-quality PV module.

2.6 Colorimetry

2.6.1 CIE color space and its colorimetry parameters

The International Commission on Illumination (CIE) established a
method in 1931 to connect the visible spectra to the perceived colors by the
human eye. This connection is now known as the CIE 1931 XYZ color space,
which is depicted in Figure 7 (b).

To determine the relationship between the incident spectra and the
perceived colors, the tristimulus values of X, Y, and Z are computed. These
values correspond to the response of different receptor cells in the human eye,
as defined by the CIE's three color matching functions: x(4), y(4) and Z(1)
(shown in Figure 7 (a)). Collectively, these functions are referred to as the
standard observer, representing an individual with average vision, described
in numerical terms. The tristimulus values X, Y, and Z are calculated by
integrating the product of three spectra: reflectance or transmittance,

irradiance of the source and the receptor cell response.
A

X=k|[ 1)-SQ)-#R)da (10)
i

1
Y = kf 1) - S -y(D)dA; (11)
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Z= kf 1) - SA) - 2(N)dA; (12)
A
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where I(2) is the irradiance of the source (W - m™! - nm™1) (D65 illuminant
is CIE standard for 6500 K light [60]), S(A4) is reflected or transmitted spectra
(nm™1), A; and 2, are 380 and 780 nm respectively, covering the entire
photopic region.
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Figure 7. CIE 1931 standard observer color matching functions for 10 deg. View
(a). CIE 1931 color space chromaticity diagram (b).

To more convenient representation, the tristimulus values are frequently
converted into alternative color spaces since the three-dimensional (3D) space
is not always practical. An instance of such conversion is the xyY gamut, in
which the variables x and y correspond to chromaticity (hue and saturation),
while Y corresponds to brightness. This enables the depiction of chromaticity
on a single xy plane while maintaining a fixed Y value. The relationships
between the variables x and y and the tristimulus variables can be expressed
as follows:

X

- . 14

x X+Y+2Z’ (14)
Y

e — 15

YEX¥v+z (15)

The xyY space is specifically designed to exhibit a gradient of increasing
color saturation from the white point positioned at the center of the color
space, towards the boundaries. At the edges, colors become monochromatic
[5].

Using xyY space it is possible to calculate color purity — a parameter like
color saturation. It is a ratio between distance from the illuminant (in this case
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D65) (Figure 8 point N) to a point of interest (Figure 8 point O) divided by a
distance between illuminant and the opposite point at loci of fin shaped xyY
space (Figure 8 point D).

0.8-

0.6

>04f
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Figure 8. Scheme of calculation of
dominant wavelength and excitation purity.

The formula for calculating of excitation purity is as follows:

zyzxo_xzvz}%_}ﬁv
ND xp—xy Yp—Yn

De (16)

2.6.1 CIELAB color space and color difference threshold parameter AE

In the context of applying colored PV technologies in BIPV (Building-
Integrated Photovoltaics), it is essential to consider how manufacturing
process affects color. As this thesis is in field of physics (not technology) the
sensitivity of color of functional oxide layers to the two main parameters:
refractive index and thickness was analyzed. Although, it was not explored
how these two parameters could be modified through the deposition process.

For this analysis, the CIELAB color space was employed as it is
relatively perceptually uniform. Color variations were assessed using a
parameter defined by the CIE International Standard called AE [61]. In the
year 2000, certain non-uniformities in this color space were corrected and
these corrections were utilized in this work. The formula for AEe is shown
below:

AR = (AL’)2+<AC’>2+<AH’)2+R (AC’)(AH’) a7
00 [\kyS, keSe kuSy "\k¢Sc) \kySy)’
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0.015(L' — 50)?
N ( )

S =1+ —m 18
- J20 + (L' — 50)2 19
S¢=1+1.045C", (19)
Sy =1+1.045C'T, (20)
T =1-0.17cos(h’ — 30°) + 0.24cos(2h’) + 0.32cos (3R’ + 6°) @1
— 0.2cos(4h' — 63°)
Ry = —sin(2A0)Rg, (22)
— 2
86 = 30° + exp {~[(h' - 275°/25°)]’}, (23)

, <y’
RC =2 m, (24)

Z’ and AL - arithmetic mean and difference of the CIEDE2000 CIELAB
lightness of two colour stimuli (respectivelly).

E/ and AC - arithmetic mean and difference of the CIEDE2000 CIELAB
chroma of two colour stimuli (respectivelly).

A and AH - arithmetic mean and difference of the CIEDE2000 CIELAB
hue of two colour stimuli (respectivelly).

R and Ah'- arithmetic mean and difference of the CIEDE2000 CIELAB
hue angle of two colour stimuli (respectivelly).

T - T-function for hue weighting.

Rr,R; - rotation function, chroma dependence of rotation function
(respectively).

S1,Sc, Sy - lightness, chroma and hue weighting functions (respectively).

A - hue dependence of rotation function.

ki, kc, ky - parametric factors for lightness, chroma and hue
(respectively).

The threshold for color difference is divided into five sections,

following the classification proposed by W. Mokrzycki and M. Tatol [62]:

e 0 <AE < 1: The difference is not noticeable to the observer.
1 < AE < 2: Only experienced observers can detect the difference.
2 < AE < 3.5: Even unexperienced observers notice the difference.
e 3.5<AE <5: A clear difference in color is noticeable.

5 < AE: The observer perceives two distinct colors.

It’s important to mention that this classification was based on the
author’s own experiments and is not metrologically approved. To our
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knowledge, the CIE (International Commission on Illumination) does not
provide a similar classification. Thus, in this article, the suggestion of W.
Mokrzycki and M. Tatol was adopted as a starting point, and a visual
comparison was also conducted with the SRGB portrait.

3. METHODOLOGIES USED IN THE RESEARCH
3.1 Transfer matrix method (for 1D optical simulations)

To perform optical simulations on a multilayered structure, the Abeles
transfer matrix method (TMM) was utilized. This method employs 2x2
matrices to describe the amplitude and phase properties of the electromagnetic
wave for each layer and interface within the structure. To facilitate the
application of this method, a Python package developed by Steven J. Byrnes
was employed [63].

The Abeles transfer matrix method is based on the changes in the electric
field between the incident wave and the one that has passed through the layer

of material(s):
(e) = (z2m) @)

Here E¢ is an electric field of incoming wave from the left, Ef,, ;- is an
electric field of (transmitted + reflected) wave moving to the right, Ej - is
(reflected + transmitted) wave coming from the right, E;,,; coming wave
from the right, M — transfer matrix, m — layer numbering from the top (0, 1, 2,
.y M+1).

The transfer matrix describing the changes of the phase and the amplitude
at the junction and in the material layer (respectively):

_ exp (—i6p_1) I'm—1€xp (—i6m_1) i
Mo = (o o (o) k0 () )’ (26)
Number of junctions and layers is usually not the same in the
multilayered structure, therefore it is convenient to decompose this matrix into

the matrix of permeability and transmission:

_ 1 1 I'm-1 .
o=t (o, ) @7)
_ exp (—i6y_1) 1y
Pa= (7 exp (iam_l))' (28)

Then, the final matrix is obtained combining all the matrices describing
each layer and each interface:
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M = To1 PiT12PoTo3 o T 1 (29)

Subscripts show the number of layers in which light propagates
(transmission matrix) or the number of the layers before and after the interface
that it passes (permeability matrix). r and t are Fresnel coefficients for
reflection and transmission (respectively) and are equal to (for p and s
polarized light, respectively):

_ fipy COS((I)m) —fimyq COS(¢m+1) .
mo l'~1m COS(¢m) + l'~1m+1 COS(¢m+1) ’

(30)

_ 1’~1m+1 COS(¢m+1) _ﬁm COS(¢m)
B ﬁm+1 COS(¢m+1) +ﬁm COS(d)m).

where, 7i is complex refractive index, ¢ — incidence angle, o § - phase change
between two subsequent layers:

B

I'm

i =n+ik; (32)
2
8m = Tﬁmdm cos($pm)- (33)

Equation (25) represents general situation with 2 waves coming from
both sides of the multilayered structure. However usually wave comes only
from one direction, therefore E;,, ., can be excluded:

(2)=5 () - () =5 (%) 69
En/  tr \Emsa En/ t\ 0

In this equation t; is a result of multiplication of all Fresnel coeffients of
transmission. This simplification allows simple calculation of transmition and
reflection coefficients. After matrix multiplication equation system looks like
this:

M. E}
EI_; — 11 m+1; (35)
£
M, Ef
Er;l — 21t m+1. (36)
f

Then transmission and reflection coefficients are equal to:

_ E1J§1+1 _ i 37
Er-'r—l M11 ’
_Em My

- = . 38
TR T My (38)

35



3.2 SCAPS software (for 1D electrical simulations)

Electrical part of solar cell was simulated using SCAPS (version 3.3.10)
- a 1D solar cell simulation software, which was developed at the Department
of Electronics and Information Systems (ELIS) of the University of Gent,
Ghent, Belgium [20].

Software allows to construct thin film or crystalline silicon solar cell with
a maximum number of 7 layers. Important to note that reflection is not
included in the software, only absorption from the file or from model
(calculated using material band gap and thickness). Within the software
standard semiconductor equations are solved - Poisson equation and
continuity equation for electrons and holes with the drift—diffusion
approximation [42]:

Al SE = q(no — Do +NA _ND); (39)
- on
VT =q(6n = Ra =) (40)
N d
VT =a(G,-R-50) (41)

In formulas E — is electric field, n and p — are electron and hole
concentrations, Np and Na — donor and acceptor concentrations, J,, ir ]7,—
electron and hole current densities, G — optical carrier generation rate, R —
thermal carrier generation rate.

Tandem cell simulation is partially supported in software, however
limited to same 7 layers, therefore in this work tandem was simulated as 2
separate sub-cells and then connected artificially with special python script
(ideal connection considered). Supported recombination mechanisms are
band-to-band, Auger and SRH.

3.3 PV lighthouse simulation tool (for 1D optical simulations)

,,OPAL 2” is an optical simulator available at the PV Lighthouse website
free of charge[41]. It can be used to simulate the front surface of a photovoltaic
solar cell. Structure of maximum of 5 layers over the substrate can be
constructed from the material database (or custom refractive index spectra can
be added) to calculate transmission through the coatings to the substrate,
absorption in thin films and reflection from the whole structure. Layers used
in simulation can be textured or plain and light can come in any angle and
polarization.

Software uses Ray tracing and Fresnel equations to calculate reflection,
transmission and absorption [41]. Optical loss is quantified as lost generation
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current. For the calculation of this current authors suggest 1 of 4 light trapping
schemes. In this work, the model 4 was selected as it has the fewest
assumptions [65].

N In(n? + 4(1 — n®)aWe=4W)

Z=4 (42)
A=1 —ae%“W
A= :
N _ (43)
1= (1-5z) e

Where Z — is a parameter that defines the light trapping - optical path
length enhancement factor, A — absorption, W — substrate thickness, a —
absorption coefficient, n — refractive index.

3.4 Calculation of Maximum Possible Jsc and Jsc Loss (for tandem
simulations):

In the 7™ section of this work, tandem calculations were performed.
Using the transfer matrix method overall reflectance and absorbance in each
of the layers of the multilayered structure was calculated for the evaluation of
how much these spectra effects solar cell’s electrical characteristics. In some
cases, it can be loss (parasitic loss for example in ITO or because of
reflectance) or gain (for example absorbance in absorber layers). Jsc values
were calculated using equation below (EQE is not included as SCAPS does
not generate EQE when the carrier generation is imported—not calculated
inside):

A2
Jsc(loss, gain) = q.[ A @,(1)da, (44)
S

3.5 Calculation of carrier generation profile (for tandem simulations)

Carrier generation profiles for tandem simulations were calculated for
solar cell absorber layers (silicon and pure germanium kesterite —
CuxZnGe(S,Se)s using absorption spectra obtained from transfer matrix
calculations. These profiles were later used for SCAPS calculations.

The carrier generation profile can be calculated using an equation from

the book by A. Luque and S. Hegedus [42]:
Az
Gx)=(1-5) (1 -RMAW)DPy(Da(V)e™**dAa, (45)
A
where s - metal grid coverage ratio (considered 0), R (1) - absorption,
®,(1) - photon flux from solar AM1.5g spectrum, a(4) - absorption
coefficient, x - layer thickness. Solar spectrum AM1.5g was taken from NREL

[66].
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The absorption coefficient was calculated from the imaginary part of
refractive index spectrum using:

21k (A
a(d) = k() (46)
Photon flux spectrum was calculated from irradiance spectrum:
A
= —. 47
@ (1) = 1(D) 7~ (47)

However, one modification was added to the equation (45) regarding
specifics of this work. It was assumed, that instead of 1-R(1), absorbance A (1)
spectrum can be used, as it is calculated using optical simulations with transfer
matrix method in multilayered structure. Thus, such modification resulted in:

Az
G0 =(1—s) L APy (Da(D)e-TdA, (48)

Besides, to make sure, that all the light was absorbed lengthwise (in x
axis), normalization was performed. For this, firstly the short circuit current
density was calculated by the integration of the obtained carrier generation
profile and then multiplied with elementary charge:

X2
Voo =4 j G'(x)dx. (49)
X1
While full short circuit current density is obtained using:
A2
Jsc(full) = q j A1) @y (2)da, (50)
1

Then, final generation profile is calculated by multiplication of G'(x)
with a ratio of these two short circuit current densities:

Joo (full)

!
ISC

G(x) =6'(x) (51)

3.6 Sample characterization methods

3.6.1 Optical spectroscopy

The Bentham PVE 300 spectrometer was employed to measure the
optical and electric properties, specifically the reflectance spectra and
Quantum efficiency. Principal scheme of such equipment is shown in Figure
9.

A combination of xenon and halogen lamps are utilized as a light source
in this spectrometer, and a controlled swing-away mirror is employed to
switch between the two. The rationale behind using multiple light sources is
to achieve a higher and more stable output. After the swing away mirror, the
light passes the monochromator, and comes out as a monochromatic beam
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with wavelengths ranging from 300 to 1750 nm. Bentham monochromators
employ diffraction gratings for wavelength dispersion. Subsequently, the light
passes through the slit (custom shaping the beam), travels through a mirror
system, and reaches the integrating sphere (shown in Figure 10). The incident
light hits the surface at an 87-degree angle from the surface normal. The
integrating sphere is coated with barium sulphate, a highly diffusely reflecting
material. It is termed so because light impinging on the sphere walls is
reflected in all directions, effectively "averaging" the light over the surface of
the sphere walls. This design ensures that the detector detects the same signal
independent of its position. In reality, some light may still exit from the
entrance and reflectance port.

Beam
White light shaping
slit Monochromatic
light beam 45 deg.
Dual light |_| l mirror
) sources: xenon Monochromator|
and halogen |_|
Power supply Integrating sphere
for xenon lamp PC
Sample
Power supply 454deg. Electronics unit:
1 for halogen lamp IILICH amplifier, lock-in

o

Figure 9. Principal scheme of reflectance measurement with a spectrometer.

In the case of quantum efficiency measurements, integrating sphere is not
used, but beam is directed on sample and signal from the solar cell contacts is
connected to the electronics unit. Besides, temperature control is employed
for such measurement. For low level recording detection lock-in is used.

Detector Port

Entrance/
Reflectance Transmittance
Port Port

|sPIN/ SPEX
j‘Port

Diffuse
reflection Specular

— reflection

Figure 10. Scheme of an integrating
sphere. Sample is shown in blue color (in
reflectance mode). In transmittance mode,
sample is place at entrance and reflectance
port is covered with highly reflective
surface. Figure taken from the equipment
manual and used with permission [67].
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3.6.2 J-V measurements under the light

The measurement of mini solar panel J-V characteristics was performed
using the Pasan Highlight 3 A+ class simulator. Solar cells were characterized
using A class solar simulator QuickSun 120CA. These measurements were
done under standard conditions (1000 W/m? irradiance, 25 °C temperature,
and AML1.5G solar spectrum) according to IEC 61215 standard. Both
simulators are pulse type (not continuous).

For the clarity of solar simulator classification, characteristics of each
class are detailed in Table 1 [68].

Table 1. Solar simulator classification characteristics [68].

Classifications Spectral Non- Temporal instability of irradiance
Match uniformity of Short term Long term
irradiance instability instability
A+ 0.875-1.125 1% 0% 1%
A 0.75-1.25 2% 0.5% 2%
B 0.6-1.4 5% 2% 5%
C 0.4-2 10% 10% 10%

Principal scheme of solar simulator is depicted in Figure 11. Main
components of such equipment are a light source (usually a xenon lamp),
sample holder, temperature sensor, electronic load, flash generator, PC and
monitor cell. All the system is controlled using PC and designed software.

Sample  Monitor

cell

Flash
generator

Electronic
load

J

Temperature | sample
sensor holder

Figure 11. Schematic diagram of solar simulator with
its main components: light source, sample holder,
temperature sensor, electronic load, flash generator, PC,
monitor cell.
Solar simulators are employed to simulate natural sunlight for repeatable
and precise indoor testing of the J-V characteristics of PV cells or modules.
This allows for the comparison of results obtained from different laboratories.
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The J-V measurement involves varying the electrical load and measuring
the resulting current with the light being turned on. In pulse simulators, the
lamp is turned on at a specific moment when irradiance is closest to 1000
W/m?. To determine this moment, a monitor cell is employed. This miniature
cell is measured in a certified laboratory, and its current values are associated
to irradiance levels. The typical light pulse duration for a pulse solar simulator
is approximately 10 ms, requiring the measurement of the entire J-V curve
within this interval (which is usually much shorter).

After the measurement irradiance and temperature compensation is
performed on the obtained J-V curve. Then characteristic parameters are taken
from the data or computed: Jsc (short circuit current density), Voc (open
circuit voltage), Juer (current density at maximum power point), Vvee (vVoltage
at maximum power point), P (power), FF (fill factor), n (efficiency), Rs (series
resistance), Rsn (shunt resistance). Fill factor and efficiency are calculated as
follows:

JmppVupp
FF =———; 52
]scPVOC 52)
53
n=p (53)
i

Here, Pi» is the incoming power of irradiance (1000 W). Rs and Rsn can
be calculated by fitting J-V curve with double diode equation [69]:

J=JL+]o1 (exp (%) - 1)

. <ex <q(v —JRS)> ~ 1) _V+JRg ®4)
02 \ ¥P\ "okt Ry

3.6.3 Procedure for determination of Bragg reflector thickness

For each sol-gel solution used for metal oxide coatings for Bragg
reflector structures, a relation between technological parameters of the
dipping process and the resulting layer properties was needed for creating an
optical filter with desired characteristics. For this, layers of single TiO» and
SiO, were deposited at various speeds (40, 60, 80, and 100 mm/min.). Then,
samples were firstly characterized by the spectrometer (reflectance
measurements) and subsequently numerical simulation was used to
approximate the latter reflection spectra in order to obtain sample thickness.
Linear fitting was applied to obtain the required relationship between
thickness and dipping speed data and is depicted in the Figure 12.
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Figure 12. Example of fitting procedure to determine
the corelation between dipping speed and the obtained
layer thickness for SiO; solution.

3.6.4 Stylus profilometry (for ITO thickness determination)

ITO/Glass samples were characterized using a Dektak 150 Stylus profiler
equipped with a stylus having a 5 um tip with 45° angle.

Firstly, the sample is positioned on a high-precision stage and scan
parameters: length, speed, accuracy (depending on measured object scale) and
stylus force are selected in the software. When the scan routine is initiated, the
tower assembly descends, making a contact between the stylus tip and the
sample surface. Measurements are taken electromechanically, wherein the
sample is moved beneath a diamond-tipped stylus. Within a constant force
regime, a defined force is sustained through a feedback loop. As the stylus
traverses the sample, any deviations in stylus position resulting from changes
in surface morphology are detected via an optical mirror system.
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4. FUNCTIONAL METAL OXIDE COATINGS FOR THE

FORMATION OF DOUBLE LAYER ANTI-REFLECTIVE

COATINGS ON PHOTOVOLTAIC STRUCTURES - THE
EFFECT OF THICKNESS

In this section the results of coloring photovoltaic structures employing
double layer anti-reflective coatings (DLARCs) formed by the deposition of
ITO layer on the top of commercial multi-crystalline silicon solar cell are
presented. Model simulation and experimental implementation were used for
investigating the effect of thickness on the optical and electrical properties of
the proposed structure using ITO/SiNyH DLARCs. Then, cells are
characterized using a solar simulator and a spectrometer. Later, two different
samples with 2 different colors were selected for testing their acceptability for
use in solar panels. Finally, a detailed CIE colorimetry analysis is presented.
Results of this section allowed to formulate the first defensive statement.

4.1 Simulation model (for ITO/SiNx:H DLARCS)

Optical simulations were performed using a freeware optical simulation
tool named “OPAL 2” made by “PV Lighthouse” [41,70]. Software described
in more detail in section: “3.3 PV lighthouse simulation tool (for 1D optical
simulations)”.

Structure under interest is depicted in Figure 13. It should be noted that
electrical contacts were not accounted for simulations.

(@)

(o)

c-Si Silver pastemm SiNx:HEE ITO mm

Figure 13. Double layer anti-reflective coating structure (b) formed on
the top of the commercial silicon solar cell (a).
Simulation parameters were set like this:
e All layers were textured with upright random pyramids and
characteristic angle of 54.74%;
e  crystalline Silicon substrate thickness - 200 um;
e  AML1.5¢ solar spectrum;
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e hydrogenated silicon nitride (SiNx:H) is used as a first anti-reflective
coating and its thickness is set to 80 nm with refractive index
spectrum taken from Duttagupta et al. [71];

o ITO refractive index spectrum was taken from Holman et al. [72],
deposited with magnetron sputtering. This index is hamed 1TO4
(2.07 at 632nm).

4.2 Simulation: anti-reflective coating thickness on color (for
ITO/SiNx:H DLARC:S)

Simulations in this section were performed to evaluate the effect of
thickness on solar cell reflection characteristics.

As a first step, ITO4 thickness was varied and its effect on optical
characteristics of solar cell was observed. Its values were changed from 0 to
200 nm in a step of 50 nm. Results are displayed in Figure 14.

(a) (b)
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Figure 14. Reflectance characteristics of simulated solar cells with varying
thickness of DLARC with ITO4 from 0 to 200 nm in a step of 50 nm (a).
Representation of CIE coordinates (black circles) calculated from reflectance
spectra with different ITO thicknesses. White dot — D65 illuminant [73].

A strong red shift of reflection maxima from around 350 to 1050 nm can
be observed in the latter graph (a) with a change of ITO thickness from 0 to
200 nm, as shown with an arrow. Besides, multiple peaks appear with an
increase in metal oxide thickness, making it 3 peaks for ITO thickness of 200
nm. Each of these peaks has a decreasing maxima height with an increase of
its wavelength.

Variation of reflection characteristics can be directly associated to
variation of human perception of color. For this, CIE parameters were
calculated and depicted in CIE color space (Figure 14b). 5 points are shown
with black dots, while with white dot the light source is marked (D65
illuminant [73]). Each of the points is separately located in a fin shaped CIE
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space. It is evident that different colors can be obtained by easy variation of
layer thickness. Specifically, these colors would be blue, greenish blue, green,
greenish yellow, red. It could be concluded that intentional thickness variation
of thickness of ITO allows modification of color of a photovoltaic device. As
a next step, such structures were realized experimentally.

4.3 Sample preparation (magnetron sputtering)

RF magnetron sputtering was used for the
deposition of thin ITO layers on Si based solar
cells with standard SiNy:H ARC. The depositions
were done at room temperature. For deposition
RF magnetron power was P=100 W and the
pressure of the process gas (Ar) in the deposition
chamber was p=5-10" mbar. An ITO target with a
diameter of 10 cm served as a sputtering source. _ : |

Multi-crystalline solar cells were utilized as Egzg/e 015& S;‘I’I’::]?esrglig
substrates for ITO deposition in order to form cell vazthy g/utting track
DLARCs. For this purpose, M1 size solar cells marked in yellow and
with dimensions 157.5x157.5 mm, 4 busbars and resulting cell dimensions.
efficiency of 18.4% were cut to 4 equal parts
(78.38 mm x 78.38 mm), as illustrated in Figure 15. Thin white horizontal and
thicker white vertical lines are silver paste contacts (fingers and busbars
respectively).

The deposition duration was systematically varied from 225 s to 2362.5
s, with increments of 112.5 s, to achieve ITO films with varying equidistant
thicknesses. Along with the solar cell samples, glass pieces were placed for
thickness determination (but not for all durations). The experimental
correlation between the deposition duration and film thickness was established
using a special calibration routine. The thickness of ITO layers in ITO/glass
reference structures was measured using the Dektak 150 contact stylus
profilometer. Then, the measured thickness was linearly fitted to generate the
calibration diagram, as depicted in Figure 16. It should be noted that the
deviations of thickness could be caused by the measurement accuracy of the
stylus profiler or thickness deviations in films.
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Figure 16. Measured (data points) and linearly fit (red
line) data of ITO thickness dependence on the
deposition time.

4.4 Experimental realization of ITO/SiNx:H DLARCs

It was shown via simulations that an increase of ITO thickness affects
solar cell visual appearance. Consequently, ITO layers were deposited by the
magnetron sputtering with different thickness achieved by variation of
deposition duration from 225 s to 2362.5 (with exceptional sample of 2918.9
s) to obtain different colored solar cells. In addition to deposition on multi-
crystalline solar cells, ITO was also deposited on glass using the same
deposition durations for ITO thickness determination.

In the Figure 17 an image with a typical series of samples with ITO/SiNx
DLARC formed on commercial multi-crystalline silicon solar cells is
presented. Difference in thickness between adjacent samples in the series was
approximately 9.25 nm, as determined by the calibration diagram in Figure
16. It should be noted that tenths or hundredths are only used for right scaling
(9.25-21=194.5, while 9-21=189 nm), but not to describe the accuracy of
thickness determination method. Bright and vivid color palette can be easily
noticed by visual inspection. A gradual change of color from blue to green can
be traced from upper left sample without any ITO to bottom 3™ from left
(green) with 185nm of ITO. While the last sample — brown is exceptional with
240 nm of ITO. What is more, it is worth noting that color homogeneity is
very high for all of the samples with relatively high surface area (78.38 mm x
78.38 mm).
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Figure 17. Colored multi-crystalline solar cells with
increasing ITO DLARC thickness in steps of 9.25 nm
from 18.5 till 194.25 nm (from top left blue sample row-
wise till green). First sample is a reference one and the
last one — brown is exceptional with 240.5 nm of ITO.

Electrical characteristics were measured for each cell utilizing an A class
solar simulator, with the outcomes illustrated in Figure 18. Current density
absolute and relative values are shown in part (a), while fill factor values are
shown in (b) depending on ITO layer thickness. Each point is measured 3
times. Notably fill factor has huge deviations for different ITO thicknesses.
Values range from around 67% to 77%. This suggested that either the
measurement or ITO conductivity is not consistent with the varying functional
oxide thickness. Therefore, current density and not efficiency was analyzed
further in this section to avoid the influence of fill factor.
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Figure 18. Short circuit current densities (a) and fill factors (b) of multi-crystalline
solar cells with varying ITO thickness. Relative Jsc values are displayed in right Y
axis of figure (a).

A gradual decrease in Jsc within an increase of ARC thickness can be
noticed, while the lowest recorded value is nearly 8%. This is a relatively low
loss, considering power loss of other coloring technologies (5-50%), what was
described in 1. INTRODUCTION section. ITO thickness for the short circuit

47



current density minimum is around 175 nm. After the minimum value a slight
increase in Jsc can be observed. This trend is in accordance to other works
using different single or double layer anti-reflective coatings [5,8-10].

4.5 Solar module made using solar cells with ITO/SiNx:H DLARC

In this section, acceptability of the proposed idea of DLARCs for PV
panels is presented. Having in mind varying fill factor values, presented
previously, new samples were produced while avoiding the deposition of ITO
on silver paste contacts (using a special mask). For this, 6 new green cells
were produced with a 184.5 nm thick ITO layer on top of the same commercial
multi-crystalline solar cells. Using these green and reference blue cells two
panels were manufactured and are illustrated in Figure 19. Sample without
ITO is reference — blue colored. Layered material structure of laminated PV
panel is demonstrated in Figure 20. Such structure contains: glass, ethylene-
vinyl-acetate (EVA), solar cells, EVA, glass.

Figure 19. Glass/glass solar panels made using 6 green (185 nm
ITO) and blue (0 nm ITO, reference) sequentially connected
cells.

These mini panels were characterized using A+ class solar simulator,
corresponding J-V curves are depicted in Figure 21 and extracted electrical
parameters are listed in Table 2.

The results in Table 2 indicate an 8.83% difference in power between
these two modules. In the green module, the power loss was primarily
attributed to the short circuit current (Isc) (-3.54%) and the reduction in fill
factor (FF) (-4.73%), with only a minor impact on Voc (-0.74%). This low
influence on Voc can be expected since the ITO deposition was performed
without interference with the pn junction of the cell.
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Furthermore, a decrease in shunt resistance of
17% is observed. This may indicate some current
flow via the edges of the cell caused by the presence
of a conductive ITO. This suggests improving the
deposition process by adding a small frame around
the cell for insulation of the cell edges before ITO
deposition. Furthermore, the series resistance of the
green solar module did not exhibit any improvement
in charge collection with an increase in the
conductive area. This could be attributed to the
significantly lower conductivity of the ITO films
compared to the cell busbars.
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Figure 21. Measured J-V characteristics of blue and
green module using solar cells with 0 and 185 nm ITO,

respectively.

Table 2. Electrical parameters of blue and green mini modules extracted from J-V

characteristics.

V\O/C' lsc, A V“\”;x' 'MAAX' P“\”ICX' FF, % R, @ Eff, %
Blue 377 2.15 310 203 627 776 018 3456  17.19
Green  3.74 2.07 306 187 572 739 020 2878 1568
A% 074 354  -110 -7.79 -883 -473 110 -1672 -8.78

4.6 Colorimetric analysis of ITO/SiNx:H DLARCs

Next, colorimetric analysis was performed in order to evaluate these
characteristics and the possibility to use such solar cells in building integrated
photovoltaics (BIPV). For this analysis only experimental reflectance spectra
were used. The CIE diagram was drawn as a function of ITO thickness and is
presented in Figure 22. A series of samples with increasing thickness of ITO
films in the Double Layer Anti-Reflective Coating (DLARC) structures are
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represented by a dotted line (connecting data points), traceable in the area
around the white point (D65 illuminant). The sample without an ITO film is
represented by a rectangle in the diagram (zero point), while the highest
thickness value was indicated by the arrow (last point). Laminated and not
laminated samples are connected with arrows (green arrow — green sample,
blue — blue sample), photographs of these samples are shown in Figure 19.
Important thing to notice that the CIE diagram is designed in a way, that
colors are purer further from the light source (marked as a white point with
black outline) and are monochromatic in the edges of fin shaped CIE space,
while near the white point they are the opposite.
0.8 e e

O 0.4 02 03 04 05 06 07 0.8 0.9
X

Figure 22. CIE diagram of colorimetry parameters
calculated from experimental reflectance data of
multi-crystalline SiNx:H/ITO DLARCs. Difference
between color for non-encapsulated and encapsulated
cells is shown by blue and green arrows for blue and
green modules respectively. D65 illuminant is shown
as a white point with black outline.

In Figure 22 it can be seen that all data points go in ellipse-like shape
with hues changing from blue to purple and then again from blue to green
(colors repeat). Points are getting closer and further from the white point
meaning color purity is changing periodically. What is more, equidistant
points (within deposition uncertainty) with different ITO thicknesses (with
9.25 nm between the adjacent samples) are not equidistant in CIE curve. They
look a bit randomly distributed along the black line connecting those data
points. What is more, data points for the laminated samples gets much closer
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to the white point (D65 illuminant [73]) after lamination — meaning becoming
less pure.

In order to compare these numbers numerically, color purity parameter
was calculated using equation (16) according to CIE [74] (as described in
section “2.6.1 CIE color space and its colorimetry parameters”).

In Figure 23, the color purity data is depicted. A periodic change of the
latter parameter can be observed for DLARC-colored multi-crystalline solar
cells, similarly to that seen in the CIE diagram. Purity values change from
approximately 10 to 60%. Besides, as with the CIE diagram, a decrease in
purity is evident in laminated samples. The loss is a bit higher for the blue
panel and equals 82% and is around 71% for the green panel.
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Figure 23. Color purity dependence on 0 order
reflectance maxima position of reflectance spectra for
experimental laminated (black) and not laminated

(grey).

Additionally, in Figure 24, the reflectance spectra of laminated and non-
laminated samples are shown. It can be noticed that after lamination, the
height of reflectance maxima decreases, resulting in a flatter spectrum. This
observation also explains the previous statement about purity. As
theoretically, the highest purity would be for monochrome samples, flatter
curves mean less pure.
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Figure 24. Comparison of reflectance spectra of laminated and non-laminated
blue (a) and green (b) solar cells. Blue cells are with 0 nm of ITO and green are
with 184.5 nm of ITO (according to the calibration diagram in Figure 16).

4.7 Summary

In the previous section, results of functional coatings made using indium
doped tin oxide as a double layer anti-reflective coating for silicon solar cells
are presented. Via optical simulations it was demonstrated that thickness
variation of such or similar metal oxide red shifts reflectance spectrum also
modifying its aesthetic appearance and color. Method was realized
experimentally using commercial multi-crystalline solar cells, where ITO was
deposited on the top of hydrogenated silicon nitride (SiNy:H) anti-reflective
coating with magnetron sputtering technique. A wide palette from blue to
purple was obtained with high layer homogeneity. J-V measurements showed
loss in short circuit current density up to 8%. As a next step, 2 mini panels
using 2 types of samples (6 cells for each) were laminated to show the
acceptability of the proposed technology for PV panels. Finally, colorimetric
analysis was performed, and it was demonstrated that color purity changes
periodically with the increasing thickness of metal oxide and it decreases
almost twice after sample is laminated. Results indicate that such coatings
could be used in BIPV, as a wide and homogeneous color palette was obtained
with relatively low current density loss.

Results from this section allowed to formulate the first defensive
statement.

First defensive statement. Thickness variation of 1TO or similar metal
oxide from 0 to 240 nm as a part of double layer anti-reflective coating formed
on the top of the commercial silicon solar cell enables the adjustment of cell ’s
color palette from blue to brown. This modification is associated with a
relatively low current density loss of up to 8%, and post-lamination color
purity decreases by 82% for blue and 71% for green PV panels.

52



5. FUNCTIONAL METAL OXIDE COATINGS FOR THE

FORMATION OF DOUBLE LAYER ANTI-REFLECTIVE

COATINGS ON PHOTOVOLTAIC STRUCTURES - THE
EFFECT OF REFRACTIVE INDEX

The analysis performed in section 4 included only 1 parameter - ITO
layer thickness - for double layer anti-reflective coatings (DLARC). This
allowed to obtain different colored solar cells, however for the optimization
of the structure second parameter is necessary — refractive index. Pour and
Shafai, have demonstrated that the refractive index of ITO can be intentionally
changed from n = 1.69 to n = 2.1 at 632 nm by the modification of the
stoichiometry and the crystalline structure of the film [24].

Therefore, in this section previous work was extended to evaluate
refractive index effect on efficiency and color of DLARC. In the first sub-
section some additional simulation details are presented. Then, firstly
refractive index effect on current and then on color are analyzed. Finally, all
results are summarized, and a second defensive statement is stated.

5.1 Simulation details (for ITO/SiNx:H DLARCs)

For optical simulations same tool “OPAL 2” from PV Lighthouse [41,70]
was used as in the previous section, with same parameters except for some
additional ITO refractive indexes added. Software described in more detail in
section: “3.3 PV lighthouse simulation tool (for 1D optical simulations)”.

Refractive indexes of SiNyx:H and all ITO’s spectra are detailed in Table
3 and depicted in Figure 25. ITO refractive indexes were selected according
to the work by Pour and Shafai [24], who demonstrated that the refractive
index of ITO can be intentionally changed fromn=1.69to n=2.1 at 632 nm
by the modification of the stoichiometry and the crystallinity of the film.
Therefore, selection was done trying to cover the range of these indexes (1.73-
2.07 at 632 nm).

Table 3. ITO’s refractive index data and references.

Name  Refractive index*  Deposition technique  Reference

ITO1 173 magnetron sputtering  Holman et al. [72]
ITO2 1.8 magnetron sputtering ~ Holman et al. [72]
ITO3  1.87 commercial Moerland and Hoogenboom [75]
ITO4  2.07 magnetron sputtering  Holman et al. [72]

* - Refractive index at 632 nm
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Figure 25. Real (a) and imaginary part (b) of refractive index spectrum of SiNx:H
(pink) and 4 ITO: ITO1 (1.73 at 632 nm), ITO2 (1.8 at 632 nm), ITO3 (1.87 at 632
nm), ITO4 (2.07 at 632nm) [72,75].

5.2 Simulation results (for ITO/SiNx:H DLARCS)

Two distinct thicknesses of Indium Tin Oxide (ITO) were selected to
calculate the refractive index impact on the reflection characteristics of the
solar cell: 100 and 200 nm. The corresponding spectra are presented in Figure
26.
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Figure 26. Simulated reflection characteristics for DLARC structures formed using
different ITOs with 100 (a) and 200 nm (b) thicknesses.

In the latter figure it can be clearly seen that there is a shift of reflection
peak named peak? in respect to its wavelength. For the higher refractive index
spectra peaks2 are red shifted compared to the lower refractive index spectra.
In case of 100 nm ITO, the shift for peak2 from ITO4 to ITO1 is around 85
nm, while in case of 200 nm ITO DLARC it is around 50 nm. This peak can
be expected to result in color deviations, to be discussed further in the text.
Full width at half maxima (FWHM) were computed for two peaks (shown in
the Figure 26) of all structures. Results are listed in

Table 4.
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Table 4. Full width at half maxima of peak1 and peak2 of reflection spectra calculated
for ITO1, ITO2, ITO3 and ITO4 with thicknesses 100 and 200 nm.

FWHM for 100 nm ITO FWHM for 200 nm ITO

Peakl Peak?2 Peakl Peak?2
SiNx:H/ITO1 49.9 175.5 33.6 81.3
SiNx:H/ITO2 51.15 185.12 35.7 86.38
SiNx:H/ITO3 59.13 225.05 42.27 92.13
SiNx:H/ITO4 63.22 309.27 45.15 110.6

It is evident that spectra with lower refractive index can be associated
with lower FWHM values. For 100 nm thick structure FWHM values vary
from 50 to around 63.2 for peakl and from 175.5 to 309.3 for peak2 increasing
for increasing refractive index values. While for 200 nm thick ITO double
layer anti-reflective coating FWHM of peakl varies from 33.6 to 45.2 and for
peak2 from 81.3 to 110.6 also increasing for increasing refractive index
values. Besides, lower reflectance maxima height is obtained for lower
refractive index spectra for peak2. Although, no clear tendency is visible for
peakl related to maxima height. In the next section the effect of these
differences on color will be analyzed.

5.3 Colorimetric analysis (for ITO/SiNx:H DLARCS)

For the colorimetric analysis, DLARC thickness was varied from 0 to
210 nm for 4 different ITO’s refractive index spectra. Then CIE parameters
(xyY) were calculated for all these reflectance spectra.

When comparing the simulation results in Figure 27, it can be inferred
that available color hues for the different ITO/SiNx:H DLARCs are very
similar. Although, here is a small shift of all ellipse-like shape (made of
connected data points) towards lower part (reddish, purple) of fin shaped CIE
space, when changing ITO refractive index spectrum from lower to higher
(ITO1<ITO2<ITO3 < ITOA4). In the case of color relation to thickness, there
is a higher difference between the samples. The last point of curve is marked
with an arrow, where the sample with ITO1 would result in green color, while
the sample with ITO4 would result in yellowish color. In terms of 0™ order
maxima this results in a 300 nm shift.
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Figure 27. CIE diagram of colorimetry parameters
calculated from simulated reflectance spectra of
SiNGH/ITO1 (grey), SiNcH/ATO2 (light blue),
SiNx:H/ITO3 (yellow) and SiNx:H/ITO4 (white)
DLARC’s (a). D65 illuminant is shown as a white
point with black outline.

This data was converted to SRGB scale to compare colors visually and is
depicted in Figure 28. 4 different SRGB scales for 4 different ITO refractive
indexes with varying ITO thickness are displayed in this graph. The lowest
spectrum represents ITO1 and then they go up numerically increasing to the
uppermost being ITO4. x axis is discrete, built in 10 nm steps. Note: all graphs
are made a little lighter (25% transparent on white background) for a clearer
view and comparison.

Notably, the colors appear quite similar, as deduced from the CIE graph
earlier (Figure 27). A slightly higher color clarity could be identified for the
upper spectrum (ITO4) compared to the lower (ITO1). Additionally, a
noticeable shift in hues is observed depending on the thickness of the ARC.
The bottommost picture with stucture employing ITO1, exhibits a green hue
with a thickness of around 200-210 nm, whereas the uppermost with 1TO4
shows a green hue with a thickness of around 180 nm, indicating a difference
of 20-30 nm. Furthermore, in contrast to the preceding paragraph, it is
noteworthy that ITO4, with a 210 nm thick ITO layer, results in a brownish
color rather than a yellowish one.
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Figure 28. sRGB representation of tristimulus XYZ
values for different thickness ITO’s with different
refractive indexes (from the bottom): ITOL, ITO2, ITO3
and ITO4. Note: all graphs are made a little lighter (25%
transparent on white background) for a clearer view and
comparison.

Subsequently, colors were further compared through the tristimulus
parameter Y, also known as brightness. The graph illustrating various DLARC
structures with varying thicknesses for different ITO layers is presented in
Figure 29. A notable trend is visible, where color brightness undergoes
periodic changes for all structures. Significantly ITO4, with the highest
refractive index spectra values has the highest tristimulus parameter Y values
and all other ITO’s have decreasingly lower brightness with ITO1 being the
lowest. This observed trend aligns with the reflectance spectra depicted in
Figure 26, where the reflectance maxima height (and average reflectance) is
the highest for ITO4 and the lowest for ITOL. Additionally, a a small shift in
peak position is discernible between the different data sets.

Similarly, as previously in section “4. ”, color purity was calculated for
all of the samples. In Figure 30 this parameter is depicted from 0™ order
reflection maxima. When increasing ITO thickness in steps of 10 nm till 210
nm thickness color purity periodically changes for all of the curves, similarly
as it can be seen in CIE diagram (Figure 27), were points of ellipse-like shape
get nearer and further away from the white point (D65 illuminant). Purity
values change from around 5 to around 90%. This change is wider compared
to the experimental sample purity depicted in Figure 23, where the range was
from approximately 10 to 60%. These deviations may rise because of complex
morphology of multi-crystalline solar cells, which are made by acid etching.
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While, for the simulations inverted pyramid structure was used. Besides,
surface morphology could have also been modified after depositions of ITO.
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Figure 29. The dependenca of tristimulus parameter Y
from the DLARC thickness using different ITO
refractive index spectra.
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Figure 30. Color purity dependence on 0" order of
reflectance maxima position for simulated reflectance
spectra of SiNy:H/ITO1 (orange), SiNx:H/ITO2 (light
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5.3 Summary (for ITO/SiNx:H DLARCS)

In the latter section solar cell coloring technigue employing double layer
anti-reflective coatings formed on the commercial silicon solar cells was
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extended using optical simulations. The effect of refractive index spectra on
optical characteristics of photovoltaic device was analyzed. For this, 4
refractive index spectra of ITO were used.

It was determined that a lower refractive index (1.8 at 632 nm)
contributes to narrower and blue-shifted reflection peaks in the reflectance
spectra, as compared to ITO films with a higher refractive index (2.07 at
632nm). Nevertheless, these reflectance spectra yield similar available hues
for different refractive indices of metal oxide, albeit with slight color shifts.
For instance, a 210 nm thick ITO sample would exhibit a green color when
the refractive index is lower (1.8 at 632 nm), while for the sample with a higher
ITO refractive index (2.07 at 632 nm), it would result in a brownish color.

This allowed to form a second defensive statement.

Second defensive statement. Tuning the refractive index of ITO used in
double layer anti-reflective coatings of silicon solar cells on the top of SiNx:H
produces lower, blue-shifted and narrower reflection peaks in the surface
reflection spectrum when the ITO refractive index is lower (1.8 at 632 nm)
compared to a higher refractive index (2.07 at 632 nm). This leads to
comparable hues and color purity and a higher color brightness for higher
ITO refractive index.
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6. FUNCTIONAL METAL OXIDE COATINGS FOR THE
FORMATION OF BRAGG REFLECTOR STRUCTURES FOR
PHOTOVOLTAIC CELLS

In this section a different coloring technique will be presented using so-
called Bragg reflectors. These structures consist of periodic stacks of high and
low refractive index materials tuned to reflect or transmit certain wavelengths
of incoming light spectrum. Compared to the previous coloring technique, this
one could be deposited on glass, this way extending the colored area from
solar cell to whole glass surface and making it more aesthetically pleasing.
Besides, higher reflectance maxima and therefore higher brightness could be
expected for these structures, this way improving their visual appearance.

Firstly, in this section, optical simulations using transfer matrix method
were used to determine the optimal structure for the desired characteristics of
the filter. Then, experimental implementation of the multilayered structure
using dip coating technique from sol-gel solutions was implemented. Later,
the applicability of the proposed structures for solar panels was demonstrated.
Finally, colorimetric properties were calculated and compared, and a third
defensive statement formed.

6.1 Simulation model

The multilayered structure of interest is depicted in the Figure 31,
featuring varying number of TiO2/SiO, periods.
Here only lower u values are considered (u = 1.5, Si02 X U
2, 2.5, 3), for the experimental simplicity and TiO>
scalability of the technology. TiO, here is
considered as a high refractive index material and
SiO2 — as low. In order to find out the optimal
structure, different numbers of layers must be
compared.

Reflectivity at a maximum position is one of _. :

. . . Figure 31. 1D photonic
the most important parameters in filters of this crystal structure on a glass
nature. Boxuan et al. formulated an equation for sybstrate.
the calculation of this parameter for the stack of
thin films undergoing periodic changes, each characterized by a distinct
refractive index. By replicating a few of these films within the periodic
structure, the formula allows for the calculation of the reflection maximum
[12]:

Glass

60



_ <1 —Ns/Ng (nhi/nlo)2u>2 (55)
1+ ns/na (nhi/nlo)zu ’

here, u represents the number of films within the structure, while ns, na, Ny,
and nj, denote the refractive indexes for the substrate, surrounding substance
(typically air, as in this case), high-index material, and low-index material,
respectively. It is essential to note that this equation is applicable solely to
structures with an even number of layers. Therefore, using (55) reflectivity
was calculated for even number of periods (u=2, and u=3).

Reflection characteristics of the stacks with an uneven number of metal
oxide layers were calculated using the Abeles transfer matrix method [76]. In
the transfer matrix method, each layer and interface in the structure are
represented as a 2x2 matrix, where electromagnetic wave amplitude and phase
characteristics are included. For thick films, such as glass, the phase is omitted
to account for the limited coherence length, typically less than 30 um [44], as
glass is a few mm thick. The implementation of this method involved the use
of the Python programming language and the package developed by Steven J.
Byrnes [63]. Using transfer matrix method reflectance spectra were calculated
for the 3 and 5 layered structures (for u=1.5 and 2.5) on the glass substrate
according to the classical Bragg ‘s condition:

% . (56)

Where /o — is the wavelength of the maxima position, n — refractive index,
d — thickness. Each layer of the multilayered structure was tuned for the same
Ao

Using simulated light reflection characteristics, short circuit density
could be calculated allowing to evaluate the effect of color on solar cell
efficiency. In Figure 32 the IQE spectrum of a reference commercial silicon
solar cell with 20.0% efficiency is shown. The short circuit density loss,
derived from the reflectance spectra, was computed using a Python tool
developed by P. Malhotra et al. [77]. Jsc was determined using the formula:

Az
Jse = —q L RO - 1QEQD) - $pprd, (57)
¢ph,/1 = S(1)(AM1.5G) %, (58)

where g, is the photon flux (photons/s:-m?) (AM1.5G solar spectrum),
IQE (1) — internal quantum efficiency, R (1) — reflectance, S (1) — power
density (W/m?).
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6.2 Simulation results

Digital simulation reflectance spectra are depicted in Flgure 33 (a),
alongside curves generated from equation BRRP= cans sem
(55) for u values of 1, 1.5, 2, 2.5, and 3. . /
u=1.5 and u=2.5, represented by short H“’}/‘”
dashes, are drawn to clearly illustrate the ; o
values in between integer u values. «
Notably, the reflectance maxima values for |
5 layers vary from around 75 to 65% and  »f

for 3 |ayers _ from 54 to 44% BeSideS, |t %00 w00 560 w00 7(‘)0 w00 91‘10 1000 1100 1200

Wavelength (nm)

is observed that using only 3 layers yields Figure 32, IQE spectra of REF
a similar effect to having 4 layers, and mono cell used in calculations of Jsc

similarly, the effect of 5 layers is Withefficiency of 20.0%.
comparable to 6. The difference is only from 2 to 4% (absolute). This suggests
that an uneven number of layers could be preferred having in mind that it
would be cheaper and easier to realize technologically, while resulting optical
characteristics are almost identical. The trend of maxima position decreasing
with increasing wavelength is associated with the ratio of low and high
refractive index materials, as illustrated in Figure 33 (b).

In addition to optical parameters, the impact of modification of
reflectance spectra (or color) on the electrical parameters of a model solar cell
was evaluated within the digital model analysis. To achieve this, Jsc 10ss was
computed for 3 and 5-layered structures using transfer matrix method with
varying positions of reflectance maxima, employing equation (57) from the
preceding section. The IQE spectrum of a reference commercial silicon solar
cell with 20.0% efficiency, used in these calculations, is illustrated in Figure
32.
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Figure 33. In section (a), the dependence of reflectance maxima values on
wavelength is illustrated based on formula (55) with different u values, depicted by
colored curves. Simulated reflectance curves using transfer matrix method for a 3
and 5 layered stack are represented by black and grey curves respectively. In section
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(b), complex refractive index data measured with ellipsometry for both metal oxides
is presented, with the black curve representing the ratio between the high (TiO) and
low (SiOy) refractive index materials.

Table 5. Calculated short-circuit current density values using the reflectance spectra
of Bragg reflector structures having 3 or 5 layers of metal oxides. REF represents
values calculated for blue solar cell with its IQE spectra shown in Figure 32. The
percentage loss in Jsc is computed in relation to mono Si IQE Jsc.

Maxima wavelength (o) 400nm  500nm  600nm  700nm  REF*
Jsc loss, mA/cm? (3 layers) 6.31 8.98 10.67 12.35 39.06
Jsc loss, mA/cm? (5 layers) 7.14 10.43 12.11 12.97 39.06
Jsc loss, % (3 layers) -16.14 -22.99 -27.32 -31.62

Jsc loss, % (5 layers) -18.29 -26.70 -31.00 -33.20

* - Mono Si IQE

It is evident that the overall loss in short-circuit current is notably high
for both structures, ranging from 6.3 to 13 mA/cm?. This results in a relative
loss of Jsc for reference solar cells, varying from 16% to 33%. Such relative
currents would correspond to an approximate 15.4% to 19.3% absolute
efficiency for solar cells with a 23% efficiency, which is around the current
market average. These values exhibit a higher upper limit compared to
commercial colored solar cells, which typically range between 15.8% and
17.8% [78]. Besides, the difference in Jsc loss between 3 and 5-layered
structures is comparatively moderate, ranging from 4% to 9.5% relative to the
current density of the reference monocrystalline silicon cell.

The comprehensive analysis of the periodic structure of multilayer thin
films indicates a simple solution for the technological implementation of the
proposed method. It was determined that employing only three films of SiO;
and TiO; (TiO./SiOy/SiO;) can be both sufficient and efficient for
intentionally modifying the surface color of silicon solar cells. The conclusion
significantly simplifies the sequence of the technological procedures required
for experimental realization using sol-gel dip coating technique.

6.3 Sample production

The sol-gel solution for the TiO, material was prepared using a titanium
butoxide (TBOT) precursor, HCI, H-0, and ethanol in molar concentrations
of 1:1:0.2:23 (respectively). The mixture was then stirred for 1 hour and left
to age for 24 hours before application. Similarly, for the SiO sol-gel solution,
a tetraethyl orthosilicate (TEOS) precursor was used, HCI and ethanol in
molar concentrations of 1:0.00022:12 (respectively). Concentration of the
HCI used was 37%. The TEOS solution underwent mixing for 1 hour at 60 °C
and was subsequently cooled to room temperature.
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Bragg reflector structures were fabricated using 5x5 cm glass substrates
and dip coating technique: a method where the glass substrate was dipped
vertically into the solution at a constant speed. The back surface of the
substrate was isolated with tape to prevent deposition on both sides. The layers
were then deposited and dried at 45°C for 15 minutes (after each layer),
followed by annealing at 110°C for 2 hours (only after all 3 layers are
deposited), according to the results from Langlet et al. [79].

PERC mono silicon solar cells of size 2.5x2.5 cm were used for mini
solar panels. The structure of the latter panels is like this (from the bottom):
backsheet, EVA encapsulant, solar cell, EVA encapsulant, Bragg lattice
structure, and glass.

6.4 Experimental realization of Bragg reflector structure

Based on the outcomes of the theoretical analysis in section 2, model

samples of optical filters were produced and TiO2
examined in this section using sol-gel dipping Si02
technique. In line with the model calculations, TiO2

stacks consisting of only 3 layers were
experimentally investigated with structure shown
in Figure 34. Intentional change of deposition
speed (and therefore layer thickness) allowed to
obtain 6 different colors. Thicknesses were set
according to the Bragg's condition in equation Figure 34. Optimized Bragg
(56) for the primary reflectance maxima positions reflector structure on glass
at wavelengths Ao = 454, 534, 621, 701, 766, and substrate: TiOz, SiO;, TiO.
810. Each model sample was manufactured as a

single rectangular glass plate with dimensions of 5x5 cm?.

A set of six experimental samples is depicted in Figure 35. It is evident
through visual inspection that high color brightness and homogeneity across a
relatively large surface area are present in the samples. The observed color
sequence from blue to purple was obtained through an increase of layer
thickness of the multilayered structure. This shift is visually traceable from
left to right and from top to bottom in Figure 35. Different colors can be
distinguished (from upper left row-wise): blue, greenish, yellowish, orange,
peach and purple. In the corners of samples some inhomogeneities are visible,
that are thought to be caused by different velocities of flowing sol-gel
solutions.

It is worth noting that moiré patterns are slightly visible in some samples,
however they are not considered significant for the research and are thus not
analyzed in this work.

Glass
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Figure 35. A set of 6 experimental samples with
varying layer thicknesses according to the Bragg ‘s
condition for the reflectance maxima positions at Ao =
454,534, 621, 701, 766, and 810 nm.

Firstly, samples were characterized by optical spectrometer to illustrate
the dependence of the optical characteristics on the thickness of the layers.
Results are shown in the Figure 36. In the latter figure, the redshift of
reflectance maxima (Ao values) is clearly visible for the different samples,
transitioning from light blue to orange visual appearance perceived by an eye.
Besides, a decrease in the height of this maxima with an increase in
wavelength is also distinguishable in the samples. This trend can be associated
to lowering of TiO2/SiO; ratio with increasing wavelengths (Figure 33 (b)),

what was also observed from simulation results shown in Figure 33 (b).
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Figure 36. Experimentally measured reflectance
spectra of 6 different colored 5x5 glass plates shown
in Figure 35: light blue, greenish, yellowish, orange,
peach, purple.
The feasibility of the technology to produce the intended structure was
investigated through scanning electron microscopy (SEM) analysis. It also
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allowed to examine the structure and morphology of the samples. A
representative SEM photograph of the cross-section area is presented in Figure
37 for the sample optimized for the reflection maximum at Ao = 621 nm. It
illustrates a three-layered structure with distinct interfaces and relatively high
uniformity across the layer thickness. Granular structures were observed in
the metal oxide layers, with brighter regions indicating the presence of
elements with a higher atomic number (TiO.), and vice versa (SiOz).

EHT = 3.00 kv WD = 38mm
Aperture Size =20.00 pm

Figure 37. SEM photograph of the cross-section area
for one of the colored glass samples (greenish)
captured using a secondary electron detector. The
glass substrate is depicted at the top, while the layered
structure is visible in the bottom part of the
photograph.

6.5 Feasibility of the technology for mini-PV panels
The feasibility of applying the method in

PV module technology was demonstrated by Glass
making colored mini modules. Most common Ti02
encapsulant material ethylene vinyl acetate 6}
(EVA) [80] was used for these PV panels. Bragg YA

reflector structure was laminated in the inside part
of the panel as it is shown in the Figure 38. It's
important to note that the colored glass samples
utilized for these mini panels have similar, though
not identical, Ao values compared to those used in Glass

the section “6.4 Experimental realization of Figure 38. Structure of
Bragg reflector structure”. The assembled panels laminated colored  mini
from this study were compared to the modules panels.

Silicon selar cell

EVA
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produced using commercial-colored solar cells. Figure 39 illustrates the new
panels (a) alongside solar panels made with colored commercial solar cells

(b).

(b)

Figure 39. Visual comparison between two types of olored PV-cells: (a) mini
panels made with Bragg reflector-coated colored glass plates (from left: black-
REF, light blue, greenish, and yellowish) (counter-clockwise) and (b) panels made
using commercial solar cells [78].
Samples were characterized using an A+ class solar simulator. The J-V
characteristics for the modules are depicted in Figure 40, and the extracted
parameters are listed in Table 6.
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Figure 40. J-V characteristics of laminated colored PV
mini panels.

The efficiencies of the mini panels were determined to be as follows:
18.75% (REF, black), 17.2% (light blue), 17.13% (greenish), and 16.52%
(yellowish), with a relative difference in short circuit current density of 7.13%,
8.67%, and 11.47% (compared to the REF), respectively. In contrast, colored
panels made with colored commercial solar cells exhibited efficiencies
ranging from 13% to 18.4%. These are similar efficiencies, while Bragg
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reflector ones being a little more effective. However it is important to note
that the efficiencies of colored panels with the propose coloring technique
could be higher, as any cells could be used for these panels and currently 23-
25% efficient cells are mainstream in the market [11]. Replacement of REF
solar cell from 18.75 to 24% would result in significant increase of efficiency
(approximately 21.1-22%).

Table 6. Electrical characteristics of laminated colored PV mini panels obtained from
J-V characteristics.

Parameters REF, black light blue greenish yellowish
Jsc, mMA 38.28 35.55 34.96 33.89
Voc, V 0.655 0.648 0.652 0.651
Efficiency, % 18.75 17.28 17.13 16.52
FF, % 77.09 77.21 77.46 77.27
P, W 0.198 0.182 0.181 0.174
Alsc (%) - -7.13 -8.67 -11.47

6.6 Colorimetric analysis: CIE diagrams

Quantitative assessment of the generated colors holds significance for the
application of colored glass plates in the field of Building-Integrated
Photovoltaics (BIPV). To achieve this, CIE colorimetry analysis was
employed. Besides, for a meaningful colorimetric analysis, a comparison with
competitive colored structures is essential, therefore same panels made with
commercial colored solar cells were utilized [78].

Colorimetric parameters (X, y, Y, color excitation purity) were calculated
for 3 groups of samples: (a) Bragg reflector structures on glass (not
laminated), (b) in PV mini panels (laminated), and (c) the laminated
commercial solar cells. The xy data is visually represented in the CIE color
space, as illustrated in Figure 41, providing a basis for comparing color
attributes between these structures.

The lowest thickness is indicated by the rectangular point, and each next
point is connected with dashed lines until the thickest sample is reached.
Yellow and cyan colored data represent samples for the non-laminated and
laminated glasses with Bragg reflector structures, respectively. Notably, there
is no apparent distinction between these datasets. However, in comparison to
panels with commercial solar cells (white), purer colors are evident for the
multilayered structures, as the points are farther from the white point (D65
illuminant — average midday light).
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Figure 41. CIE diagrams of 3-layered Bragg
reflector structures before lamination (cyan), after
lamination with solar cells (yellow), and of panels

made with commercial solar cells (white) [78].
For a quantitative comparison, Tristimulus parameter Y and color purity
dependence on the Oth order reflectance maxima position for all 3 cases
mentioned previously are presented in Figure 42 (a and b, respectively). A
notable difference is observed for the Y parameter, which characterizes
sample color brightness. The non-laminated Bragg reflector exhibits
significantly higher values compared to both other cases. Moreover, after
lamination, the brightness decreases, but it remains much higher (from 2 to 3
times) than for the panels with commercial solar cells.
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Figure 42. Dependence of tristimulus parameter Y (a) and color purity (b) on the
Oth order reflectance maxima position. Non-laminated Bragg reflector-coated
glass samples are represented in red, laminated ones in orange, and panels with
colored commercial solar cells in blue. The REF sample is depicted in black.
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The analysis of the colored model panels revealed no correlation
between the color purity distribution and the reflectance maxima position
in lower wavelengths (up to 600 nm). However, significantly higher color
purity was observed for the non-laminated glass plates compared to the
panels with commercial solar cells at higher wavelengths. A similar trend
is visible in the CIE diagram in Figure 41.

6.7 Sensitivity of color to the deviations in refractive index and
thickness

The sensitivity of the technological process to color is of high
importance for the future scalability and commercial realization of the
proposed technology. To address this, two essential parameters, namely
thickness and refractive index, were selected, as their modification can be
achieved intentionally through variations in experimental deposition
conditions or randomly (deposition uncertainties). Color differences were
calculated using a parameter defined by the CIE International Standard in
CIELAB color space: AE [61], described in more detail in section 2.4.2

For the calculations, refractive index values of +0.05 and +0.1 were
selected for both metal oxides (SiO, and TiOy). Thickness values were
chosen from + 0.15% to + 0.01% relative to the overall structure thickness
for 3 different variations: 1) single outer TiO> layer thickness, 2) thickness
of both TiO; layers, 3) and thickness of SiO; layer. AE was calculated for
all the data for the color difference threshold detection. Along with the
parameter AE, SRGB representation of XYZ was calculated for the visual
comparison.

The calculated data for the variations in refractive index are
presented in Table 7. AE values range approximately from 8.4 to 9.9 for
deviations of = 0.1 and from 4.3 to 5.3 for deviations of + 0.05. These
results indicates that TiO; has a greater influence on AE compared to SiO».
Besides, the reduction in the difference between high and low refractive
index materials also results in higher AE wvalues. Based on the
classification detailed at section 2.4.2, all of these deviations in refractive
index result in colors which should be visually distinguishable. This
observation is supported by the comparison of data in the SRGB in the
same table. Consequently, it can be inferred that in order for these
differences to be imperceptible to the observer, the discrepancies in
refractive index spectra must be controlled to be less than = 0.05.
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Table 7. Calculated AE data for the refractive index variations and representation

of color differences in the SRGB colors.

Sample AE (CIE2000) Color TEST/REF (sRGB)
Nsioz-0.1 8.8612

Nsioz2-0.05 4.6292

nsioz+0.1 8.4435

Nsio2+0.05 4.2791

nTio2+0.1 9.8243

NTio2+0.05 4.793

NnTio2-0.1 9.876

NnTio2-0.05 5.296

Next, the impact of deviations in thickness on color was investigated
from the optimal case of the Bragg condition. The results are presented in
Table 8 and graphically represented in Figure 43.

Table 8. Calculated AE data dependency from thickness variations from the
optimal case of the Bragg condition for three variables: SiO», outer TiO,, both
TiO; layers and color comparison in the SRGB.

Variable: outer TiO2 Variable: SiOz Variable: both TiO2

Ad* AE Color AE Color AE Color
TEST/REF TEST/REF TEST/REF
(SRGB) (SRGB) (sSRGB)

-15%  38.1 29.7 33.6

-10%  27.3 21.2 24.1

-5% 15.7 11.8 13.2

-2% 7.6 5.7 6.2

-1% 45 3.6 38

1% 3.0 2.0 2.2

2% 6.6 4.1 4.4

5% 185 11.4 12.2

10% 29.8 204 22.7

15% 318 217 28.7

Ad* - deviations in thickness with respect to the overall thickness of the 3 layered

structures.

The resulting AE varies from approximately 2 to 38, depending on
changes in thickness relative to the overall structure thickness, denoted as
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Ad. Notably, AE is lower for positive Ad than for negative Ad. Another
noticeable trend is that sensitivity (across the entire range of Ad) is lowest
for changes in the thickness of SiO,, somewhat higher for changes in the
thickness of both TiO; layers, and the highest for the outer TiO, layer
(similar trend observed with refractive index). Difficulty in distinguishing
colors from the optimal case (referred to as REF) arises when Ad is < 1%,
resulting in AE ranging from 2 to 4.5. Therefore, it could be concluded
that careful control of thickness must be kept for the technological process
to keep undesired deviations in color invisible.
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Figure 43. Calculated AE data dependency from
thickness variations from the optimal case of the Bragg
condition for three variables: SiO; (orange), outer TiO,
(light blue), both TiO, (dark blue) layers.

6.8 Scalability of the technology

Fundamental and experimental results from this section allows to
upscale the proposed technology. This continuation of this work will be
shortly summarized in this sub-section.

To scale up the proposed technology, specialized equipment was
created based on dipping technique. Samples of dimensions 20x20 cm
were coated with triple-layered structures, similarly to the 5x5 samples
detailed earlier in this section. Subsequently, the coated glass pieces were
laminated with a membrane laminator, incorporating solar cells to
construct mini-photovoltaic (PV) panels. The outcomes are depicted in
Figure 44. The top three samples were laminated with flat glass (the
uppermost being the reference, without coatings), while the bottom
sample was made using textured glass (with coatings applied to the flat
side and laminated internally within the panel). It is noteworthy that on
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the bottommost sample, busbars were black coated to achieve a seamless
result. Vivid colors and bright colors can be visible in the photograph,
although some enhancement in homogeneity could be advantageous.

Obtained from J-V characteristics, .
the efficiency loss of such panels (from
top, excluding REF) is: 14.47%,
15.22%, 7.28% relative to the
reference.

Some details about commercial
coloring technologies that were
developed by several companies during
the years of this PhD should be detailed
here for the comparison. One of them
involves colored sheets, from Solaxess
[81]. These sheets can be laminated Figure 44. Upscaled 2020 om size
similarly as solar panels without them, mini panels with multilayered 1D
just ethylene vinyl acetate (EVA) photonic structures (from the top):
needs to be in both sides of this sheet. Plack (REF), greenish, purple, light

. blue (textured glass, painted
Power loss ranging from 10 to 45%, ) shars — a seamless solution).
depending on the color, is declared by
the producers. Some other coloring technologies were developed on glass.
Kromatix, for instance, has created colored glass with transmittance
values ranging from 13 to 18% (only transmittance is stated) [82] and
JSXQ developed colored glass solutions with power loss ranging from 15
to 35% for different colors [83].

The presented technologies have similar or higher loss compared to
the results shown in this paragraph. Therefore, the proposed technology is
considered competitive for BIPV market.

6.9 Summary

In the preceding section, another coloring technique was presented using
the so-known Bragg reflectors. For this, TiO, and SiO, metal oxides were
employed. Layer thicknesses were set according to the Bragg lattice condition
to obtain highest reflectance maxima height.

In the initial phase, simulations were performed to optimize parameters
for achieving the desired characteristics. Firstly, it was demonstrated that the
reflectance spectra could be red shifted by increasing the thickness of metal
oxides, allowing to obtain different colors. Additionally, it was revealed that
an odd number of layers produces a similar effect, in terms of reflectance
maxima height, as an even number of layers when glass serves as the substrate,
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and a high refractive index material is the first layer on glass, following a
high/low refractive index sequence. Consequently, further analysis focused on
uneven structures comprising 3 and 5 layers. Simple simulations revealed loss
ranging from 16% to 33% for such structures, with a difference of 4% to 9.5%
between 3 and 5 layers. As a result, it was concluded that a 3-layered structure
is both sufficient and efficient for deployment in the photovoltaic field,
considering the associated technological challenges.

Subsequently, six 3-layered structures were fabricated on glass using a
sol-gel dip coating technique, with various thicknesses to obtain six distinct
colors. The suitability for solar panels was affirmed through lamination with
solar cells, causing an efficiency loss ranging from approximately 7% to
11.5%. This is a bit lower, but similar to DLARC coating loss up to 8%,
obtained earlier.

Next, a colorimetric analysis was performed, leading to 2-3 times higher
color brightness compared to DLARC coatings shown in two previous
sections.

Finally, susceptibility of color to refractive index and thickness was
evaluated to be average. Values of refractive index and thickness must be kept
below + 0.05 and + 2 (respectively) for color to be indistinguishable by eye.
Therefore, careful attention should be taken for the technological process
optimization.

These results allowed to formulate a third defensive statement.

Third defensive statement. Optimal design of Bragg reflector structure
for coloring of solar panels using TiO; and SiO, metal oxides consists of only
3 layers formed on the glass substrate (glass/TiO2/SiO./TiO;) and results in
2-3 times higher brightness compared to the panels with colored commercial
solar cells. The tolerable technological deviations from the color related
numbers to be indistinguishable by human eye are +/- 0.05 for the refractive
index spectrum and less than approximately +/- 2% for the thickness.
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7. FUNCTIONAL COATINGS FOR COLORING OF TANDEM
CELLS: DIGITAL MODEL CALCULATIONS

In line with the development of PV technologies in industry and lab
research, coloring of a tandem solar cell seemed like an essential continuation
of the previous results of this work. Therefore, in this section, the coloring of
multi-junction solar cells is explored through simulations employing a
kesterite-silicon monolithic tandem solar cell. It should be noted, that in the
article, where these results were published, optimization of such tandem
device was also investigated. For clarity and context, a summary of the
optimization is presented at the beginning of this section and then attention
will be focused to the variation of anti-reflective coating thickness of Al,O3
metal oxide and its consequential effects on the electrical and optical
properties of the structure.

7.1 Simulation methodology

Simulations for such analysis were employed using a combination of the
transfer matrix method (TMM) and SCAPS software. The former was
employed for optical simulations, utilizing a Python package developed by
Steven J. Byrnes [63] (similarly as in previous sections). Meanwhile, SCAPS
is a freeware 1D solar cell electrical simulation software developed at the
Department of Electronics and Information Systems (ELIS) of the University
of Gent, Ghent, Belgium [64]. Detailed descriptions of both methodologies
can be found in the respective sections: “3.1 Transfer matrix method (for 1D
optical simulations)” and “3.2 SCAPS software (for 1D electrical
simulations)”.

Tandem solar cell simulations in SCAPS are limited to 7 layers.
Consequently, both sub-cells were simulated independently electrically using
SCAPS, while optically, the entire structure was simulated simultaneously.

Simulation was performed in the following five steps:

1. Generation of a mesh file for TMM for both sub-cells using SCAPS

script (for distance data points in X axis);

2. Calculation of reflectance and absorbance using TMM in each of the

layers of the multilayered structure (using mesh file);

3. Calculation of carrier generation profile for each layer of sub-cells

using python script written by the author of this work (described in
section 3.5);

4. Generation of J-V curves by running SCAPS script for both sub-

cells;
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5.

Combination of two J-V curves of kesterite and silicon sub-cells and
calculation of characteristic parameters (eff, JSC — short circuit
current density, etc.) using special script written by the author of this
work.

Assumptions used in simulations:

No texture is present, layers are flat;

Light is coming perpendicular to the surface;

Each layer‘s properties are homogeneous inside and changing
stepwise when moving from one layer to another;

Carrier generation was calculated using eq. (48) from section 3.5
with exponential decay. However, in reality, light is transmitted and
reflected multiple times in a multi-layered structure, therefore full
absorption could be only ensured using the normalization of carrier
generation profile integral to the absorption integral (described in
3.5 section and calculated using (51)). This assumption is thought to
have minimal impact on the results.

Tandem J-V was obtained by adding J-V curves of both sub-cells.
However, in most cases this results in an incomplete J-V curve with
the missing low voltages from Jsc and up, depending on the current
mismatch level (except the current matching conditions). To obtain
the full J-V curve, missing points of tandem J-V were obtained by
linear approximation of 3% of the lowest data points.

Jsc loss was calculated from the eq. (44) assuming an ideal EQE,
because of the limitation in SCAPS (SCAPS does not provide EQE,
when carrier generation profile is imported, not generated inside of
the software);

Thick layers like glass, EVA and Silicon were treated as incoherent
(phase is dropped out) in TMM calculations as coherence length is
usually less than 30 pm in films [44]. This is thought to be negligible
to the results.

Flat bands are assumed in SCAPS at interfaces with contacts.
Calculation of carrier generation profile for silicon REF cell was
performed using eq. (45) from section 3.5. Absorbance was
obtained: A(41) =1 — R(4), where reflectance was taken from
Maryam Valiei et al. [6] (transmittance is 0). This was the case, as
silicon cells are already very well developed in the industry, and it
is not possible to obtain good light trapping without the presence of
the texture and precise replication of cell structure.
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e Only SRH recombination was considered in this work (Auger and
band-to-band not).

o Besides, it should be noted, that alternatively MoO; can be used as
a tunnel junction for such a tandem device that also creates a
blocking layer  for  atom diffusion during the
sulfurization/selenization at 450-550 °C of the top sub-cell.
However, due to the limitations in SCAPS of maximum of 7 layers,
this was not realized. Therefore, an ideal junction was considered in
this work.

7.2 Setting the tandem cell simulation parameters

Main material properties for the simulation were taken from the relevant
literature and are listed in the Table 9.

Table 9. Parameters used for electrical simulation part with SCAPS. References: M.
D. Haque et al. [84], S. Khelifi et al. [85], D. Mora-Herrera et al. [86], Muhammad
Rashid et al. [87], F. Jafarzadeh et al. [88], A. Jimenez-Arguijo et al. [38].

Param. MoSe>»?*  CZGSe!* CdS'*  ZnOo2S0s” ZnO" ITO*  Si (bulk)®
d (um) 0.02 1.45 0.050 0.050 0.050 0.200 200
Eg (eV) 1.29 1.5 2.4 3.0712 3.3 3.65 1.12
X (eV) 42 441 4.2 4312 44 48 45
¢ (relative) 13.6 6.950" 8.282 9 7.812 8.9 11.9
Un (cm?/V-s) 100 100 100 100 100 10 150
pp (cm?/V-s) 25 20 25 25 25 10 45
Nd (cm™3) - - 1017 3.93 1018 1018 101 -
Na (cm™3) 2.25-1015%  1014* - - - 3-1015

CBeDOS  2.2-101 1.9-1018 3.1-108 2.2-1018 3.6-1018  5.2-10%8 2.8-10%
(1/cm3)

VBeDOS  1.8-10% 1.5-10¥ 1.4-10v 1.8-10Y 1.1-10v 1.8-10®  1.04-10"
(1/cm3)

electron v 2.2:107  (2.7-107)2  (2.3-107)"* 107 (2.2-107)1> 107 107
(cm/s)
hole vin 1.5107  (1.3-107)> (1.4-107)'> 107 (1.5-107)> 107 107
(cm/s)

* - set during approximation of reference cell for the IV characteristics.

** - for CZGS:Seix band gap and electron affinities were changed according to the S.
Khelifi et al. [85]: 1.52, 1.688, 1.86, 2.05 eV and 4.41, 4.242, 4.074, 3.91 eV (respectivelly).
Other parameters kept the same as for CZGSe.

Refractive indexes for CZGSSe were taken from theoretical calculations
(DFT) from Kesheng Shen et al. [36] and are depicted in Figure 45 (a), as no
experimental data is yet available. Refractive index data of other layers is
shown in Figure 45 (b).
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Figure 45. Refractive indexes of Cu2ZnGe(SxSe1x)s solid solutions with different
anions ratio (a) [36] and other layers that were used in simulations (b): ITO
(yellow)(n conc: 2:102%cm) [72], ZnOo.25S07s (light grey) [89], CdS (orange) [90],
ZnO (clear sky blue) [91], MoSe: (brown) [92], Si (purple) [93], glass
(blue)(measured), EVA (green) [94], A2Os (aquamarine)[95], Al grey) [96].

The selection of the kesterite REF device was based on two main criteria:
the highest efficiency achieved by previously reported pure germanium
kesterite devices in the literature, and band gap compatibility with available
refractive index spectra data (CZGSe E4 = 1.45 eV). Consequently, a solar cell
from I. Anefnaf et al. [97] with an efficiency of 6.5% and a band gap of 1.52
eV was chosen for this study (Figure 46a).

(a) (b)
ITo Glass
i-Zn0O
CdS n type EVA

Figure 46. Simulated tandem solar cell structures: baseline REF cells
(a) and the optimized 2T tandem structure (b).
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For the silicon REF device, one of the top-performing high-area solar
cells with a 24.0% efficiency was selected, manufactured by LONGi [37]
(Figure 46a).

Optimized tandem device is shown in Figure 46b, to be detailed later in
the text.

Parameters of both real and SCAPS devices are listed in the Table 10.

Table 10. Comparison of REF cell parameters to SCAPS cells (Simulated as
separate cells, not in a tandem).

Jsc, Voc, Eff., FF, T, s* Source:
mA/cm> mV. % %
REF CZGSe cell 17.8 606 6.5 60 ? [97]
My REF CZGSe cell in 17.9 606 6.4 585 1.1x101
SCAPS
REF Silicon cell** 41.6 694 240 833 ? [98]
My REF Silicon cell in 41.5 694 240 832 1x10¥***
SCAPS

* - Effective minority carrier lifetime at absorber layer.

** - REF Silicon cell was taken from M. Green efficiency tables 61 from page 4, table 2
[37]: ,,LONGiI, p-type PERC”,

*** . selected according to the silicon lifetimes in the literature [99].

To accurately mimic the J-V characteristics of the experimental reference
devices with the virtual SCAPS devices, the parameters of both sub cells were
adjusted to obtain the best curve fit (Figure 47). This was achieved with the
following set of values: Na (CZGSe) = 10* cm3, N; (CZGSe) = 3.3-10'7 cm®,
N. (MoSe;) = 2:10% cm3, Ny (MoSe;) = 108 cm3, resulting in an effective
lifetime (t) of the kesterite absorber at 1.1-10* s, Some other parameters were
assigned to these values: the interface recombination velocity between the
kesterite absorber and the buffer layer (CdS) was set to 10° cm/s and the
electron and hole capture cross-sections were set at 10* cm?. The energy
level, relative to the reference, was fixed at 0.6, with the defect type
considered neutral. These parameters were set as initial ones for the kesterite
solar cell and remained unchanged throughout the optimization steps outlined
below unless explicitly stated otherwise.
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Figure 47. Experimental J-V curves of real references
devices (black dotted lines) and simulated ones
(colored continuous lines).

7.3 Monolithic Kesterite/Silicon tandem optimization (in brief)

The following steps were selected for the optimization of kesterite/silicon
tandem device (detailed characteristics of stepwise improvement and Jsc l0ss
are listed in

Table 11 and Table 12, respectively):

1)

2)

3)

4)

5)

Encapsulation added (2 mm glass + 470 um EVA) for the more
realistic representation solar cell (mini solar panel). A slight increase
in efficiency was obtained from 10.21 to 10.41%.

MoSe; was removed to reduce parasitic absorption (due to the low
bandgap of MoSe,) and p+ increased acceptor doping area (called
“back surface field” (BSF)) was added to the kesterite absorber. A
significant increase in efficiency was observed from 10.4 to 14.6%.
An attempt to change CdS by ZnOS was made to reduce parasitic
light absorption due to the low bandgap of CdS. It resulted in a
decline in efficiency from 14.6 to 14.46%. Consequently, for
subsequent steps, CdS was retained as it outperformed ZnOS.
CZGSe’s base doping increased from 10 to 10% according to S.
Khelifi [85] and interface recombination velocity (at CdS/CZGSe
interface) decreased from 10° to 10° cm/s. This slightly increased
solar cell efficiency from 14.6 to 15.09%.

Requirements for improvement of kesterite crystal quality were set
at this step with the variation of CZGSe’s effective carrier lifetime.
It should be noted that kesterite absorber was accessed by an
effective carrier lifetime in the bulk, representing the complex
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6)

7)

crystal quality of kesterite through a single parameter. This approach
is supported by T. Unold’s findings, which demonstrate a strong
correlation between this parameter and the record efficiencies
achieved in thin film solar cells [100]. Notably, the highest increase
in efficiency was observed for lifetime increased till 11 ns, what is
1 order higher than in REF or in record devices in the literature [101-
103]. Tandem efficiency increased from 15.09 to 16.91%.

CZGSe thickness and band gap (by partial substitution of Se with S)
are varied to find current matching conditions. These conditions
were found with CZG(SxSe1x) (with x=0.5) having a band gap of
1.86 eV with kesterite thickness of 1.65 um and resulting tandem
efficiency of 28.05%. In the latter position efficiencies of each of
sub-cells are as follows: 19.65% for kesterite and 8.72% for silicon.
It is noteworthy that used values of the thickness and of the band gap
can be easily obtained experimentally. Thus relatively good control
of the layer thickness is feasible for any deposition techniques in the
whole range of 0.5 — 2.0 pm, while increase of band gap can be
easily achieved by partial substitution of Se by S, which was
previously shown to be beneficial and led to record devices for
kesterite technology [104,105].

Al;Os3 anti-reflective coating was added, and its thickness was
optimized. Color effect on current matching and efficiency on the
tandem device was analyzed. Described in detail in the next section.
Here final efficiency of 28.63 was obtained, 0.61% higher than in
previous step.

Table 11. Main electrical characteristics calculated from J-V curve of
stepwise improvement of monolithic Si/kesterite tandem device.

Step CZGSSe Silicon

Voc, V Jsc, Eff, % FF,%  Voc, Jsc, Eff, FF, %

mA/cm? Vv mA/cm? %

0 0.606 17.56 6.17 58.0 0.655 9.7 5.14 80.91
1 0.608 18.38 6.46 57.8 0.655 9.86 5.22 80.97
2 0.842 19.74 11.44 68.82 0.659 11.12 5.9 80.62
3 0.842 18.38 10.61 68.6 0.659 11.07 5.88 80.6
4 0.877 19.19 13.56 80.61 0.659 11.12 5.9 80.62
5 1.037 22.09 20.23 88.34 0.659 11.12 5.9 80.62
6 1.293 16.69 19.09 88.49 0.671 16.82 8.97 79.47
7 1.293 17.09 19.56 88.54 0.671 17.07 9.11 79.52
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Step Tandem

Voc, V Jsc, Eff, % FF, %
mA/cm?

0 1.259 9.83 10.21 82.54
1 1.26 9.99 10.41 82.71
2 1.499 11.31 14.6 86.1
3 1.497 11.26 14.46 85.77
4 1.534 11.32 15.09 86.92
5 1.693 11.35 16.91 88.0
6 1.959 16.75 28.05 85.47
7 1.961 17.32 28.63 84.3

Table 12. Optical loss calculated for each layer of the monolithic tandem structure (in
mA/cm?).
Step Refl. Glass EVA ALO; ITO ZnO-i CdS ZnO,S:x CZGSSe MoSe, Si Al

1 1029 - - - 1.59 0.25 1.92 - 2119 0.71 9.74 0.78
2 7.86 0.78 0.28 - 1.64 0.25 2.06 - 2221 071 9.90 0.78
3 7.47 0.77 0.28 - 1.64 0.25 2.06 - 22.05 - 1116 0.78
4 867 0.78 0.29 - 1.67 0.25 - 2.29 20.64 - 1111 0.78
5 7.47 0.77 0.28 - 1.64 0.25 2.06 - 22.05 - 1116 0.78
6 7.47 0.77 0.28 - 1.64 0.25 2.06 - 22.05 - 1116 0.78
7 7.27 0.77 0.28 - 164 025 1.93 - 16.70 - 16.84 0.78
8 6.60 0.76 0.28 0.00 1.66 0.25 1.96 - 17.08 - 17.09 0.79

In Figure 48 the absorbance spectra for each layer in the multilayered
structure of the tandem cell is presented. It is worth noting that the highest
parasitic loss is primarily attributed to the overall reflectance, as well as the
ITO and CdS layers, with corresponding values of 7.29, 1.64, and 2 mA/cm?,
respectively. Integrated absorbance current for silicon and kesterite sub-cells
is 16.7 and 16.84 mA/cm?,
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Figure 48. Absorbance in each of the layer of an optimized tandem
cell calculated by transfer matrix method.
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7.4 Sensitivity of tandem solar cell electrical characteristics to the
variation of Al,Os anti-reflective coating thickness

Various coloring techniques were detailed in the “1. INTRODUCTION”
section, and two of these techniques, specifically Bragg reflectors and double-
layer anti-reflective coatings applied to commercial solar cells, were
employed in this study as prospective solutions. In this section, when only
simulations are used, any technique could be implemented, restricted solely
by simulation capabilities. Since tandem devices inherently consist of multi-
layered structures, simpler coloring solutions should be favored by the market
for economic reasons (not to make them even more complicated).

Hence, a simple single-layer anti-reflective coating (SLARC) comprising
aluminum oxide (Al>O3) was introduced. In accordance with the principles
outlined by E. Hecht (equation (7) from literature review section), the
refractive index of such a layer should be the square root of the product of the
refractive indices of the incoming medium and substrate medium [45]. In the
simulated structure, this corresponds to the layer positioned between ethylene-
vinyl acetate (EVA) (with a refractive index of 1.49 at 632 nm) and indium
tin oxide (ITO) (with a refractive index of 2.07 at 632 nm) shown in Figure
46 (b). Consequently, the optimal SLARC is expected to have a refractive
index of 1.76 at 632 nm. Aluminum oxide, with a refractive index of 1.68 at
632 nm, aligns closely with this criterion. It should be noted that any other
metal oxide could be used here if a similar refractive index could be realized
for such layer.

In this chapter, Al,O3 thickness was adjusted from 0 to 300 nm similarly
as in section 4, where such intentional modification of thickness was proved
as a successful method for variation of visual appearance of photovoltaic
device.

Initially, dependance of electrical characteristics on Al,O3 thickness was
analyzed. This dependence of Jsc (short-circuit current) of each of sub-cell
and efficiency of the tandem device on the thickness of aluminum oxide is
illustrated in Figure 49 (right and left axis, respectively). A periodic variation
in both parameters is discernible in the latter figure. Notably, a relatively small
variation in efficiency is observed, ranging from 28.05% to 28.63%. This
corresponds to a relative change of approximately 2%. The maximum
efficiency of 28.63% was attained with an aluminum oxide coating thickness
of 100 nm. Short circuit current densities at this ARC thickness equals 17.07
and 17.09 mA/cm? for silicon and kesterite sub-cells respectively.
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Figure 49. Js. variation of each sub-cell (black,
triangles — Kkesterite, rectangles - silicon) on the right
Y axis and efficiency variation of tandem solar cell
(green) on the left Y axis with changing thickness of
Al>Oj3 anti-reflective coating.

7.5 Colorimetry and tandem viability for BIPV

Along with the electrical characteristics, optical characteristics
(specifically reflectance spectra) were calculated for different thicknesses of
SLARC of Al;Os. This allowed evaluation of the acceptability of such layer
for coloring of the tandem cells.

Characteristic color parameters are displayed in CIE color space in
Figure 50 (a) and for better clarity (as values are very closely packed) zoomed
version is also displayed in Figure 50 (b). In the latter figure, data points are
located close to D65 illuminant (represented by the white point), indicating
low color purity. The predominant hues are limited to brownish and purplish
as most points are clustered in the lower-right part relative to the D65 point
and relatively near it. In comparison with previous CIE analysis in this work,
points do not strictly follow an ellipse-like shape. Only the last points indicate
similar behavior. It should be noted that in this case laminated cells were
simulated, while in section 5, non-laminated cell structures were used (due to
the limitations of PV Lighthouse “OPAL 2” tool). Having in mind the results
of section 4, a decrease in color purity could be expected after lamination.
However, in real devices, lamination is necessary.
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Figure 50. CIE diagram of tandem Silicon/kesterite solar cells with varying
thickness of Al,Os: full size diagram (a) and zoomed (b).

For the comparison, sSRGB graph was also drawn with varying Al.Os;
ARC thickness and is depicted in Figure 51. XyY characteristic parameters
were converted using freeware online tool [106]. It should be noted that Origin
Lab rounds RGB values to integers (error being +0.5 in each of RGB values).
This figure confirms that available hues with such or similar kesterite/silicon
tandem structure are very limited, and hues are brownish and purplish in
whole ARC range from 0 to 300 nm.

Color - sSRGB

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300
ARC thickness (nm)

Figure 51. sRGB representation of kesterite/silicon
tandem structures with varying Al.O; ARC thickness.

For sensible colorimetric analysis, comparison with the competitive
colored structures is important. Therefore, color purity of tandem photovoltaic
devices is depicted in Figure 52, alongside experimental and simulated data
for ITO/SiNx DLARC single junction solar cells taken from sections: 4 and
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5. Notably, a clear distinction is observed among these data sets. The purity
of tandem solar cells falls below 20% in whole ARC thickness range, while
for the simulated single-junction ITO/SiNx DLARC solar cells purity is
approximately 10% to 90% and for experimental from 10% to 60%. But for
all of them this variation is periodical.

It can be concluded that such or similar tandem structures could be used
in BIPV, however low color purity should be considered. Various practical
scenarios may necessitate requirements for specific colors, requiring brighter
and purer hues than those calculated in the present study. Conversely, non-
pure colors such as brown may find preference in certain contexts, particularly
in applications like roof tiles. Therefore, within the advantage of higher
efficiency, such tandem structures can be an attractive option for BIPV for

specific applications.
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Figure 52. Comparison of color purity dependence on
anti-reflective coating thickness for silicon single
junction experimental (pink, rectangles) and simulated
(green rectangles, using ITO4) and for kesterite/silicon
tandem simulated (blue triangles) solar cells.

7.6 Summary

In this final section, an analysis of the coloring of tandem solar cells was
performed, responding to the increasing demand for the replacement of single-
junction silicon solar cells. The combined use of transfer matrix and SCAPS
methods facilitated optical and electrical calculations, respectively. Initially,
the tandem structure was optimized, revealing that an efficiency of 28.6% is
achievable with an increase of 1 order of magnitude in the effective lifetime
of kesterite (from 10 ns to 1 ns) and several other modifications. Considering
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that texture was absent in simulated structure, efficiency could potentially be
even higher.

Coloring was achieved through the variation of the thickness of a single
anti-reflective coating, following a methodology from Sections 4 and 5 of this
study. In this case, Al.O; metal oxide was selected as being suitable, and its
thickness modified from 0 to 300 nm. Consequently, a relatively low variation
in efficiency, from 28.05% to 28.63%, was observed, resulting in a 2% relative
change. The optimal thickness was determined to be 100 nm.

Colorimetric analysis revealed low color purity with color restricted to
hues of brownish and purplish tones, as well as their combination. The
assessment of color purity was compared with DLARC structures from
Sections 4 and 5 of this study. Notably, the color purity of tandem solar cells
remains below 20% across the entire anti-reflective coating (ARC) thickness
range. In contrast, the simulated single-junction ITO/SiNx DLARC solar cells
exhibit a broader range of color purity, spanning approximately 10% to 90%,
whereas the experimental counterparts fall within the range of 10% to 60%.

This allowed to formulate fourth defensive statement.

Fourth defensive statement: ARC thickness variation of Al,Os from 0 to
300 nm allows modification of reflectance spectra and therefore also color of
kesterite/silicon monolithic tandem solar cells with efficiency loss of less than
2% (relative). Such modification is restricted by low color purity (compared
to single junction solar cells) and hues are limited to brownish and purplish
(and their mix).
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8. SANTRAUKA
8.1 IZanga

Fotovoltinis (PV) saulés elementas yra prietaisas, kuris vercia i§ saulés
ateinancia elektromagneting spinduliuote j elektros energija. Siuo metu tai yra
viena i3 sparéiausiai auganéiy atsinaujinanéiy energijos rasiy [1]. Si sritis turi
didziulj potenciala mazinant CO, emisijas, beisprendziant vis didéjancio
energijos poreikio problema, nes gali suteikti daugiau energijos, nei mums
reikia [2]. Taciau, su laiku mazéjant zemés plotui saulés elektrinéms, bei
siekiant pastaty energetinés nepriklausomybés atsiranda vis didéjantis
poreikis ] pastatus integruotai fotovoltikai (angl. BIPV). O Siuo metu S$ios
srities augimas yra i§ dalies ribojamas dél rinkoje sitilomy mélyny ir juody
saulés moduliy, kurie daZznai sunkiai suderinami su architekttiriniais
sprendimais [107,108].

Apie 93-95% PV rinkos sudaro kristalinio silicio saulés elementai. Tokio
saulés elemento spalva lemia antirefleksinés dangos storis [5]. Keiciant §io
sluoksnio storj, vieni bangos ilgiai sustiprinami kiti susilpninami dél
konstruktyvios ir destruktyvios interferencijos ir taip gaunamas atspindzio
spektras, kurj suvokiame kaip tam tikrg spalva. Sioje technologijoje
antirefleksiné danga daZniausiai btuina suformuota i§ hidrogenizuoto silicio
nitrido (SiNx:H) [4]. Paprastai jis optimizuojamas siekiant gauti maziausia
atspindj ir dél to didziausig saulés elemento nasumg. To rezultate gaunami
juodi arba mélyni saulés elementai su SiNy:H storiu apie 70-80 nm.

Yra ir kity saulés elementy ,,spalvinimo® metody. Vienas i§ jy yra
dvigubos antirefleksinés dangos formavimas ant komercinio saulés elemento
[8,10,109]. Taip galima modifikuoti atspindzio spektra nepaveikiant
pasyvaciniy dangos SiNx:H savybiy, bei nedarant jtakos saulés elementy
gamybos procesui. Kitaip nei viengubos antirefleksinés dangos atveju, kai
reikalinga keisti lazerinés abliacijos salygas silicio nitrido dangai kontakty
formavimui. Kitas $ios idéjos privalumas yra tas, kad formuojant dviejy
sluoksniy antirefleksines dangas galima gauti maZesnj atspindzio koeficiento
spektrg ir dél to efektyvesnias fotovoltines struktiiras nei naudojant vieng
[6,110].

Esama ir labiau sofistikuoty spalvinimo metodiky, tokiy kaip pavyzdziui
naudojant Bragg reflektorius [14-16]. Tai periodinés Zemo ir auksto lGzio
rodikliy struktiiros, kurios gali labiau stiprinti arba silpninti tam tikrus
elektromagnetinés spinduliuotés daznius [12,51]. Tai leidZia padidinti
atspindzio koeficiento vertes reikiamoje srityje ir sumazinti kitose spektro
dalyse. Si metodika gali biiti suformuota ir ant stiklo, kas leisty praplésti
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spalvos plotg nuo saulés elementy iki pilno modulio, taip visi$kai atskiriant ir
saulés elementy technologijg nuo spalvinimo.

Taip pat esama ir kity technologijy saulés moduliy spalvai modifikuoti:
mica pigmentai [17], plazmoninés dangos [18], kvantiniy tasky saulés
elementai [19], skystieji kristalai [23], pusiau skaidriis saulés elementai
[21,22]. Taciau dauguma jy dar labai ankstyvoje stadijoje, maZuose
formatuose, sudétingi arba turi mazus efektyvumus.

Dél minéty priezasCiy, Siame darbe pirmiausia pasirinktas vienas
paprasCiausiy saulés elementy spalvinimo metodas, paremtas dvigubomis
antirefleksinémis dangomis suformuotomis ant komercinio silicio saulés
elemento. Kitaip nei kituose darbuose, kaip antroji anti-atspindinti danga buvo
naudotas indZio alavo oksidas (angl. ITO), kuris yra stabilus, bei jo liZio
rodiklj galima tikslingai keisti kei¢iant sluoksnio stechiometrija bei
kristaliSkumg [24]. Taip pat galima tikétis, jog $is oksidas sumazins varzos
nuostolius kontaktuose. Galiausiai, taip pat svarbu pastebéti jog ITO dangy
formavimas yra nenaujas industrijoje, jos pavyzdziui naudojamos formuoti
infraruodonuosius spindulius atspindincius stiklus.

Toliau Siame darbe buvo tiriamosgalimybés panaudoti Bragg reflektoriy
strukttiras spalvaikeisti. Dél savo prigimties Sios daugiasluoksnés struktiiros
leidzia lanksCiau manipulivoti Sviesos srautu, siekiant reikiamg jo dalj
atspindéti, o kitg praleisti j fotovoltinj prietaisg [13,110]. Kitaip nei
ankstesniuose darbuose, Siame darbe $§i struktira buvo optimizuota
nedideliam, bei nelyginiam metalo oksidy skai¢iui. Taip pat ji buvo
realizuojama eksperimentiS$kai naudojant potencialiai pigia jmerkimo
metodika i§ zoliy geliy tirpaly.

Paskutiné darbo dalis buvo skirta tandeminiy saulés elementy tyrimui,
akcentuojant jy spalvinimo galimybes. Toks tyrimas dar nebuvo atliktas
naudojant silicio saulés elementus. Siai analizei buvo pasirinkta
kesterito/silicio monolitinio tandemo struktiira, kuri buvo pazingsniui
tobulinama bei optimizuojama. Gryno germanio kesteritas su kintanéia
anijono S,Se sudétimi buvo naudojamas kaip virSutiné sub-celé, o silicis kaip
apatiné. Buvo pademonstruotos Sios struktiiros spalvinimo galimybés kei¢iant
Al;O3 antirefleksinés dangos storj ir jos jtaka elektrinéms bei optinéms
fotovoltinio prietaiso charakteristikoms.

8.1.1 Darbo tikslas

Naudojant modeliavimus bei eksperimentinius tyrimus, istirti efektyvias
metodikas komerciniy saulés elementy spalvai keisti tam tikslui pritaikant
funkcinius metaly oksidus.
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8.1.2 Darbo uzdaviniai

1. Teoriné analizé ir eksperimentinis funkciniy dangy igyvendinimas,
suformuojant papildoma ITO sluoksnj vir§ komerciniy silicio saulés
elementy, siekiant sukurti dvigubg antirefleksinj sluoksnj. I$nagrinéti
dviejy kritiniy parametry - storio ir liZio rodiklio - poveikj saulés
elementy optinéms ir elektrinéms charakteristikoms, ypatinga démesj
skiriant spalvos aspektui. [vertinti pasiiilytos technologijos tinkamuma ir
priimtuma panaudojimui saulés moduliuose.

2. Surasti optimalig funkciniy metalo oksidy dangy architektirg Bragg
reflektoriaus struktiirai, skirtai taikymams fotovoltikoje.
EksperimentiSkai realizuoti pasitlyta struktiirg ant stiklo padékly,
naudojant jmerkimo metodika i§ zoliy-geliy tirpaly, bei charakterizuoti
jos optines (jskaitant spalva) ir elektrines savybes. Véliau pademonstruoti
jos tinkamumg PV moduliams. Galiausiai istirti technologijos
tinkamuma industrijai jvertinant spalvy charakteristiky jautrumg liiZio
rodiklio ir storio nuokrypiams nuo optimalios Bragg salygos.

3. Istirti tandeminiy saulés elementy potencialg apatinei sub celei naudojant
silicio saulés elementa. I8analizuoti tokio jrenginio spalvinimo galimybes
ir jy poveikj jo elektrinéms savybéms. Palyginti Sias charakteristikas su
su kitais darbe naudotais spalvinimo biidais ir jvertinti tokiy tandemy
tinkamuma j pastatus integruotai fotovoltikai (angl BIPV).

8.1.3 Darbo naujumas

Miisy grupé pirmoji naudojo ITO kaip dvigubos antirefleksinés dangos
dalj suformuota ant komerciniy silicio saulés elementy vir§aus. Siame tyrime
naudojant modeliavimus, pirma kartg buvo analizuotas dvigubos
antirefleksinés dangos sluoksnio luzio rodiklio poveikis optinéms
charakteristikoms ir spalvai. Nauji saulés elementai buvo pagaminti naudojant
magnetrono dulkinimo metodikg keiciant ITO dangos storj. Véliau tokie
elementai buvo pirma karta panaudoti gaminant PV mini modulius.
Galiausiai, lyginant su kitais darbais, bubo atlikta gerokai platesné spalviné
analize, pabréziant skirtumus tarp laminuoty ir nelaminuoty saulés elementy.

Kitame Sio darbo skyriuje pristatoma inovatyvi Bragg‘o reflektoriaus
struktiira, kuri buvo optimizuota mazesniam ir nelyginiam auksto ir Zemo
luzio rodiklio medziagy sluoksniy skaiciui lyginant su kitais darbais.
Naudojant modeliavimus, buvo jrodyta, kad nelyginiy ir lyginiy metalo oksidy
dangy skaiciy struktiiros turi panasias charakteristikas, todél buvo pasirinkta
paprastesné struktiira lengvesniam eksperimentiniam jgyvendinimui. Pirma
kartg tokia struktiira buvo eksperimentiskai realizuota fotovoltikoje naudojant
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potencialiai pigia zoliy geliy jmerkimo technika. Be to, lyginant su Kitais
darbais, Siame darbe buvo atlikta iSsamesné spalviné analizé ir Brago
reflektoriaus technologija buvo palyginta su kitomis spalvinémis
technologijomis, naudojant charakteristinius parametrus i§ CIE spalvy erdvés:
xyY ir spalvos grynumo parametrg. Galiausiai, buvo pademonstruota kaip
spalva priklauso nuo sluoksnio laZio rodiklio bei storio nuokrypiy nuo
optimalios Bragg‘o salygos, ko nebuvo ankstesniuose darbuose.

Trecioje darbo dalyje buvo pirma karta analizuojamos monolitinio
tandeminio saulés elemento spalvos keitimo galimybés, naudojant
skaitmeninius modeliavimus, kuriuose Kkesterito saulés elementas buvo
naudojamas virdutinéje dalyje, o silicis — apatinéje. Sio skyriaus pirmoje
dalyje buvo atlikta dalin¢ kesterito saulés elemento optimizacija. Siam tikslui
pasiekti buvo panaudoti tokio elemento sugerties sluoksnio lizio rodiklio
spektrai su draustinés juostos tarpu nuo 1.52 iki 2.02 eV (Cu2ZnGe(SxSei-x)s
arba CZGSSe) [36] The electronic structure, elastic and optical properties,
siekiant nustatyti optimaly kesterito storj ir draustinés juostos tarpa. Tali
platesnis intervalas lyginant su ankstesniuose darbuose naudotu didziausiu 1,6
eV draustinés juostos tarpu [35]. Be to, vietoj apatinés sub celés buvo
naudojamas Siuolaikinis PERC silicio saulés elementas su 24% efektyvumu
[32], tuo tarpu dauguma kity darby naudojo senesnius silicio prietaisus
[38,39]. Galiausiai, buvo istirtos tokio tandeminio fotovoltinio elemento
spalvos keitimo galimybés keiciant Al,O3z funkcinio metalo oksido storj nuo 0
iki 300 nm ir analizuojant kaip tai lemia jo optines bei elektrines
charakteristikas. Taip pat buvo palyginti charakteringi spalviniai parametrai
su Kity spalvoty elementy technologijy parametrais ir jvertinta galimybé juos
naudoti | pastatus integruotoje fotovoltikoje.

8.1.4 Ginamieji teiginiai

Pirmasis ginamasis teiginys. IndZio alavo oksido (ITO) arba kito
panasaus metalo oksido sluoksnio storio keitimas nuo 0 iki 240 nm,
suformuojant dvigubq antirefleksini sluoksnj ant komercinio silicio saulés
elemento virsaus, leidzia modifikuoti saulés elemento spalvy palete nuo
mélynos iki rudos. Sis pakeitimas siejamas su santykinai mazu trumpojo
jungimo sroveés tankio nuostoliu iki 8%, o po laminavimo mélynam ir Zaliam
fotovoltiniams moduliams spalvos grynumas sumazéja 82% ir 71%
(atitinkamai).

Antrasis ginamasis teiginys. 1ITO metalo oksido, naudojamo dvigubo

sluoksnio antirefleksinéms silicio saulés elementy dangoms suformuotoms ant
SiNx.H virsaus, lizio rodiklio derinimas leidZia sukurti Zemesnes, mélynai

91



pasislinkusias ir siauresnes smailes pavirsSiaus atspindzio spektre, kai ITO
lizio rodiklis yra mazesnis (1,8 ties 632 nm), lyginant su didesniu lizio
rodikliu (2,07 ties 632 nm). Tai lemia auksStesnj spalvos rySkumg, esant
didesniam ITO lizio rodikliui, taciau atspalviai ir spalvos grynumas islieka
panasis.

Trecias ginamasis teiginys. Optimali Bragg reflektoriaus struktiira,
skirta saulés elementy spalvinimui naudojant TiO, ir SiO, metalo oksidus,
susideda tik S 3 sluoksniy, suformuoty ant stiklo padéklo
(stiklas/TiOo/SIO/TIO,), ir leidzia pasiekti 2-3 kartus didesnj spalvos
rySkumg palyginti su moduliais, pagamintais naudojant komercinius
spalvotus saulés elementus. Toleruotini technologiniai nuokrypiai nuo
kolorimetriniy parametry, kad Siy skirtumy miisy akis neatskirty, yra maziau
nei +/- 0,05 lizio rodiklio spektrui ir maZiau nei apie +/- 2% sluoksnio storiui.

Ketvirtasis ginamasis teiginys. Antirefleksinio Al>Os sluoksnio storio
keitimas nuo 0 iki 300 nm leidzia modifikuoti atspindZio spektrq ir taip pat
spalvg kesterito/silicio monolitiniams tandeminiams saulés elementams, su
mazesniais nei 2% efektyvumo nuostoliais. Tokie saulés elementai pasizymi
gana zemu spalvos grynumu, o galimi atspalviai yra riboti rudais ir
violetiniais (ir jy misiniu).

8.2 Funkciniai skaidriis oksidai dviguboms anti-atspindincioms

dangoms fotovoltinése struktiirose formuoti — sluoksnio storio jtaka

Siame skyriuje apra$yti rezultatai analizuojant kaip su dvigubomis
antirefleksinémis dangomis suformuotomis ant multi-kristalinio komercinio
saulés elemento uzdengiant papildomg indZio alavo oksido sluoksnj galima
keisti saulés elemento spalvg. Pirmiausia, optiniais modeliavimais
pademonstruotas sluoksnio storio poveikis saulés elemento optinéms
savybéms ir spalvai. Véliau magnetroniniu dulkinimu eksperimentiskai buvo
realizuotos Sios struktiros. Sulaminavus tokius saulés elementus, buvo
patvirtintas technologijos tinkamumas fotovoltiniams moduliams. Visos
gautos struktiros buvo charakterizuotos ir palyginti jy kolorimetriniai
parametrai. Tai leido suformuoti pirmaji ginamajj teiginj.

8.2.1 Optinis modeliavimas (ITO/SiNy:H dviguboms antirefleksinéms
dangoms)

Optiniai modeliavimai buvo atlikti naudojant nemokamg jrankj
pavadinimu ,,OPAL 2%, sukurtg ,,PV Lighthouse* [41,70]. Programiné jranga
yra i$samiau aprasyta skyriuje: 3.3, 0 modeliavimo parametrai pateikti
skyriuje 4.1. Dominancios struktiiros vaizdas pateiktas Pav. 1.

92



(@) (b)

c-Si Sidabro pasta B8 SiNx:HEE ITO mm

Pav. 1. Dvigubos antirefleksinés dangos struktiira suformuota (b) ant
komercinio silicio saulés elemento (a) Double anti-reflective coating
structure formed on the top (a) of the commercial silicon solar cell (b).

Siame skyriuje atliktos simuliacijos skirtos jvertinti storio jtaka saulés
elemento atspindZio charakteristikoms. ITO storis buvo kei¢iamas nuo 0 iki
200 nm, 50 nm zingsniu. Rezultatai pateikti Pav. 2.
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Pav. 2 Sumodeliuotos saulés elemento su dvigubam antirefleksine danga atspindzio
charakteristikos kei¢iant ITO storj nuo 0 iki 200 su 50 nm Zingsniu (a). Paveiksle
(b) CIE spalvy gamos koordinatés suskai¢iuotos i§ atspindzio spektry su skirtingu
ITO storiu (juodi taskai). Baltas taskas atitinka D65 Sviesos Saltinj [69].

Gana aiskiai galima matyti maksimumo raudongjj poslinkj bei papildomy
maksimumo smailiy atsiradimg didinant ITO sluoksnio storj. Taip pat
pastebétina, kad Sie maksimumai Zeméja didéjant storiui.

Atspindzio spektry kitimas gali biiti tiesiogiai susietas su spalvos
poky¢iais. Siam tikslui buvo suskai¢iuoti CIE parametrai (xyY) ir atvaizduoti
CIE spalvy gamoje (Pav. 2b). 5 juodi taskai atitinka gautus 5 atspindzio
spektrus, o baltas taskas yra $viesos Saltinis (D65 [73]). Matome, jog taskai
pasiskirste skirtingose Sios gamos vietose, kur matomos skirtingos spalvos:
meélyna, zalsvai mélyna, zalia, zalsvai geltona, raudona. Taigi, aiSku, jog
tikslingas dvigubo sluoksnio dangos storio kitimas leidzia modifikuoti
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fotovoltiniy elementy spalva. Toliau, Siame darbe S$ios struktiiros bus
realizuojamos eksperimentiskai.

8.2.2 Bandiniy ruosimas (magnetroninis dulkinimas)

ITO dangy formavimui buvo naudojamas radijo dazniu kei¢iamo
elektrinio lauko magnetroninis dulkinimas. Dengimo parametrai buvo tokie:
kambario temperatiira, P=100 W, p=5-10" mbar, ITO taikinio diametras — 10
cm.

Sluoksniai buvo formuojami ant komerciniy multi-kristaliniy saulés
elementy. Tam tikslui M1 dydzio (157.5x157.5 mm) 18.4% efektyvumo
saulés elemento plokstelé lazeriu buvo pjaunama j keturias lygias dalis (78.38
mm X 78.38 mm).

Dangos buvo formuojamos dengimo trukme keiCiant vienodais
intervalais nuo 225s iki 2362.5 s su 112.5 s zingsniu, siekiant gauti vienodo
skirtumo dangy storius. Apart saulés elementy sluoksniai buvo uzdengti ir ant
stiklo, ant kurio su profilometru buvo matuojamas jy storis (ant stiklo buvo
suformuotos ne visy ITO storiy dangos). Gauti storiai buvo aproksimuoti tiese
(kuri pateikta skyriuje 4.3kad nustatyti trukmés ir sluoksnio storio rysj.

8.2.3 Bandiniai su dvigubomis ITO/SiNx:H antirefleksinémis dangomis

Tipiniai bandiniai su kintamu ITO dangos storiu suformuotu ant multi-
kristaliniy silicio saulés elementy virSuje esanc¢io SiNyx:H sluoksnio
pavaizduoti Pav. 3. ITO dangy storiai bandiniuose yra nuo 18.5 iki 194.25 su
9.25 nm zingsniu (nuo virSutinio kairio kampo eilémis Zemyn). Pirmasis
bandinys yra kontrolinis — be ITO dangos (mélynas), o rudas yra i$skirtinis su
240.5 nm danga.

Pav. 3 Spalvoti multi-kristaliniai saulés elementai su
kintamu dvigubos antirefleksinés dangos virSutinio
sluoksnio (ITO) storiu nuo 18.5 iki 194.25 su 9.25 nm
zingsniu (nuo virSutinio kairio kampo eilémis zemyn).
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Pirmasis bandinys yra kontrolinis — be ITO dangos, o
rudas yra isskirtinis su 240.5 nm danga.

Gana ryski ir plati spalvy paleté matoma Siame paveiksle. Spalva tolygiai
kinta keiciantis sluoksnio storiui (kas 9.25 nm). Taip pat pastebétina, jog
sluoksnio tolygumas yra gana aukstas, nes matomas tik vienas atspalvis tame
paciame saulés elemente.

Toliau Siems bandiniams buvo iSmatuotos elektrinés charakteristikos su
impulsiniu saulés imitatoriumi. Trumpojo jungimo srovés tankio vertés nuo
ITO storio pavaizduotos Pav. 4. Kairéje aSyje pateiktos absoliutinés vertés,
desingje — santykinés. Kiekvienas bandinys buvo matuotas tris kartus.

39 T T T T T T T
Bt R B e e e e — 1.00
sl *
- : —_
B i Ll Do i Tt Dt et n Tt Tt 098 .&
E * =
7
< =
= 37 ™ c
= fepeeereeeee- L et EEE R ST —09% ©
) w
¥ . 2
.. [&]
['] W
. ]
0 R U S (SN SN o T — 094
36 '] -
(L)
sgid®
ffffffffffffffffffffffffffffffffffffffffffffffffffffff 092
35 1 1 " 1 1 L " 1 L " 1 1 1 "

0 25 50 75 100 125 150 175 200 225 250
ITO storis (nm)

Pav. 4. Absoliutinis (a) ir santykinis (b) trumpojo
jungimo srovés tankio pasiskirstymas nuo ITO dangos
storio ().

Grafikuose matomas trumpojo jungimo srovés tankio mazé¢jimas iki
mazdaug 175 nm, kai jis pradeda Siek tiek kilti. Toks kitimas koreliuoja su
kitais moksliniais darbais [5,8—10]. Maksimaliis nuostoliai ties 175 nm beveik
siekia 8%. Sie rezultatai paklitina j jzangoje pristatyty kity moksliniy grupiy
rezultaty intervalg.

8.2.4 Technologijos su dvigubomis ITO/SiNx:H antirefleksinémis

dangomis tinkamumas saulés moduliams
Tolesniame etape, $ie moduliai  buvo —
laminuojami, kas yra biitinas zingsnis galvojant apie =
technologijos komercializavima. Sis zingsnis dar -
N . . L. L .. Silicio saulés elementas
svarbus ir siekiant palyginti jy charakteristikas prie$
ir po laminavimo. Siam tikslui buvo parinktos dvi EVA
skirtingos spalvos: mélyna (kontrolinis bandinys) ir ctikiae
zalia (su 184.5 nm ITO danga). Po 6 celes buvo i
jungta nuosekliai jas sulituojant ir véliau jos b Pav. 5. Sluoksniuota
sujung j j veliau jos buvo . modulio

sulaminuotos. ,I8kepti“ fotovoltiniai moduliai 1aminavimo struktira.
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pavaizduoti Pav. 6. Laminavimui naudota struktira pavaizduota Pav. 5:
stiklas, etileno vinilo acetatas (EVA), saulés elementai, EVA, stiklas.

Pav. 6. Dvi saulés panelés naudojant mélynus (kontrolinis, be
ITO) ir zalius (su 194.5 nm ITO danga) saulés elementus.
Sulaminuoti moduliukai buvo charakterizuoti saulés imitatoriumi, gautos
J-V charakteristikos pavaizduotos Pav. 7, o i§ jy paimti ir suskaiiuoti

charakteringi parametrai pavaizduoti lenteléje (Lentelé 1).
40 T T
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— J (zalias)
25 - —— P (melynas)

P (zalias)

Sroves tankis (mA/cm’)
Galia (W)

00.(; 0.5 1.0 15 2.0 2.5 3.0 35 4.0
Itampa (V)
Pav. 7. Zalio ir mélyno saulés modulio J-V
charakteristikos.

Lenteléje matomas 8.83% galios skirtumas tarp $iy dviejy moduliy.
Galios nuostoliai Siuo atveju susideta i§ trumpojo jungimo srovés nuostoliy (-
3.54%), fill faktoriaus sumazéjimo (-4.73%), bei nedidelio atviros grandinés
jtampos sumazéjimo (-0.74%). Trumpojo jungimo srovés nuostoliai yra
salygoti pasikeitusiy atspindzio charakteristiky, kurie sumazina patenkancios
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Sviesos kiekj j fotovoltinj elementg. Tuo tarpu Voc nuo Sviesos priklauso
nestipriai dél to Sis nuostolis gerokai mazesnis.

Lentel¢ 1. Mélyno (kontrolinio) ir zalio mini saulés moduliy elektriniai parametrai
paimti/suskaiciuoti i§ J-V charakteristiky.

V\O/C‘ Isc, A V“\”;‘x‘ 'M/'f\x‘ P“\”ICX’ FF, % F:;’ Rs, @ Eff, %
Meélynas 3.77 2.15 310 203 6.27 776 018 3456  17.19
Zalias 3.74 2.07 3.06 1.87 5.72 739 020 2878  15.68
A, % 074 354 -110 -7.79 -883 -473 110 -1672 -8.78

Fill faktorius yra parametras nusakantis voltamperinés charakteristikos
»staGiakampiskuma® [42]. Jis stipriai priklauso nuo nuoseklios bei Sunto
varzy. FF nuostoliai Siuo atveju labiausiai nulemti 17% sumazéjusia Sunto
varza. Sis sumaz¢jimas gali biti siejamas su ITO sglygotu srovés aptekéjimu
saulés elemento krastuose. Dél to buty tikslinga naudoti rémelj krasty
izoliavimui prie§ formuojant laidzias dangas. Taip pat lenteléje pastebimas ir
nuoseklios varzos padidéjimas, kuris parodo, kad uzdengtas ITO sluoksnis
nepagerina krivio surinkimo. Tai galéty buti nulemta laidumo skirtumo tarp
sidabro pasta dengto varinio kontakto, bei $io laidaus skaidraus oksido.
Svarbu pastebéti, jog FF bei Rs ir Rsy priklauso ir nuo litavimo kokybés,
tac¢iau manome, kad tai yra maziau reik§minga nei matavimuose registruoti
poky¢iai.

8.2.5 Dviguby ITO/SiN,:H antirefleksiniy dangy kolorimetriné analizé

Siekiant jvertinti spalvos kiekybinius parametrus, i§ bandiniy atspindZzio
spektry buvo suskai¢iuoti kalorimetriniai parametrai ir atvaizduoti CIE spalvy
erdvéje (Pav. 8). Juodu kvadratu pazymeétas kontrolinis bandinys su 0 nm ITO
ir jungiant tiese juodi taskai atitinka bandinius su vis didéjanciu ITO storiu,
kol pasiekiamas rodykle paZzymétas paskutinis bandinys (su storiausia ITO
danga). Baltas taskas atitinka Sviesos $altinj (D65).

Svarbu pastebéti, kad CIE diagrama yra sukurta taip, jog krastuose
(iSskirus apatinj) yra taskai atitinkantys monochromating spinduliuote ir
Svaresnes spalvas (Pav. 2 b), 0 esantys arciau $viesos Saltinio (viduting dienos
Sviesa atitinkantis Sviesos Saltinis - D65, 6500K) yra taskai apibiidinantys
purvinesn¢ spalva, kurios spektras plokstesnis, turintis daug bangos ilgiy.

Pav. 8 matome, jog juodi taskai judédami nuo staciakiampo iki rodyklés
didé¢jant ITO sluoksnio storiui, pieSia elipsei panaSias formas ir spalvos
atspalviai keiciasi nuo mélyno iki purpurinio, o véliau vél i§ naujo (tik Siek
tiek keiciasi spalvos grynumas). Taskai artéja ir tolsta nuo balto tasko, kas
reiSkia, kad spalvos grynumas kinta periodiskai. AngliSkoje darbo versijoje
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buvo suskaiCiuotas ir atidétas spalvos grynumas nuo antirefleksinés dangos
storio skyriuje 4.6,nubraiZius spalvos grynumo parametro [74] priklausomybe
nuo nulinés eilés maksimo padéties. Buvo gauta, kad grynumas kinta nuo 10
iki 60% (Figure 23). Sulaminavus bandinius spalvos grynumas sumazéjo 82%
meélynam ir 71% zaliam fotovoltiniam moduliukui.

0.9; T x T . T . . T

04 02 03 04 05 06 0.7 08 09
X

Pav. 8. Eksperimentiniy multi-kristaliniy saulés
elementy su dvigubomis ITO/SiNx:H
anirefleksinémis dangomis CIE diagrama (juodi
taskai). Didéjancio storio bandiniy serija sujungta
linijomis pirmg taskg zymint kvadratu ir pabaigiant
juoda rodykle. Zalia ir mélyna rodykle pavaizduotas
pokytis tarp nelaminuoty ir laminuoty bandiniy
(rodyklé rodo j moduliukus).

8.2.6 Skyriaus apibendrinimas

Siame skyriuje buvo pristatyti rezultatai ant silicio multi-kristaliniy
saulés elementy formuojant papildomag ITO danga (nuo 0 iki 240 nm) ir taip
suformuojant dviguba antirefleksinj sluoksnj. Buvo tiriama sluoksnio storio
jtaka optinéms ir elektrinéms charakteristikoms naudojant modeliavimus ir
realizuojant struktiiras eksperimentiskai. Gauta plati spalvy paleté nuo
melynos iki purpurinés su trumpojo jungimo sroveés tankio nuostoliais iki 8%.
Idéjos tinkamumas fotovoltikai buvo jrodytas sulaminavus dviejy spalvy
saulés elementus ] modulius. Atlikus kolorimetring analize gauta, jog spalvos
grynumas Kinta periodiskai nuo 10 iki 60% kei¢iantis ITO dango storiui, o po
laminavimo mélynam (kontroliniam) moduliui jis sumazéjo 82%, zaliam (su
1945 nm ITO) - 71%.
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Sie rezultatai leido suformuoti pirmajj ginamaji teigin;.

Indzio alavo oksido (ITO) arba kito panasaus metalo oksido sluoksnio
storio keitimas nuo 0 iki 240 nm, suformuojant dvigubq antirefleksinj sluoksnj
ant komercinio silicio saulés elemento virsaus, leidZia modifikuoti saulés
elemento spalvy palete nuo mélynos iki rudos. Sis pakeitimas siejamas su
santykinai mazu trumpojo jungimo sroveés tankio nuostoliu iki 8%, o po
laminavimo mélynam ir Zaliam fotovoltiniams moduliams spalvos grynumas
sumazéja 82% ir 71% (atitinkamai).

8.3 Funkciniai skaidriis oksidai dviguboms anti-atspindin¢ioms
dangoms fotovoltinése struktiirose formuoti — sluoksnio liizio rodiklio
itaka

Siame skyriuje buvo pratesti tyrimai su dvigubomis antirefleksinémis
dangomis, jvertinant lGzio rodiklio jtaka tokiy dangy optinéms
charakteristikoms ir spalvai. Tai leido suformuoti antrgjj ginamajj teiginj.

8.3.1 Optiniai modeliavimai (for ITO/SiNx:H DLARCS)

Skaitmeniniai modeliavimai buvo aliekami analogiSskai kaip ir
ankstesniame skyriuje, tik Siame skyriuje buvo naudojami 4 ITO lazio rodiklio
spektrai (pavaizduoti angliskoje versijoje: Figure 23). Sie spektrai buvo
pasirenkami remiantis Pour ir Shafai darbu, kuriame mokslininkai parodé¢, kad
kryptingai kei¢iant dengimo salygas, galima keisti Sio skaidraus laidaus
oksido 1azio rodiklj nuo n=1.69 iki n=2.1 prie 632 nm bangos ilgio [24].
Renkantis spektrus, buvo stengiamasi perdengti §j intervalg: ITO1 (1.73 at 632
nm) [72], ITO2 (1.8 at 632 nm) [72], ITO3 (1.87 at 632 nm) [75], ITO4 (2.07
at 632nm) [72].

Du skirtingi ITO sluoksniy storiai buvo pasirinkti optiniy charakteristiky
analizei: 100 ir 200 nm. Gauti spektrai pavaizduoti Pav. 9.

Pastarajame paveikslélyje galima pastebéti, jog atspindzio smailé2 yra
pasislinkusi bei skirtingo maksimumo plocio ir aukscio skirtingiems ITO
spektrams. Kiekybiniam jvertinimui buvo suskai¢iuoti smailiy plo¢iai pusés
maksimumo aukstyje (angl full width at half maxima — FWHM) (Lentelé 2).
Matome, jog aukstesniam ITO lazio rodiklio spektrui maksimumo plotis bei
aukstis yra didesni ir atvir§éiai. Taip pat aukStesniam ITO spektrui smailés yra
pasislinkusios i raudonaja pus¢. Toliau darbe bus tiriamas §iy poslinkiy
efektas spalvai.
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Pav. 9. Skaitmeniniy modeliavimy biidu gauti saulés elementy su dvigubomis ITO
dangomis atspindzio spektrai esant skirtingiems $iy dangy storiams: 100 (a) ir 200

nm (b).

Lentelé 2. Atspindzio smailiy plotis pusés aukstyje (FWHM) fotovoltiniams
elementams su dviguba antirefleksine danga, kur ITO storis 100 ir 200 nm.

ITO storis: 100 nm

ITO storis: 200 nm

FWHM FWHM FWHM .
(Smailé 1) (Smaile 2)  (Smailél) FWHM (Smailé2)
SiNH/ITOL  49.9 1755 336 81.3
SiNxH/ITO2 51.15 185.12 357 86.38
SiN«H/ITO3  59.13 225.05 42.27 92.13
SiNxH/ITO4  63.22 309.27 45.15 110.6

8.3.2 Kolorimetriné analizé (dviguboms antirefleksinéms dangoms su

ITO/SiN,:H)

Kolorimetriniai analizei ITO dangos storis buvo kei¢iamas nuo 0 iki 210
su 10 nm zingsniu skirtingiem ITO luzio rodiklio spektrams ir i§ gauty
atspindzio spektry buvo skaifiuojami charakteringi parametrai: XyY bei
spalvos grynumas.

Gauta CIE diagrama pavaizduota Pav. 10. Pastarajame paveikslélyje
matome, jog didéjant storiui nuo 0 iki 210 bréziama j elips¢ panasi kreive,
panasiai kaip ir ir i§ eksperimentiniy rezultaty praeitame skyriuje. Atspalviy
atzvilgiu visos keivés panasios, tik didéjant 1Gzio rodiklio spektrui nuo ITO1
iki ITO4 matomas nedidelis postiimis j raudonajg puse. Taip pat pastebétina,
jog yra tam tikras atspalvio postiimis priklausomai nuo dangos storio: ITO1
rodykle pasibaigia ties mazdaug Zalia spalva, o ITO1 ties gelsva (rodyklé rodo
1 paskutinj taska su 210 nm ITO danga). Atspindzio spektre toks postiimis
atitinka 300 nm smailés postimj.
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Pav. 10. CIE diagrama simuliuotiems saulés
elementams su skirtingais ITO lazio rodiklio
spektrais: ITO1 (pilka), ITO2 (Zydra), ITO3 (geltona)
ir ITO4 (balta). D65 S§viesos $altinis pazymétas baltu
tasku.

Siekiant palyginti spalvas vizualiai, CIE parametrai xyY buvo paversti j
SRGB (RGB gama naudojama monitoriuose) gamga ir yra pavaizduoti Pav. 11.
Kaip ir CIE diagramoje, gretimi taskai skiriasi per 10 nm. Dél to pavaizduotas
SRGB spektras diskretinis. Pav. 11 skirtingos spalvy gamos skirtingiems ITO
atidétos didéjancia tvarka apacioje esant ITO1, o virSuje ITO4.

Spalvos visuose 4 rinkiniuose labai panasios, kaip jau buvo minéta ir
lyginant CIE diagramas. Siek tiek aiskesnés ir ry$kesnés spalvos pastebimos
virSutiniame spektre lyginant su Zemesniais. Taip pat pastebimas ir anks¢iau
minétas atspalvio postimis nuo dangos storio, kuris atitinka apie 20-30 nm
tarp ITO1 ir ITO4 lyginant Zalig spalva. Kitaip nei minéta pries tai, ITO4 prie
210 nm atitinka ruda, bet ne gelsva spalva.

Tolesniu Zzingsniu buvo palygintas CIE parametras Y apibtdinantis
Sviesos rySkuma. Toks grafikas atidétas Pav. 12.

Siame paveiksélyje gana ryskiai issiskiria tendencija, kad didéjant ITO
lazio rodikliui didéja spalvos ryskumas. Cia taip pat pastebétinas ir periodinis
Sio parametro kitimas, bei nedidelis postumis (matomas antrojoje smailéje).
Sie rezultatai sutinka su  anksGiau atvaizduotomis  atspindZio
charakteristikomis, kur didesnés atspindzio smailés uzfiksuotos dviguboms
antirefleksinéms dangoms suformuotoms naudojant didesnio liZio rodiklio
ITO dangas (Pav. 9).
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Pav. 11. sRGB skaléje atvaizduoti 4 skirtingi tasky
rinkiniai su skirtingais ITO laZio rodikliais, priklausomai
nuo dangos storio (atidéti nuo apacios didéjancia tvarka:
ITO1<ITO2<ITO3<ITO4).

Paskutinis lyginamas kolorimetrinis parametras yra spalvos grynumas.
Sis parametras nuo ITO storio atidétas anglikoje $io darbo versijoje (Figure
30). Lyginantsio spalvos grynumo vertes, modeliuotoms struktiiroms jis
periodiskai keiciasi nuo 5 iki 90% (plac¢iau nei eksperimentiniuose: 10-60%).
Sie skirtumai gali biti, dél antirefleksiniy dangy pavirsiaus morfologijos
skirtumy modeliuotoms ir eksperimentinéms fotovoltinéms struktiiroms.
Multi-kristaliniy saulés elementy atveju pavirSiaus tekstiira yra sudétinga, dél
naudojamo ragstinio ésdinimo, prieSingai nei monokristaliniams, kur
ésdinimas (teksttiravimas) yra daromas naudojant Sarmus ir taip suformuojant
piramiding tekstirg. D¢l Siy skirtumy, gal¢jo atsirasti nuokrypiai tarp
eksperimentiniy ir modeliuoty spektry. Kita vertus, aiSkaus skirtumo tarp
skirtingy ITO luzio rodikliy spektry nematyti (lyginant modeliuotus spektrus

tarpusavyje).
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Pav. 12. CIE parametro Y priklausomybé nuo ITO
dangos storio skirtingiems ITO spektrams.

8.3.3 Skyriaus apibendrinimas

Siame skyriuje naudojant optinius skaitmeninius modeliavimus buvo
analizuojamas 1uzio rodiklio poveikis saulés elementy su dvigubomis
antirefleksinémis dangomis suformuotomis ant komercinio silicio saulés
elemento pridéjus papildoma ITO dangg optinéms savybéms. Tam buvo
panaudoti 4 skirtingi ITO lazio rodiklio spektrai.

Buvo gauta, jog mazesnis ITO 1azio rodiklis (1.8 prie 632 nm) lemia
siauresnius, melynai paslinktus ir Zemesnius atspindzio maksimumus,
lyginant su aukstesniu ITO lazio rodikliu (2.07 prie 632nm). Kita vertus buvo
parodyta, jog Sie skirtingi spektrai leidzia gauti panaSius atspalvius, su
nedideliais atspalvio postimiais priklausomai nuo antirefleksinés dangos
storio. Didinant ITO dangos storj CIE spalvy erdvéje taskai brézia j elipse
panasias kreives, nulemiancias periodinj kolorimetriniy parametry kitima nuo
storio.

Sio skyriaus rezultatai leido suformuoti antrajj ginamajj teiginj.

Antrasis ginamasis teiginys. ITO metalo oksido, naudojamo dvigubo
sluoksnio antirefleksinéms silicio saulés elementy dangoms suformuotoms ant
SiNx.H virsaus, lizio rodiklio derinimas leidZia sukurti Zemesnes, mélynai
pasislinkusias ir siauresnes smailes pavirSiaus atspindzio spektre, kai I1TO
lizio rodiklis yra mazesnis (1,8 ties 632 nm), lyginant su didesniu lizio
rodikliu (2,07 ties 632 nm). Tai lemia aukstesnj spalvos rySkumg, esant
didesniam ITO luzio rodikliui, taciau atspalviai ir spalvos grynumas islieka
panasis.
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8.4 Funkciniai skaidris oksidai Bragg reflektoriy struktiiroms
fotovoltiniams saulés elementams formuoti

Siame skyriuje bus pristatytas kitas saulés elementy ,.spalvinimo*
metodas, naudojant taip vadinamus Bragg reflektorius [111]. Tokias
struktiiras galima formuoti nebiitinai ant saulés elemento, taciau taip pat ir ant
stiklo, taip iSpleCiant spalvos plota nuo saulés elemento (lyginant su
antirefleksinémis dangomis) iki viso modulio ploto. Taip pat galima tikétis
aukstesniy atspindZio smailiy norimoje Spektro srityje ir mazesniy Kitose.

Taigi, Siame skyriuje pirmiausia naudojant skaitmeninius modeliavimus
su pernasos matricos metodu buvo surasta optimali Bragg reflektoriaus
struktra fotovoltiniams saulés elementams spalvinti. Véliau dangos buvo
eksperimenti§kai realizuotos ant stiklo padékly i§ zoliy geliy tirpaly su
jmerkimo metodika. Technologijos tinkamumas moduliams buvo jrodytas
pagaminant keleta mini moduliuky ir juos charakterizavus. Galiausiai buvo
alickama kolorimetriné analizé ir palyginama su komerciniais spalvotais
saulés elementais bei Sio darbo pirmuosiuose dviejuose skyriuose apraSytomis
dvigubomis antirefleksinémis dangomis. I$ §io skyriaus rezultaty buvo
suformuotas treciasis ginamasis teiginys.

8.4.1 Modeliavimo metodika

Tiriamojo Bragg reflektoriaus schema pavaizduota 5105
Pav. 13. u — tai auvkéto ir zemo luzio rodikliy sluoksniy T Xu
periody skai¢ius. Siame darbe tirsime u = 1.5, 2, 2.5, 3
vertes, siekiant kompromiso tarp struktiiros savybiy ir
eksperimentinio paprastumo bei mastelio didinimo SRbas
galimybiy. TiO; ¢ia yra auksto 1azio rodiklio oksidas, o
SiO; yra zemo liiZio rodiklio metalo oksidas. Pav. 13. Bragg
Atspindzio maksimumo verté yra vienas i§ reflektoriaus
pagrindiniy tokio tipo filtry parametras. Siekiant struktfira.
palyginti Sio parametro vertes prie pasirinkty U ver¢iy buvo pasinaudota
Boxuan ir kolegy suformuluota lygtimi [12]:

2
R = <1 —ng/ng (nhi/nlo)2u>
1+ ng/ng (Mpi/n0)%%)

(59

Cia ns, Na, Nhi, and Ny, yra padéklo, aplinkos, auksto ir Zzemo liZio rodiklio
medziagy 1Gzio rodiklio vertés. Taciau §i lygtis tinkama tik sveikoms u
vertéms. Esant realioms u vertéms: u=1.5 ir u 2.5 buvo pasinaudota pernasos
matricos metodu [76] ir skaiciuoti tokiy struktiiry atspindZio spektrai. Sis
metodas buvo realizuotas naudojant Steven J. Byrnes sukurta python
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programavimo paketg [63]. Modeliuojant pernasos matricos metodu dangy
storiai buvo suderinti pagal Bragg‘o salyga:
Ao
- =
kur Ao — yra maksimumo bangos ilgis, n — lazio rodiklis, d — storis.
Siekiant jvertinti padidéjusius nuostolius dél atspindzio buvo

nd. (60)

skaiCiuojami trumpojo jungimo srovés tankio nuostoliai pagal formulg:

Az
Jre = —q L RG) - 1QEQ) - by 2dlA, (61)
A
¢ph,/1 = S(ﬂ)(AMl.SG) E, (62)

kur @s, yra fotony srautas (fotony skaiius/s'm?) (AM1.5G saulés
spektras), IQE () — vidinis kvantinis naSumas, R (1) — atspindzio koeficientas,
S (4) — galios tankis (W/m?).

8.4.2 Simuliacijos rezultatai

Modeliavimy metu gauti atspindzio spektrai bei pagal (55) formulg
skaiCiuoti atspindzio maksimumo pasiskirstymai nuo bangos ilgio pavaizduoti
Pav. 14. Bruksnine linija pavaizduotos kreivés yra su realiomis parametro u
vertémis pagal tg pacia lygtj, jos atidétos tam, kad matyti tarpines vertes.

Grafike matome, jog atspindzio spektrai su nelyginiu skai¢iumi dangy
(nesveikomis parametro u vertémis), turi beveik tokio pat aukscio
maksimuma, kaip ir su lyginémis u vertémis. Si tendencija, leidZia apsiriboti
nelyginiu metaly oksidy skai¢iumi, nes technologiskai tai paprasciau ir pigiau,
o efektyvumo prasme, skirtumas yra nezymus. AtspindZzio maksimumo
maz¢jimas didéjant bangos ilgiui gali biiti paaskinamas metalo oksidy luzio
rodikliy santykio mazéjimu (didéjant bangos ilgiui). Sie santykiai tiesiogiai
proporcingi atspindzio maksimumo vertémis pagal (55) formulg.
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Pav. 14. Paveikslélio (a) dalyje pavaizduotas atspindZio koeficiento nuo bangos ilgio
pasiskirstymas su pernasos matrica modeliuotoms struktiiroms kai parametras u=1.5
ir u=2.5, bei pagal (55) lygtj skaiciuota atspindZio maksimumo priklausomybé nuo
bangos ilgio kai u=1, u=2 ir u=3. Paveikslélyje (b) pavaizduoti TiO; ir SiO; lazio
rodikliy pasiskirstymai gauti i§ elipsometrijos skaiiavimy pagamintiems
bandiniams su $iy oksidy dangomis.

Tolesniu zingsniu buvo jvertinamas Siy atspindzio charakteristiky
poveikis saulés elemento elektrinéms charakteristikoms pagal (57) lygt;.
Atlikus $iuos skai¢iavimus gauta, jog Jsc nuostoliai varijuoja nuo 16 iki 33%
skirtingiems o, 0 skirtumas tarp penkiasluoksnés ir trisluoksnés struktairos yra
nuo 4 iki 9.5% (detaliau angliskoje versijoje).

Remiantis Sio skyriaus rezultatais buvo nuspresta, jog trijy sluoksniy
struktiira sudaryta i§ TiO./SiO,/SiO; ir suformuota ant stiklo padéklo yra
pakankama ir efektyvi siekiant tikslingai keisti saulés elemento optines
charakteristikas bei spalva.

8.4.3 Bandiniy ruoSimas

TiO; zoliy geliy tirpalas buvo ruoSiamas i§ titano butoksido pirmtako
(angl. titanium butoxide - TBOT), HCI, H,O ir etanolio 1:1:0.2:23 moliniais
santykiais (atitinkamai). Tuomet jis maiSomas valandg ir palickamas 24 val.
sendinimui. Panasiai SiO. zoliy geliy tirpalas buvo gaminamas naudojant
tetraetil ortosilikata (angl. tetraecthyl orthosilicate - TEOS), HCI ir etanolj
1:0.00022:12 moliniais santykiais (atitinkamai). Jis buvo maiSomas 60°C
temperattroje 1 val., o paskui atvésinamas kambario temperatiiroje.

Bragg reflektoriy struktiiros buvo formuojamos ant 5x5 cm dydzio stiklo
padékly naudojant jmerkimo metodika. Po kiekvieno sluoksnio bandinys buvo
dedamas j 45°C krosnele 15 min. UZdengus visas 3 dangas, jos buvo
atkaitinamos 110°C dvi val., pagal Langlet ir kolegy rezultatus [79].

Saulés moduliam buvo naudojami 2.5x2.5 cm dydzio PERC (passivated
emitter and rear contact) technologijos saulés elementai.
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8.4.4 Eksperimentinis fotovoltiniy struktiiry su Bragg reflektoriais
realizavimas

Naudojantis Bragg salyga buvo parinkti technologinio proceso
parametrai, tam kad gauti dangas su atspindzio maksimumo bangos ilgiais: 4o
= 454, 534, 621, 701, 766 ir 810 nm. Tuomet remiantis modeliavimy
rezultatais i$ zoliy geliy tirpaly jmerkimo metodika buvo suformuotos 3
sluoksniy dangos. Gauti bandiniai pavaizduoti Pav. 15 (a).

Paveikslélyje matomos 6 gana ryskios skirtingos spalvos: mélyna, zalsva,
gelsva, oranziné, persikiné, violetiné. Suformuoti sluoksniai gana
homogeniski, netolygumai matomi tik krastuose. Tikétina, kad kraStuose
atsirandantys nehomogeniskumai yra dél skirtingy zoliy geliy tirpalo tekéjimo
grei¢iy skirtumo centre ir prie padéklo krasto.

Paveikslélyje (b) matome $iy bandiniy atspindZio spektrus, su smailés
maksimumo auks¢iais nuo mazdaug 45 iki 30%, kurie mazéja didéjant bangos
ilgiui. Matome, jog atspindZzio maksimumo raudonasis postimis leidzia
tikslingai keisti Sios struktiros spalva, panaSiai kaip su antirefleksinémis
dangomis pirmuosiuose skyriuose. Maksimumo auk$¢io maz¢jimas sietinas
su TiO2/SiO; laziy rodikliy santykio mazéjimu (Pav. 14 (b)).

Atspindzio koeficientas (%)

o L i L L L A s L
300 400 500 600 700 8OO 900 1000 1100 1200

Bangos ilgis (nm)

Pav. 15. Paveikslélyje (a) Sesi 5x5 cm dydzio bandiniai su Bragg reflektoriy
struktiiromis (o =454, 534, 621, 701, 766 ir 810 nm). Paveikslélyje (b) jy atspindzio
spektrai.
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Tolesniu Zingsniu buto patikrintas Sios idé¢jos o
tiklas
TiO2

tinkamumas saulés moduliams. Todél spalvoti stiklai
buvo sulaminuoti pagal schemg parodyta Pav. 16. i
Gauti mini moduliai pavaizduoti Pav. 17a. Svarbu A
pastebéti, kad moduliams buvo naudoti panasiis bet
neidentiSky Ao bandiniai. Palyginimui taip pat buvo
sulaminuoti moduliukai su komerciniais spalvotais EVA
saulés elementais ir pavaizduoti Pav. 17b.
Laminuoti moduliukai buvo charakterizuoti su )
L Lo . Pav. 16. Laminuoto
saulés imitatoriumi ir jy J-V charakteristikos saulés  elemento  su
pavaizduotos Pav. 18. Bragg reflektoriais
[Smatuoti  §iy mini  saulés moduliuky struktura.
efektyvumai: 18.75% (kontrolinis, juodas), 17.2% (mélynas), 17.13 (Zalsvas)
ir 16.52 (gelsvas), tai reiksty efektyvumo nuostolius iki 12% reliatyvios

Silicio saulés elementas

Stiklas

vertés. Tuo tarpu moduliai su spalvotais komerciniais saulés elementais turi
panasius, bet Siek tiek mazesnius efektyvumus: nuo 13 iki 18.4%. Svarbu
pastebéti, jog Bragg reflektoriy struktiiros gali biiti naudojamos su bet kokiais
saulés elementais. D¢l to pakeiciant 18.4% efektyvumo fotovoltinius
elementus pavyzdziui 24%, kas §iuo metu yra rinkos vidurkis [11], galima
buty tikétis didesniy nei 21% nasumy.

Pav. 17. Laminuotos Bragg reflektoriy struktiiros, bei moduliukai su komerciniais
spalvotais saulés elementais [78].
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Pav. 18. Sulaminuoty fotovoltiniy moduliuky su
Bragg reflektoriy struktiromis J-V charakteristikos.

8.4.5 Fotovoltiniy struktiiry su Bragg reflektoriais kolorimetriné analizé

Toliau Siame skyriuje buvo atlickama kolorimetriné analizé, tam kad
palyginti spalvas kiekybiSkai. Tam buvo nubraizyti du grafikai: CIE
koordinatés CIE erdvéje (Pav. 19 (a)), bei parametro Y priklausomybé nuo
atspindzio maksimumo bangos ilgio (Pav. 19 (b)). Kairiajame paveiksle
atidétos Bragg reflektoriy struktiiros prieS laminavimg (zydra) ir po
laminavimo (geltona) bei sulaminuoti saulés moduliai su spalvotomis
komercinémis saulés celémis (balta).

(@) (b)

Parametras Y
N
o
T
L

> A

20 - ["A Bragg reflektoriaus strukura ant stiklo 1
Sulaminuota Bragg reflektoriaus struktura

15 || A Kontrolinis bandinys A i

A PV moduliai su komerciniais saules elementais
10+ .

A
5 4
I A
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Pav. 19. Paveikslélyje (a) pavaizduotos Bragg reflektoriy struktiry CIE
koordinatés prie§ laminavima (Zydra) ir po laminavimo (geltona) bei sulaminuoti
saulés moduliai su spalvotomis komercinémis saulés celémis (balta) [78].
Paveikslélyje (b) atidéta spalvos rySkumg apibidinancio parametro Y
priklausomybé nuo atspindzio maksimumo bangos ilgio.
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Analizuojant Pav. 19 (a) tarp laminuoty ir nelaminuoty Bragg reflektoriy

struktliry aiSkaus skirtumo nesimato, taSkai persikloja. Taciau galima
pastebéti, jog laminuoti moduliai su komerciniais saulés elementais yra aréiau
D65 $viesos $altinio ir dél to pasizymi mazesniu Spalvos grynumu.
Tuo tarpu paveikslélio (b) dalyje matome, gana aiskia tendencija.
Nelaminuotos Bragg reflektoriy strukttiros turi auksciausias §io parametro
vertes, kurios gerokai sumazéja po laminavimo, taiau vistiek islicka 2-3
kartus didesnés nei moduliukams su spalvotais komerciniais saulés
elementais.

8.4.6 Spalvos jautrumas funkciniy oksidy liiZzio rodiklio ir storio
nuokrypiams

Siame skyriuje buvo siekiama jvertinti kokia jtaka siflomos
technologijos funkciniy oksidy parametrai daro spalvai. Tam tikslui buvo
jvedami luzio rodiklio bei sluoksniy storiy nuokrypiai nuo optimalios Bragg
salygos (60). IJtaka spalvai buvo vertinama pasinaudojant AE parametru,
apibrézty tarptautinés aps$viestumo komisijos (International Commission on
[llumination — CIE) [61]. Buvo lyginama S$io parametro verté, bei sSRGB
gamos spalvos struktiiroms su ir be inicijuoty nuokrypiy nuo Bragg salygos
(lyginama su kontroliniu bandiniu, be minéty nuokrypiy). Sluoksnio storis
buvo varijuojamas trim skirtingais biidais (nuo bendro visy oksidy sluoksnio):
iSoriniam TiOz, SiO; ir abiems TiO; sluoksniams. Rezultatai su lazio rodiklio
nuokrypiais pavaizduoti lenteléje (Lentelé 3).

Keiciant funkciniy oksidy luzio rodiklius n=+0.1, AE vertés yra tarp 8.4
ir 9.9, o kai n=+0.05, tai $ios vertés kinta nuo 4.3 iki 5.3. Sie rezultatai rodo,
jog TiO. turi stipresne jtakg Siam parametrui. Be to, luzio rodikliy
sumazejimas tarp Siy metalo oksidy taip pat lemia didesnius AE. Lyginant $iy
nuokrypiy jtaka spalvai SRGB skaléje, nesunku atskirti §iuos atspalvius nuo
kontrolinio. Todél galima daryti i§vadg, jog siekiant kad spalva nesiskirty
reikalinga, kad luzio rodiklio pokyc¢iai nevirSyty £0.05.

Lentelé 3. Suskaiciuotos ir palygintos AE (CIE2000) vertés ir SRGB skirtingiems
luzio rodikliy nuokrypiams.
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Bandinys

AE (CIE2000)

Spalvos: bandomoji/kontroliné (sSRGB)

Nnsioz-0.1

Nsio2-0.05

Nsio2+0.1

nsio2+0.05

NnTtio2+0.1

NTtio2+0.05

Nrioz-0.1

nTio2-0.05

8.8612
4.6292
8.4435
4.2791
9.8243
4.793
9.876
5.296

Toliau bus pristatyti sluoksnio storio nuokrypiy jtaka spalvai (Lentelé 4).
Matome, kad AE kinta nuo mazdaug 2 iki 38, priklausomai nuo 4d. Spalva
sunkiausia atskirti kai 4d=+1%, o AE kinta nuo 2 iki 4.5. Sio parametro vertés
didziausios kai kinta vieno iSorinio TiO: storis, maZesnés, kai kinta abieju

TiO; storiai ir maziausios kintant SiO, dangos storiui. I$ $iy rezultaty galima

daryti iSvada, kad galimi storio nuokrypiai turi biiti mazesni nei 1% nuo

bendro funkciniy oksidy sluoksniy storiy sumos.

Lentelé 4 SuskaiCiuotos ir palygintos AE (CIE2000) vertés ir sSRGB skirtingiems
sluoksnio storiy nuokrypiams.

Kintamasis: i$orinis

Kintamasis: SiO2

Kintamasis: abu TiO2

Ad* Z;SZ Spalvos: AE Spalvos: AE Spalvos:
bandomoji/kontr bandomoji/kontr bandomoji/kontr
oliné (sRGB) oliné (sRGB) oliné (sRGB)

-15%  38.1 29.7 33.6

-10% 273 21.2 24.1

-5% 15.7 11.8 13.2

-2% 7.6 5.7 6.2

-1% 4.5 3.6 3.8

1% 3.0 2.0 2.2

2% 6.6 4.1 4.4

5% 18.5 114 12.2

10% 298 204 22.7

15% 31.8 21.7 28.7

Ad* - sluoksnio storio nuokrypiai visos struktiiros funkciniy oksidy sluoksniy storiy

sumos atzvilgiu.
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8.4.7 Apibendrinimas

Siame skyriuje buvo pristatytas saulés elementy spalvos keitimo
metodas, naudojant Bragg reflektorius. Skyriaus pradzioje naudojant pernasos
matricos metoda, buvo optimizuota $iy filtry struktiira. Buvo nustatyta, jog
trisluoksné TiO2/SiO2/TiO; struktiira suformuota ant stiklo yra pakankama ir
efektyvi siekiant tikslingai keisti saulés elemento optines charakteristikas bei
spalva. Véliau $i struktiira buvo eksperimentiskai realizuota i§ zoliy geliy
tirpaly, naudojant jmerkimo metodika. Gautos 6 gana ryskios spalvos su gana
aukStu tolygumu. Tokiy struktiry tinkamumas saulés moduliams buvo
jrodytas sulaminuojant juos su saulés elementais. Atlikus kolorimetring
analize nustatyta, kad Sios struktiiros turi 2-3 kartus didesnj Sviesos rySkuma
lyginant su PV moduliais pagamintus naudojant spalvotus komercinius saulés
elementus. Tiriant technologiniy parametry jtaka spalvai, buvo gauta jog
leistini funkciniy metaly oksidy lizio rodiklio bei storio nuokrypiai yra
maziau nei + 0.05 and + 1% (atitinkamai).

Sio skyriaus rezultatai leido suformuoti trediajj ginamajj teiginj.
Treciasis ginamasis teiginys. Optimali Bragg reflektoriaus struktiira, skirta
saulés elementy spalvinimui naudojant TiO; ir SiO, metalo oksidus, susideda
tik is 3 sluoksniy, suformuoty ant stiklo padéklo (stiklas/TiO2/SI02/TiOy), ir
leidzZia pasiekti 2-3 kartus didesnj spalvos ryskumq palyginti su moduliais,
pagamintais naudojant komercinius spalvotus saulés elementus. Toleruotini
technologiniai nuokrypiai nuo kolorimetriniy parametry, kad Siy skirtumy
milsy akis neatskirty, yra maziau nei +/- 0,05 liiZzio rodiklio spektrui ir maZiau
nei apie +/- 2% sluoksnio storiui.

8.5 Funkciniai skaidriis oksidai tandeminiams saulés elementams
spalvoti: skaitmeniniai modeliavimai

Paskutiniame Sio darbo skyriuje naudojant skaitmeninius modeliavimus
buvo tiriamos spalvinimo galimybés tandeminiuose saulés elementuose.
Dviejy sandiiry fotovoltinis elementas buvo suformuotas i§ germanio kesterito
virSutinés sub-celés ir silicio apatinés sub-celés. ISspausdintame straipsnyje
buvo taip pat optimizuojama tokio saulés elemento struktira, ji trumpai
pristatyta angliSkoje versijoje, santraukoje ja praleisime.

Siame skyriuje tandeminio saulés elemento spalvinimas buvo atliekamas
keiciant funkcinio Al,O3 antirefleksinés dangos stori. Buvo analizuojamas
spalvos grynumas, rySkumas bei galimi atspalviai keiCiant Sios dangos storj
nuo 0 iki 300 nm. Sio skyriaus rezultatai leido suformuoti darbo ketvirtaji
ginamajj teiginj.
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8.5.1 Modeliavimo metodika

Tandeminio saulés elemento modeliavimai buvo atlieckami naudojantis
pernaSos matricos metodu, bei programa SCAPS (aprasytos angliskoje darbo
versijoje skyriuose 3.1 ir 3.2 bei modeliavimo metodika 7.1 ir 7.2 skyriuose).
Pirmoji buvo naudojama optiniams modeliavimams, o antroji elektriniams.

Pirmiausia buvo optimizuojamas CuzZnGe(S,Se)/ silicio tandeminis
saulés elementas pazingsniui (detaliau angliskoje versijoje). Paskutiniu
zingsniu buvo pridéta Al;Oz antirefleksiné danga, siekiant sumazinti
atspindzius bei istirti galimybes keisti tokiy fotovoltiniy prietaisy spalvines
charakteristikas.

8.5.2 Tandeminio saulés elemento elektriniy charakteristiky jautrumas
antirefleksinés Al,Oz dangos storio kitimui

Pav. 20 pavaizduota CZG(S,Se)/Si tandeminio saulés elemento elektriniy
parametry (efektyvumo bei trumpojo jungimo srovés tankio) priklausomybé
nuo antirefleksinés Al,O3; dangos storio.

Matome, kad Si priklausomybé yra perioding, o efektyvumo
maksimumas pasiekiamas kai aliuminio oksido storis yra apie 100 nm. Siame
taske abiejy sub-celiy trumpojo jungimo srovés tampa lygios, dél to néra
srovés ribojimo. Ties 100 nm storiu tandeminio tokio fotovoltinio elemento
efektyvumas bty 28.63%, kas yra 2.5-3.5% daugiau nei geriausi Siuo metu
rinkoje esantys saulés elementai (25-26% [32]). Tai néra didelis laiméjimas,
taiau turint omenyje, jog modeliuota netekstiiruota tandeminio saulés
elemento struktiira, Sis procentas gali biiti didesnis.

Taip pat verta pastebéti, kad keiciant antirefleksinés dangos storj nuo 0
iki 300 nm tandeminio elemento efektyvumas kinta gana nedaug: nuo 28.05%
iki 28.63% (iki 2% santykinés vertés).

29.0 r - . - r 17.2

---e--- Tandem
-t Kesterite
----m-- Silicon

Ak 4170
L

Efektyvumas (%)
Jsc (mA/ocm?)

275 L L

N 1 s 1 1 N 1 s 1 16.6
0 50 100 150 200 250 300

AlLO, antirefleksines dangos storis (nm)

Pav. 20. Tandeminio kesterito/silicio saulés elemento
trumpojo jungimo srovés tankio (desiné Y asis, juoda)
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ir efektyvumo (kairé Y aSis, zalsva) priklausomybés
nuo antirefleksinés dangos storio.

8.5.3 Kolorimetriné analizé ir tinkamumas j pastatus integruotai
fotovoltikai

Salia elektriniy charakteristiky buvo suskaiiuotos ir optinés, bei
kolorimetriniai parametrai (xyY ir spalvos grynumas). CIE diagrama
pavaizduota Pav. 21. Paveiksélyje (b) priartinta aktuali sritis su gautais
taskais.

Nesunku pastebéti, jog visi taskai sukoncentruoti gana mazoje $ios CIE
diagramos srityje, netoli tasko D65 (Sviesos Saltinis [73]). Tai reiskia, kad
atspalviai yra riboti, o spalvos grynumas gana mazas. Taip pat galima
pastebéti, jog taskai tik tam tikroje funkcinio Al2Os3 storiy srityje brézia elipsés
formos kreive (kontrastuojant su ankstesniais §io darbo rezultatais), kitose
vietose forma netaisyklinga.

(@) (b)

0.9 T ——T ——T T —T 0.4

5 0.35

0.3

% 01020304 050607 08 09 0-225 0.3 0.35 0.4
X X

Pav. 21 CIE diagrama, kurioje atidétos kesterito/silicio tandemo xy koordinatés (a).
Paveikslélyje (b) yra priartinta §io paveikslélio versija.

Analogiskai kaip ir ankstesniuose skyriuose, xy koordinatés buvo
paverstos | SRGB gamg vizualiam atspalvio palyginimui (Pav. 22 (a)), bei
suskaiCiuotos spalvos grynumo vertés. Jos buvo atvaizduotos nuo
antirefleksinés dangos storio Pav. 22 (b).

Kairiajame paveikslélyje iSsiskiria gana ribotas spalvy spektras: gauti
rudi bei violetiniai atspalviai, kas koreliuoja su rezultatais aprasytais auk$¢iau
lyginant xy koordinaciy pozicijas CIE diagramoje. Tuo tarpu deSiniajame
paveikslélyje matome, kad grynumo vertés kinta nuo mazdaug 5 iki 20%.
Lyginant S$ias vertes su spalvos grynumu gautu su dvigubomis
antirefleksinémis dangomis, gaunamas gana rySkus skirtumas. Tiek
eksperimentiniai  tiek teoriniai grynumai naudojant antirefleksines
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ITO/SiNx:H dangas buvo gerokai didesni: teoriniai iki 90%, eksperimentiniai
iki 60%.
(a) (b)
| EA—Kesterite/Silicon Tandem (Sim.)

100 - ITO/SINX DLARC (Exp.)
ol —A— ITO/SiNx DLARC (Sim., ITO4) | |
2
I
A 5
/4 ]
£
A
qor \/ ]
ol \ / o J
20 + :
AcA
/ A-A\
10 A AN -
A, A/‘ A ‘/ Ay
L L L

0 1 1 | I
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 0 50 100 150 200 250 300

Antirefleksines dangos storis (nm) Antirefleksines dangos storis (nm)
Pav. 22. Dalyje (a) pavaizduota SRGB gama, o dalyje (b) spalvos grynumas nuo
Al>O3 antirefleksinés dangos storio (zalia spalva pazyméti modeliuoti, roZine -
eksperimentiniai rezultatai su dvigubomis antirefleksinémis dangomis naudojant
ITO, o mélyna — tandeminiy saulés elementy modeliavimo rezultatai).
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Apibendrinant galima pasakyti, kad tokiuose ir panaSiuose
tandeminiuose saulés elementuose spalvos modifikavimas yra apribotas
rudais ir violetiniais atspalviais ir gana nedideliu spalvos grynumu iki 20%.
Taciau, svarbu pastebéti, jog tokie saulés moduliai gali surasti savo taikyma
pavyzdziui | pastatus integruotos fotovoltikos srityje, kur Sie rudi atspalviai
gali puikiai deréti Salia arba vietoj stogo ¢erpiy arba rudy fasady.

8.5.4 Apibendrinimas

Siame skyriuje buvo pateikta CuZnGe(S,Se)/silicio tandeminio saulés
elemento spalvinimo galimybés bei poveikis elektrinéms charakteristikoms
keiciant antirefleksinés Al,Oz dangos storj. Didziausias tokios struktiiros
efektyvumas (28.63%) buvo gautas naudojant 100 nm storio $io funkcinio
metalo oksido sluoksnj. Tai yra mazdaug 2.5-3.5% daugiau nei geriausi $iuo
metu rinkoje esantys saulés elementai (25-26% [32]). Bendru atveju tai néra
didelis laiméjimas, tadiau turint omenyje, jog modeliuota netekstiruota
tandeminio saulés elemento struktiira, §is procentas gali buti didesnis. Taip pat
verta pastebéti, jog keic¢iant AloOs storj nuo 0 iki 300 nm efektyvumas kinta
gana nedaug: nuo 28.05 iki 28.63%. Kas atitinka iki 2% santykinés vertés.

Atlikus kolorimetring analizg, nustatyta, jog tokiose ir panaSiose
tandeminése struktlirose atspalviai yra riboti rudais ir violetiniais, o spalvos
grynumas yra nedidelis (iki 20%). Tai yra gerokai maziau nei dvigubose
antirefleksinése struktiirose pristatytose pirmuose dviejuose darbo skyriuose
(eksperimentiniams bandiniams iki 60%, modeliuotiems iki 90%).

Sio skyriaus rezultatai leido suformuoti ketvirtajj ginamajj teigin;.
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Ketvirtasis ginamasis teiginys. Antirefleksinio Al,Osz sluoksnio storio
keitimas nuo 0 iki 300 nm leidzia modifikuoti atspindZio spektrq ir taip pat
spalvg kesterito/silicio monolitiniams tandeminiams saulés elementams, su
mazesniais nei 2% efektyvumo nuostoliais. Tokie saulés elementai pasizymi
gana zZemu spalvos grynumu (iki 20%), o galimi atspalviai yra riboti rudais ir
violetiniais (ir jy misiniu).
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