" OF TRENTO - Italy

DEPARTMENT OF INDUSTRIAL ENGINEERING

XXVl cycle

Doctoral School in Materials Science and Engineering

OPTIMIZATION OF A PVD DEPOSITION SYSTEM FOR THE
REALIZATION OF DICHROIC FILTERS USED IN CPV SPECTRAL
SEPARATION SYSTEM FOR THE ENERGY PRODUCTION

WALTER RANIERO

December 2015



OPTIMIZATION OF A PVD DEPOSITION SYSTEM FOR THE
REALIZATION OF DICHROIC FILTERS USED IN A CPV
SPECTRAL SEPARATION SYSTEM FOR THE ENERGY
PRODUCTION

WALTER RANIERO

E-mail: walter.raniero@unitn.it

Approved by:

Prof. Gianantonio Della Mea, Advisor
Department of Industrial Engineering
University of Trento, Italy.

Ph.D. Commission:

Prof. Donato Vincenzi,

Department of Physics and Earth
Science

University of Ferrara, Italy.

Prof. Gino Mariotto,
Department of Informatic
University of Verona, Italy.

Prof. Quaranta Alberto,
Department of Industrial Engineering
University of Trento, Italy.

University of Trento,
Department of Industrial Engineering

December 2015



University of Trento - Department of
Industrial Engineering

Doctoral Thesis

Walter Raniero - 2015
Published in Trento (Italy) - by University of Trento



A mio Padre...






Abstract

Photovoltaic technology in the field of renewable energy has reached a high
commercial interest over the past decade.

The traditional silicon photovoltaic systems that is currently the most
widespread, mainly due to government subsidies, have a low energy
production.

The wide use of material and the low efficiency of the silicon modules
required the research and development of photovoltaic systems more efficient.
The most promising technology is the photovoltaic concentration that
increases the efficiency of the modules by reducing the area of the PV cell.
The concentration photovoltaic has had considerable technological progress
related to the development of multi-junction PV cells with high efficiency.
Another approach is the technology of photovoltaic concentration with the
spectral separation, so using the interference filters the solar spectrum is
splitted into different optical bands.

In this research was designed and built a CPV prototype system with spectral
separation.

The interference filters such as anti-reflection and dichroic mirror are made
up of silicon dioxide and titanium dioxide. These oxides have been realized
by means of physical vapor deposition reactive magnetron sputtering
technique. The PVD technique allows to deposit thin films with a
homogeneous process reproducible and reliable.

In the first part of the work, the characterization of individual layers of oxide
materials have allowed to extrapolate the optical constants. This is necessary
for the design of the optical multilayer.

The characterization has nvolved various analyzes such as atomic force
microscopy (AFM) to determine the thickness and the roughness,
compositional analysis Rutherforf backscattering spectrometry (RBS), and
optical analysis UV-Vis-NIR.

These analyzes were necesary to calibrate the deposition system in order to
subsequently to realize the multilayer optics. The as deposited optical



multilayers not confirm the optical design, and it was necessary to carry out
an annealing at 350°C.

In the second part of the work, there were also micro structural
characterizations for evaluating the phase variation of the titanium dioxide
with the annealing treatment.

The Fourier transform infrared (FT-IR) analysis has checked the absorption
peak of the Ti-O-Ti of the crystalline phase.

In addition, X-ray diffraction (XRD) analysis verified the phase variation of
titanium dioxide from purely amorphous phase with a slight presence of rutile
to the anatase phase. Through the optical analysis it was possible to
extrapolate the new optical constants corresponding to the phase of anatase.

In the third part of the work, the ray tracing design of optical splitting of the
CPV prototype was carry out.

The CPV system is designed by coupling a concentration Fresnel a dichroic
mirror. The focus of the radiation on the PV cell, is simulated by two ideal
detector. The optical optimization as function of the f-number of the lens has
allowed to define the layout for the prototyping phase.

A further optimization is to insert a secondary optics element (SOE) of
homogenization. The secondary optics will also limits the optical losses due
to a misalignment of the CPV prototype.

In the last part of this thesis is devoted to the preparation and the
characterization of the CPV prototype.

Were performed measures of solar radiation, which combined with the
characteristic 1-V-P curves of the solar cells have enable to evaluate the
efficiency of the prototype system. The efficiency of the spectral separation
system was compared with concentration multi-junction PV cells.

Daily measurement were performed to compare the spectral separation
technology than to the multi-junction technology. The results show that the
separation system maintains a more constant performance during the day

Finally, thermal measurements were conducted on the component of the CPV
prototype separation system. The experimental results allows to guarantee that
the spectral separation is also a selective filter of temperature.

This allows the solar cells to maximize the photovoltaic conversion and to
reduce the overheating.
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Chapter |

Introduction

Since the late 70s of the increasing research in semiconductor development
has enabled us to develop photovoltaic technology.

The constant technological research in the production of photovoltaic cells,
has resulted in an increase of efficiency with a reduction of cost. This has
allowed the constant effort in the development of photovoltaic concentration
systems for the production of energy [1].

The photovoltaic concentration system has as a primarily advantage
significantly reducing the area of photovoltaic cell promoting this technology
as economically attractive. Concentrating systems require a dual-axis tracking
of the sun, which increases the daily energy yield.

On the other hand, in the last decade the devolpment of the flat silicon
technology has had a strong expansion, facilitated also by government
subsidies.

The continuous development of cells with high performance materials has
allowed us to develop new technologies for converting solar spectrum and
thus has allowed the development of system gradually more and more
efficient. A further advantage of the concentration is to increase the efficiency
of solar cells (Figure I-1).

The concentration I11-V multi-junction solar cells have a better performance
in the middle of the day where the energy demand is greater. This technology
is therefore rigged for very competitive as it has the ability to get higher
revenues than traditional photovoltaic systems.
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Figure 1-1. Mono-crystalline silicon solar cell efficiency vs solar concentration [1].

In this thesis we have developed a new approach exploiting technologic
separation of sunlight into optical bands adapted to the response of quantum
semiconductor materials with different band-gaps.

As a comparison, multi-junction PV cells are formed by different
semiconductor layers connected in series [2]. The total current is limited by
the subcell which produces less current and therefore the daily energy yield is
inconstant.

The spectral separation rather each cell operates individually and energy
production is more constant during the day.

These cells, like GaAs, InGaP, Ge, etc., are applied in systems using
geometrical optics for solar concentration. The concentration ratio has
reduced areas of semiconductor used, by reducing the necessary amounts n of
material.

In this way, the technology of optical concentration, as the Cassegrain
approach or with Fresnel lenses, has as main advantage to reduce the costs
linked to decrease the semiconductor area used for photovoltaic conversion
[3]-

On the other hand, the concentration photovoltaic systems require a solar
tracking apparatus and a better angular resolution in function of the
acceptance angle of the concentration, which incease the overall costs .

The use of photovoltaic systems (CPV) allow however to increase the
recyclability of the installations up to a share of 97% [4]. This is due to the
large use of recyclable materials such as glass, aluminum and steel (Figure
1-2).

24



Introduction
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Figure 1-2. Recyclable materials in concentrating photovoltaic system CPV [4].

Another advantage of the CPV system is the reduction of cooling water use
compared to other technologies. [5] (Figure I-3).

Compariscn of Water Consumption per MWh

CPV
Cleaning

Combined | CSP Dry
Coaled

108 gal dgal

Figure 1-3. Water consumption in the different energy technologies [5].

The concentration systems have low production of CO: in their life cycle and
have the ability to integrate with the surrounding environment. The CPV
technology could have a dual use as both energy production and the possibility
of breeding underlying modules (Figure 1-4).

Figure 1-4. Dual use of land: energy production and livestock farming [5].
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As previously mentioned, the photovoltaic concentration technology has been
commercially developed with systems with high efficiency multi-junction
cells. This PV cell is composed by a stacking of coupled junction with
different optical absorption bands and allow to cover most of the solar
radiation and thus to increase the overall efficiency of the system (Figure I-5)

[6].

Tunnel
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Figure 1-5. Comparison of solar spectrum conversion of the silicon and the multi-
junction solar cell.

Most research efforts aimed at increasing efficiency at all levels from cell to
module to system. The trend lines is shown in Figure I-6 in are based on the
expectations of the European Photovoltaic Technology Platform in 2011 [7]
of Strategic Research Agenda (SRA). It is possible to note an increase in
efficiency since 2000 with a progress from basic research and development
efforts.
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Figure 1-6. Trend line of multi-junction solar cell, module and system efficiency
compared with the collected published results [8].

In previous studies and applications [9] [10], since the early 2000s, many
international laboratories carried on different multispectral approach,
developing concentration systems using spectral separation of the light in
different optical bands.
The philosophy of this technology is to split the solar spectrum in predefined
optical bands with interference filters or beamsplitters. Each optical band is
coupled to a PV cell with different energy gap (Figure 1-7) [11].

Spectrally sensitive mirrors Solar cells

py bbb

Decreasing band gap —#

Sunlight

Solar cells of
different band gaps (@)

(b)

Figure 1-7. Multi-junction cell concepts: (a) spectrum splitting; (b) cell stacking

27



Introduction

In splitting system, each cell can be separately designed on unique optimized
substrates without concern for substrate transparency or lattice mismatch.
Furthermore, there are several factors of optical loss with the introduction of
dielectric beam splitting filters. The optical losses are linked to the edges slope
transition between reflective and transmissive optical band that collect the
wavelengths at the different PV cells.

In addition, the Fresnel optical losses, angular sensitivity, and misalignment
issues lower the efficiency of the CPV system [12].

In order to convert a wide interval of the solar spectrum [13], international
research focused on the realization of prototypes for the spectral separation
based on single-junction cell [14] or dual-junction cell [11] [15] with one or
more spectral separations in many different optical configurations.

Another example of the spectral separation application is in cogeneration
systems where the ultraviolet and infrared optical bands of the spectrum are
used for thermal generation, and the visible band is converted by PV systems
[16] [17] [18].

Since 2004 the University of Trento (Department of Industrial Engineering)
and the Materials Laboratory of the National Institute of Nuclear Physics
(INFN) Legnaro (PD), were among the top research institutes in Italy, in
collaboration with the Department of Physics of Ferrara University, studing
the application of dichroic filters to concentrator PV systems.

The purpose of this research thesis is to optimize a physical vapor deposition
(PVD) reactive magnetron sputtering system to realize dichroic filters to use
in the photovoltaic concentration.

In particular, the aim to create and to optimize a dichroic mirror using low
cost materials with good optical properties, in order to apply to future
commercial CPV systems.

Currently there is no commercial CPV system with spectral separation with
dichroic, mainly due to the high cost of dichroic filters.

The research focused of for pre-industrial production.

The use of readily available low cost materials and a careful design phase and
production led to dichroic mirrors with a low number of layers with very good
optical characteristics.
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The research activity was organized into two different macro areas, which are
the dichroic filter design and production and the CPV system prototype.

The research on the dichroic filter was structured as follows:

e Design and production of optical multilayer thin film;
e  Characterization of thin film optical multilayer.

The research prototype system CPV was organized as follows:

e Planning and optimization of optical CPV splitting system;
e  Construction and characterization of a prototype CPV splitting
system.

The coating materials used in the design of dichroic filters are titanium dioxide
and silicon dioxide. These materials are widely used in optical interference
filters such as anti-reflection filters on photovoltaic cells [19]. They good
optical properties in terms of refractive index and extinction coefficient and
they are relatively cheaper material.

The optical design of the antireflection and dichroic filters was performed
using a dedicated software for thin films, Tf_Calc®. In particular, have been
achieved and optimized different optical designs to realize different optical
multilayer filters.

Single layer samples of TiO2 and SiO2 were produced in order to determine
their optical constants n(1) and k(L) by spectrophotometric analysis.

The deposition of single layers was also used to calibrate the PVD reactive
magnetron sputtering system. PVD process parameter, as set point voltage
deposition is selected by the thin film characterization to evaluate the
hysteresis curve of reactive sputtering [20].

Rutherford Back Scattering analysis on single layer thin film allows to
quantify the stoichiometric ratio O/Si and O/Ti at different deposition
conditions necessary to calibrate the deposition system. The RBS analysis also
allows to determine the spatial homogeneity of the deposition. So, the
maximum deposition area where the thin film is homogeneous can be
evaluated [21].
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In order to determine the rate deposition and the quality of the surface [22]
[23], every single layer was analyzed by atomic force microscope (AFM) for
measuring both the the thickness and the surface roughness.

In order to investigate the interfaces of the multilayer coatings, we analyzed
the sample in cross section with a scanning electron microscope (SEM).

The optical multilayers have undergone a process of thermal annealing to
stabilize and optimize the optical response of the materials deposited.

Using Fourier transform infrared spectroscopy (FT-IR) [24] [22] and X-ray
diffraction (XRD) [22] [25] techniques it has been possible to evaluate the
change of phase of the titanium dioxide affecting the multilayer optical
properties.

UV-Vis-NIR spectroscopy in transmission and reflection has been used to
analyze the response of the optical multilayer in the range between 350nm to
1200nm.

These analyses allow to study the variation of optical constants n(A) and k()
of the titanium dioxide correlated to the phase variation occurred with the
annealing process at 350°C [26] [27]. The results has been compared with
optical designs, providing the correlation between the optical responses of the
heat treated optical multilayer with the process of annealing.

The spectrophotometric analysis provides the optical transmittance response
at different incidence angle of multilayer [14].

The analysis of the optical multilayer transmittance as a function of incidence
angle is an important parameter to proceed in the ray tracing optical design,
necessary to realize a prototype CPV using a Fresnel lens.

The CPV optical design was performed with the software, Ray Tracing
Zemax®. In particular, an analysis was conducted to optimize the optical
geometrical coupling between an optical primary Fresnel lens (POE) and a
dichroic filter, designed for focusing the spectral intervals with a non-imaging
lens on two different PV cells.

The dichroic filter divides the spectrum into two optical band, one of these is
transmitted on a silicon PV cell and the other one is reflected on a GaAs PV
cell.
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The design was conducted taking into account the optical efficiency of the
splitting system by varying the lens f-number, which is the ratio between the
focal point and the lens diameter.

It was conducted also an optical design of a secondary optics (SOE) to
improve the uniformity of concentrated solar radiation on the 'surface of the
photovoltaic cell. The homogenizers, besides increasing the uniformity of
radiation distribution, also improves the angular acceptance of the prototype
system.

The photovoltaic concentration systems operate only with direct sun radiation
(DNI) and therefore require a solar tracking system. To characterize the
prototype it was necessary to measure the 1-V-P characteristic curves and the
fill factor of PV cell exposed to the concentration set up.

In collaboration with the Department of Physics of University of Ferrara, the
Akkutrack solar point and tracking measurement was used, allowing to track
the sun with high angular sensitivity of 0.1°.

The irradiance acquisition allowed to perform daily measurements, to
evaluate the prototype separation efficiency and to compare with a
commercial multi-junction concentration system.

Finally, we perfomed thermal measurements of the splitting system to
determine the thermal selectivity of the dichroic filter.

The thermal analyses were carried out by simulating the photovoltaic cell with
a target of known material by measuring the temperature during the different
irradiation condition.

The temperature has been dectected into the material with a thermocouple,
while the surface temperature was detected by infrared thermography
measurements.
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Chapter I

Background

2.1 Photovoltaic system for energy production

The increase in energy demand worldwide, linked to the issue of reduction of
polluting gases as described in the Kyoto Protocol [28] of 1997 has allowed a
reduction of 5% in 2008-2012 and in 2011 after the extension of the protocol,
in the second phase was forecast to decline in 2013-2017.

Such restrictions have allowed us to increase research on renewable energy
sources (RES) as the production of energy and heat, limiting emissions from
biomass and energy efficiency of buildings.

In particular, the photovoltaic sector has been introduced in Italy since 2005
with the first “conto energia” that included a gain for every kWh produced by
the installation. These profits were derived from direct sales of electricity fed
into the grid and rewarding the first self-consumption. In contrast to European
countries such as Germany or Spain, which provided only the proceeds of the
electricity fed into the grid.

The first “conto energia” in 2005-2006 included a remuneration energy fed
into the grid only for large PV installations, while the plants with production
of less than 1 MWp had no access with incentives. This limitation has been
revised with the introduction of the second “conto energia” that included a
remuneration depending on the characteristics of the PV system, as not
integrated, partially integrated and fully integrated in buildings and depending
on the size of the plant.
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This process was designed to promote the distribution of small residential
systems by increasing the production of energy distributed. The incentives
profitable is favorable attracted numerous foreign funds and the installation
companies of small and medium plants that have seen the Italian market as an
excellent business opportunity.

From 2011 it was introduced the third “conto energia” during which in Italy
3.27 GW were already installed and connected, and 7.22 GW of plants
considering the plants built before 2010 and not connected. The economic
crisis urgently in Italy meant that the energy bill ended just after five months
of initiation.

With the fourth “conto energia” in 2011 it was further revised the
remuneration system according to the power produced each semester. If the
installed power produced exceeds the cost limit imposed for the incentives,
the remuneration is reduced. This is to prevent the exponential growth of
installations to get government subsidies.

Since August 2012 with the fifth “conto energia” there was even more of an
increase in remuneration for small plants and provided an incentive fee which
provided both the incentive that the price of electricity sold and a bonus tied
for self. A government policy aimed at small plants that encourage
consumption.

The introduction of the fourth “conto energia” [29] since 1 June 2011 also
concentrated photovoltaic systems can benefit from government incentives
with an installed power of between 1 and 5 MW.

This has allowed the installation in Italy of a new photovoltaic concentration,
allowing also to develop a technological research of new CPVprototypes.

2.2 Renewable Energy: Photovoltaic systems
technology

2.2.1 Traditional PV

The traditional systems of silicon merely convert a part of the solar spectrum
into electrical energy (Figure 11-1).
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Figure 11-1. Solar spectra AM 1.5 compare with silicon junction conversion [30].
The photovoltaic cell can be described by the equivalent circuit shown in

Figure 11-2.
Rs

Rp

D —
Iph
(o Irradiation)

Figure 11-2. Equivalent circuit of single junction solar cell.

Vg
Iy = Ipp — Ipexp (ﬁ - 1) 1)

To determine the short circuit current, set Vg= 0 and lsc = Iph and this value
changes proportionally to the cell irradiance (Equation-1). To determine the
open circuit voltage Voc (Equation-2), the cell have to current Ig = 0 [6].
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In the Figure 11-3 it is shown the characteristic curve (I-V-P) of a photovoltaic
cell.
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Figure 11-3. 1-V-P Characteristic curve of photovoltaic solar cell [30].

The product of the current and voltage produces a power—voltage curve, and
series and parallel resistances (Rs and Rp) will cause deviation from ideal
photodiode characteristics curve, and a figure of merit called the fill factor
that identify what is the ‘quality factor’ of the cell (Equation-3).

Finally, through the Equation-4 is possible to define the efficiency of the PV
cell.

FF =M 3)
Voe X Isc
I1=FF><V0C><ISC n

P;
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Series Resistance (Rs) represents the contact resistance between the grid-
metal and the surface of the crystal, and Parralel Resistance (Rp) is due to the
losses current of the junction and it method used to realize the junction.

The fill factor in practice, even for photodiodes with very low Rs and very
high Rp, cannot reach the maximum of 100% since the ideality factor of the
diode itself contributes to the rounding of the I-V curve.

2.2.2  Concentrated Photovoltaic (CPV)

The main advantage of concentrated photovoltaic systems is to reduce the area
of the used semiconductor significantly lowering the cost of the final CPV
system [30].

For example is consider the Si module and the small point-focus CPV module
a commercial flat plate module with 13% polycrystalline silicon solar cells
with power rating of 110 W, and active semiconductor area of 62 cm * 152
cm. In contrast, one unit in the concentrator module operates at 500 suns using
a 0.55 cm * 0.55 cm multijunction cell with efficiency of 37%.

Generating an equivalent power of 110 W in the CPV module is achievable
from the following simple calculation: 0.37 * (0.55 cm * 0.55 cm) * 0.75 * N
*50 W cm™? =110 W where N is the number of multijunction cells and 0.75
is the optical efficiency of the module. Twenty-six cells (or 7.9 cm? of
semiconductor area) would be required for producing the same power which
is less < 0.1% of the total area of the Si cells [31].

2.3 Concentrated photovoltaic system

231 Multi-junction (MJSC) CPV system

Solar cells made of 111-V semiconductors reach the highest efficiencies of any
photovoltaic technology so far..

A three subcells junction system (Figure I1-4) consists of GalnP, GalnAs, and
Ge are stacked on top of each other and interconnected by tunnel diodes.
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Figure 11-4. a) Schematic structure of GalnP-GalnAs-Ge triple-junction solar cell.
b) Spectral irradiance of the AM 1.5 spectrum and the part of the spectrum
converted by triple-junction solar cell [2].

The most efficient use of the solar spectrum is obtained with every subcell
with a higher band gap than the one below. In this way, each subcell absorbs
the spectral range with energy lower than its band gap, and the transmission
losses can also be reduced if the lowest band gap of the stack has a lower band
gap than the conventional single-junction solar cells.

The subcells are connected in series within the multijunction solar cell and the
total current is limited by the lowest current.

CPV systems using multijunction solar cells have another advantage. Due to
the use of expensive semiconductor material the size of the system is reduced
in order to be less expensive [31].

2.3.2  Solar splitting CPV system

The challenge of current multijunction solar cells can be overcome by using
optical beam splitting, where an optical filter separates the light into spectral
components directed onto individual cells of different band-gap energies
(Figure 11-5).

37



Background

1200
1000
800
600
400
200

Irradiation (W/m2/pm)

0.0 . 2.0 3.0
Wavelength (um)

/ — -

“ Thermal H

Figure 11-5. Splitting the solar spectrum into components for PV and thermal
energy conversion [32].

(A) Tandem or cascading system.

(B) Separate beam splitting filter.

—
= e =
(A) (B)

Figure 11-6. Two schemes for PV spectrum splitting [32] .

In Figure 11-6 case (B), light is separated into different spectral components
by a beam splitting filter and it is directed onto individual cells. In this way,
each cell can be separately designed, and manufactured by optimizing the
substrates without concern for the transparency or lattice mismatch problems.
Moreover, there are no constraints on the currents flowing through each ofthe
cells; hence, the spectrum splitting approach has a slightly higher theoretical
efficiency with respect to the cascading approach.
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The technique of spectral separation has been known for some decades. In the
Figure 11-7 is possible to note a first diagram of the spectral separation with
the use of a dichroic filter already in 1978. In this system, were used two single
junction cells for the high to low wavelengths.

Figure 11-7. First splitting system with the use of the dichroic filter and two
photovoltaic cells [33].

From the 2000s the spectral separation technology for concentration systems
with multijunction cells begins increasingly popular, mainly due to the use of
much more efficient tracking systems from telecommunications and to the
lowering of the costs of the optical components.

The research and development of photovoltaic systems for the renewable
energy, allowed, thanks to a political and economic commitment of many
countries, to develop different solutions for energy production from
alternative energy sources. On this basis it was possible to resume the idea of
spectral separation by Moon on 1978 [33] and to apply it in different ways for
high efficiency prototypes based on the spectral separation on single, dual
and triple-junction solar cells.
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Figure 11-8. Light splitting system with double junction solar cells [34].
2321 State of art: single, dual and triple junction solar cell

In Figure 11-9 is shown the Cassegrain solar concentrator module concept. It
shows a primary concentrator lens and a secondary dichroic mirror to split the
solar spectrum into two parts, by directing the infrared and near visible bands
of the spectrum to two separate cells. An efficiency of 32.9% is reported to
the solar concentrator PV module using InGaP/GaAs dual junction (DJ) cells
located at the near-visible focus at the center of the primary and the GaSb
infrared solar cells located behind the secondary [35].
GaSb IR Cell

Dichroic
Secondary

12350

\

A

InGaP/GaAs 2-J Cell

Figure 11-9. Cassegrain PV module with dichroic mirror that separate the solar
spectrum on different PV cells [35].
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Figure 11-10. Cassegrain CPV modules on 2-axis solar tracker.

Table 11-1. CPV Cassegrain efficiency results.

Packaged | Projected | Measure | Measure
Cells at STC with | at Module
STC 90% Operate at STC
Optical Temp (April 28)
Effic (April 28)
DJ Cell | 17.4 W 15.7W 14.4 W 15.1W
Power
DJ Cell | 31.5% 28.4% 26.1% 27.3%
Effic.
IR Cell | 3.64W 3.28W 26 W 31w
Power
IR Cell | 6.6% 5.9% 4.7% 5.6%
Effic.
Sum 21W 19 W 17 W 187W
Power
Sum 38.1% 34.3% 30.8% 32.9%
Effic.

NIP DNI = 0.92; Area = 600 cm2; Input Power =552 W

In Figure 11-11 is presented a multi-junction receiver based on the multiple
geometry spilitting. This configuration offers complete freedom in solar cell
selection, and represents a straightforward arrangement for realizing a light
trapping spectral beam-splitting photovoltaic receiver [36].

This geometry provides a good basis to build a highly efficient photovoltaic
receiver by minimizing the reflection losses. The reflected sunlight is always
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directed to the next solar cell inside the module. Hence, the architecture
provides several absorption possibilities for a wide spectral range.

In order to further reduce optical losses, the spectrally selective beam-splitters
are placed directly in front of the solar cells.

I |
4|
)

GaSb solar cell

Figure 11-11.Spectral beam splitting design including three solar cells and two
beam splitter [36].

Figure 11-12 shown an example of a designed selective beam-splitters dividing
the solar spectrum into three parts. Each beam-splitter should ideally transmit
the sunlight between 300nm and 850nm and reflect the light at higher
wavelengths in the region of 850-1800nm.

They consist of stacks made of two materials deposited one glass substrate
with hundred layers of TiO2and SiO2 used to realize interference systems.

a5 10 T a5
mmideal characteristic o emigeal characteristic
. simulated system N o simulated system
I simulated single g m\r simulated single
8 measured single % 60| \n —— measured single
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Figure 11-12. Optical transmittance of beam-splitter as a function of wavelength
with cut-off at 850 and 1080 nm [36].

In Table 11-2 shown the efficiency results of Beam-splitting photovoltaic
system with two dichroic mirror at AOI=45°.
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Table 11-2. Efficiency of the spectral beam-splitting system.

FF (%) Voo M Migear (%) T (%) Mpreeo (%)
Gag giIng.aoP 85.8 232 26.7 238 241
Gahs
Silicon 733 0.65 5.19 5.76 5.75
GaSb 61.6 0.29 2.44 2.27 2.28
System (X) 343 318 321

In Figure 11-13 shown a system with spectral separation of CPower Srl [37]
with a primary optic concentration in reflection and the use of the spectral
separation with a dichroic filter placed behind an optical secondary.

In such a system are used different cells single, double and triple junction and
the experimental results of system efficiency are summarized in
Table 11-3.

Reflector = f_—<_—

I
Al rear side of the module
—~—_

Silicon Cell

Figure 11-13. Ray tracing design of CPV reflection spectra splitting [37].

Figure 11-14 shows the variation of the optical transmittance of an optical filter
at different angles of incidence. This describes the importance of accurate
alignment and a correct solar tracking in order to optimize the optical coupling
between the cells and the dichroic.
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Figure 11-14. Dichroic transmittance curve at different light incidence angle.

Table 11-3. CPV spectra splitting SJ, DJ and TJ solar cell used.

heutart (NM) H (%) Huy (%) Hrot (%)
SYSJ-nGaP 650 20 154 224
Si/DJ- InGaP/GaAs 900 20 31 30
SifTJ- InGaP/GaAs/Ge 900-1130 20 40 36
TJ-InGaP/GaAs/Ge — — 40 32

Figure 11-15 shown a module based on moderate optical concentration with a
single dichroic mirror that directs the high energy light onto a GalnP/GaAs
“mid-E’’ tandem cell and the low energy light onto a GalnAsP/GalnAs *‘low-
E’’ tandem cell. This module is sensitive to photons with wavelengths lower
than 1850 nm (Figure 11-16) [15].

(B) MotCa—g st coxemane
“

Direic

Lowt cen

Mig-1 (c- Ad-E Concentrator

le 12.8mm —————!

Figure 11-15. CPV low concentrated with spectra separation on two DJSC.

44



Background

(wiuj wijm) ssueipeasl [eaoads

External quantum efficiency (%)

i Reflection i Transmission

\'_ g F20

. T T - T =T T T T
400 600 800 1000 1200 1400 1600 1800
Wavelength (nm)

T
&
(%) ssuodsas a101ya1q

Figure 11-16. EQE for the mid-E and low-E tandems cells.

Table 11-4. CPV spectra splitting dual junction solar cell used.

Cell Voo V) Ise (MA) FF (%) Efficiency
(%)
GalnP 1.519 2.74 83.3 172
GaAs 1.059 2.36 82.8 103
GalnAsP 0.648 3.53 78.2 8.85
GalnAs 0.392 1.57 737 225
SPE: 38.5+1.9

Figure 11-17 shown VHESC (Very High Efficiency Solar Cell) program where
there is a lateral solar cell multiple junction solar cells, where the solar cell
corresponding to each spectral band can be optimized independently from the
others [38].

Hollow Pyramid
Concentrator Silicon/

DichrcicPrism Lo Energy
Solar Cell

—

—

FrentLens Secondary Concentralor  Mid Energy
Solar Cell

Figure 11-17. Lateral spectrum-splitting concentrator [39].
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Table 11-5 describes the complete analysis of the components of the CPV
system with lateral separation starting from single cells and subsequently with
optical components. It is possible to note that the system efficiency of the
module amounts to 39.5% [40].

Table 11-5. Complete list of site-specific efficiency of CPV lateral spectrum splitting
concentrator.

Solar cell Lens eff. Mirror  Optical Sub-rmodule

30.48X eff. (%) (%) eff. (%) eff. (%) eff. (%)
Mid-E

Top 194 935 97.2 909 17.7
Bot 13-4 935 93-5 875 1.7
Low-E

Top 89 91.5 971 888 7-9
Bot 26 915 925 84-6 2.2
Sum 44.3 92.9 95.9 891 39.5

The VHESC (Very High Efficiency Solar Cell) program has been further
improved by using photovoltaic cells used in their optical band conversion.
In particular in Figure 11-18 are described the PV cells used, and the results
are shown in

Table 11-6 with a total efficiency equal to 42.7% and in Table 11-7 with a total
system efficiency equal to 43% [11].

GalnP/ GaAs (Emcore) GalnAsP/ GalnAs (NREL)
280 nm 1100 nm 1800 nm

-
71 v N O°lavaro)
890 nm (I 1100

Si (UNSW)

Figure 11-18. Cells used in the improvement of the system of lateral splitting
(VHESC program) [11].
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Table 11-6. Summary result of split spectrum cell result (Si Delaware) [11].

Cell Supplier Spectral Cell area Iradiance ~ ‘Aperture’  Current density® Efficiency”
range (nm) (cm?) (KW/m?) (em?) (mA/ecm?) (%)
GalnP/GaAs Emcore 280-890 0.1245 242 3.0 27.6 317
({two terminal stack)
Si U Delaware 871-1200 0.158 8.67 14 1.7 5.4
GalnAsP/GalnAs NREL 1100-4000 N/A — — — 5.6
(three terminal stack) 1100-1350 N/A 401 N/A 7.8 3.7
GalnAsP GalnAs ~1350-1800 N/A 4.7 N/A 6.7 19
Five cell combination — — — — — 53.9 42.7+25

Table 11-7. Summary result of split spectrum cell result (Si UNSW) [11].

Cell Supplier Spectral range  Cellarea  Inadiance  Aperture  Current density  Efficiency
{nm) (em?) kW) lem?) (mAem?) (%)
GalnP/GaAs Emcore [4] 280-890 0.1245 24.2 3.0 27.6 31.7
{two terminal stack)
Si UNSW 890-1100 4.00 4.21 16.8 9.7 57
GalnAsP/GalnAs MNREL (4] 1100-4000 N/A — — — 56
(three terminal stack) 1100-1350 N/A 401 N/A 78 37
GalnAsP GalnAs ~1350-1800 N/A a7 NiA 6.7 19
Five cell combination — — — — — 51.9 43.0+1.9

2.4  Solar optics concentrator

2.4.1  Primary optical element (POE) concentrator, reflection

and refraction lens

The concentration photovoltaic systems are based on the use of reflection
mirrors or refraction concentration lenses.

The most common POE is the refractive Fresnel lens, but there are many CPV
companies using Cassegrain reflectors.

The Fresnel lens is usually made of polymethyl methacrylate (PMMA or
acrylic) or silicon-on-glass (SOG).

The PMMA is easiest to realized, usually by embossing the lens elements onto
a flat sheet of PMMA. Good mechanical tolerances can be achieved, and the
process is fast, and scalable to high volume production.

A PMMA lens, though, suffers from surface and internal degradation and it is
known to be susceptible to damage from mechanical cleaning and stain-
causing airborne pollutants.
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In SOG lens Fresnel lens are casting on one face of a glass sheet using a clear
silicone gel. Silicone bonds well to glass, and the mechanical structures
formed are at least as accurate as with PMMA, and the lens has a durable
outside face of glass and does not suffer the degradation problems of PMMA
[30].

Soltec’s
Concentrix

technology

CPV module

Primary lli:{- - /

ey
P e .
a) b)
Figure 11-19. a) CPV reflection technology by Solfocus Inc., b) CPV refraction
technology by Soitec.

In Figure 11-20 and Figure 11-21 are shown the optical transmission and
reflection response of typical material used in optical concentrator system
compared with solar spectrum AM 1.5.
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Figure 11-20. Optical transmission material of CPV concentrator [41].
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Figure 11-21. Optical refraction material of CPV concentrator [42].

2.4.2  Secondary optics element (SOE)

In CPV systems it is very important the transportation efficiency of the solar
radiation from the concentrating system to the photovoltaic cell. The optical
design is based on optical components that help to homogenize and
concentrate the solar radiation by limiting optical losses.

An important issue for CPV technology is the non-uniformity of the incident
flux, which tends to cause hot spots, and the current mismatch reduces the
overall efficiency of the system.

For this reason, secondary optic concentration element (SOE) is commonly
used with the purpose of homogenizing the radiation on the photovoltaic cell.
There are two types of homogenizers of light: reflection and refraction solar
rod.

24.2.1 State of art

The aim of the optical system is to uniformly concentrate sunlight on the solar
cell, but usually some portions of the solar cell are more exposed causing a
non-uniform flux distribution on the solar cells. The presence of non-
uniformity increases the temperature across some portions of the cells and
causes hot spots that tend to damage significantly the cell performance.

Under concentration the solar cells produce larger amounts of currents,
however this gets limited due to the losses caused by the increase of the series
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resistance. As the concentration ratio of the system increases, it is more
difficult to maintain uniformity of the incident flux on the solar cells [43]
(Figure 11-22).

Sunlight

FresnelLens
Concentrated
Sunlight

- — Solar Cell
Heat Dissipation

[.] + Hotspots

Figure 11-22. Hot spot on solar cell by non-uniform illumination in CPV system.

In Figure 11-23 is shown the CPV system with a primary concentrated Fresnel
lens (POE) and a secondary refraction optical homogenizer (SOE) on PV cell.
The optical efficiency of the system can be calculated for different angles of
the incident rays, where for every incident angle an optical simulation is
carried out forecasting the energy and distribution of the incident rays
reaching the solar cells after the concentrating element [44].

Primary Concentrator
Incoming Salar
—_

Radiation

/ Total Internal
Refraction

Silicone
Encapsulant

Encapsulant’ *
= Secondary Optics spillage *

Solar Cell < n,Tn < Heatsink
a) b)
Figure 11-23. a) Scheme of Fresnel CPV system, b) SOE homogenizer on PV cell.

F5 . Escaping Rays

In Figure 11-24 it is presented the design and results of optical efficiency by
varing the angle of incidence on the secondary optics. It is also taken into
account the optical loss between the coupling between the homogenizer and
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the photovoltaic cell using an optical glue. To reduce optical losses a reflective
film at the interface can further limit the optical losses.
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Figure 11-24. a) Ray tracing design and optical efficiency result at different incident
angle, b) ray tracing design and optical efficiency result at different incident angle
with reflective film [44].

In Figure 11-25 and in
Table 11-8 described the ray tracing design of solar rod effect with different

length H, on PV solar cell.

No Homogenizer H=17.6mm H=20.9mm H=24.9mm He3somm oo
2 2 2 2 2
1250

1 1 1 1 1 1000
5o 5o 5o 5o . 50 750
> > > > >

- 4 A o 1 500

2 2 2 2 2 250

-2 0 2 -2 0 2 -2 0 2 2 o -2 -2 0

X[em] X[em] X[em] X[em] X[em]

Figure 11-25. Concentration map on the cell for different homogenizer length H
[45].
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Table 11-8.Geometric and optical properties of solar rod as a function of length [45].

Homogenizer length (mm) 0 17.5 20.9 249 35.0
Aspect ratio 0 0.44 0.52 0.62 0.87
Average flux [W/cml) 449 449 44 .4 449 43.2
Peak flux (W/cm?) 109.9 724 53.3 57.8 47.2
Flux contrast 2367.2 69.3 1.88 1.98 1.19
Optical efficiency (%) 98.4 98.9 98.2 97.3 95.5

2.5 Optical multilayer filters

251 PVD Reactive Magnetron Sputtering technology

The PVD reactive magnetron sputtering technology is widely used to produce
insulating dieletric thin film. The main drawbaks are due to the formation of
arcing and instabilities and to the target poisoning by reactive gasses ghanging
the physical and electrical character of the target itself.

Elemental
Compound target
coating
E (@) Power
Supply
Substrate (+)
’ Inert sputtering gas (Argon)
Reactive gas (Oxygen, Nitrogen, etc)

Figure 11-26. Scheme of reactive sputtering [46].

The poisoning of the target swown in Figure 11-26 change the voltage target
parameter, the deposition rate decrease significantly and an increment of
processing pressure occurs [47]. For insulating layers pulsed-dc and mid-
frequency ac power is used to controntrol thereactive sputtering process, since
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the reversal voltage applied to the cathod eliminates the charge build up on
the target surface (Figure 11-27).

Normal Sputtering i Reverse voltage charge scrub

i

I. ! Tﬂ

it

i

Figure 11-27. Pulsed-DC and Mid-frequency Voltage reserval apply to the cathode
[46].

The reserval voltage applied to the cathode drives an electron current to the
target surface quenching charge build up on the insulating region during
reactive sputtering. In this way, the voltage reversal is self-triggered and does
not require an arc event in to dissipate charge buildup [48].

The reactive sputtering process control system is shown in Figure 11-28 that
explain the main devices control to create a poisoning of the target [49].

Vacuum Chamber

Cathode R

Mass Spectrometer

Figure 11-28. Reactive sputtering system configuration.
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The target poisoning is characterized by four distinct areas on the typical
hysteresis curve that is shown in Figure 11-29 [50]:

Point 1 - the reactive gas is introduced but the reaction with the
sputtering material it is prevented by the pumping system and the
voltage, so the target remains in the metallic state;

Point 2 - the gas pressure increases activating the reaction at the
target surface; so the sputtering rate decreases when the surface of
the target is covered by the reacted film;

Point 3 - the poisoning of the target increase rapidly, and the partial
pressure increase in the same time; the voltage of the target
decreases, but some time it is possible to have an increase of the
voltage target which depends on the material type;

Point 4 — The target is covered with the reacted film and it is
necessary to clean in order to go back at unpoisoned state;

The poisoned curve have a hysteresis effect related to the effect of gettering
of the reactive gas on the target surface. The hysteresis effect can be limited
by increasing the pumping speed [51].

Pressure

Partial

M Increasing Flow
D T e

Target Voltage

_'_'___,_.—b
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Decreasing Flow

Reactive Gas Flow Reactive Gas Flow

Figure 11-29. The hysteresis reactive sputtering process of Al.Oz on the left and SiO:

25.2

on the right.

Thin film optical material: State of art

The optical multilayers have to fulfill some specific properties such as
transparency, roughness, homogeneity, and chemical stability.
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For the optical coating, the most commonly used materials are TiO2, SiO,
Al203, Nb20s, and MgF2[52].

Of particular interest is the realization of optical multilayer filters with silicon
dioxide and titanium dioxide, linked to the low cost of materials.

The silicon dioxide material is more used in thevisibile spectrum for its lower
index of refraction (around 1.46), its chemical stability and the phase stability
during the deposition step. As regards TiOz, it is used for the high refractive
index, ranging from 2.3 to 2.7, which is depended on the phase polymorphism
of the material. Thermal treatments of the deposited film are usually
performed in order to control and stabilize the structure.

The Figure 11-30 shown the X-Ray spectra of TiOz2 thin film phase evolution
during annealing treatment. As can be observed, the phase changs completely
from amorphous to anatase between 350 to 700°C, and to rutile at
temperatures higher than 1100°C [26] [25].
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Figure 11-30. X-Ray diffraction of TiO2 thi film annealed at different temperature:
a) as-deposited, b) 300°C, c) 500°C, d) anatase, €) 700°C, f) 900°C, g) 1100°C, h)
rutile.
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The surface roughness also change with the annealing temperature and it is
possible to verify that at 700°C it increases very quickly above the value of
5nm, due to a crystallization of the grains in the rutile phase [26].
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Figure 11-31. Annealing temperature influence on TiOz thin film roughness.

The optical parameter change with annealing temperature too. In particular,
the index of refraction n(L) (Figure 11-32) and the extinction coefficient
k(M)rises (Figure 11-33) as the annealing temperature increases [53] [27].
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Figure 11-32. Refractive index of TiO: thin film at different annealing temperature
[26].
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Figure 11-33. Extinction coefficient of TiO thin film at different annealing

temperature [26].

Figure 11-34 shows the optical transmittance variation of TiOz thin film with
annealing treatment up to the temperature 600 °C, that corresponds the anatase

phase.
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Figure 11-34. Optical transmittance of TiO- thin film as deposited and annealing

[54].
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Figure 11-35 shows the FT-IR analysis of TiO2 thin film on silicon substrate
as deposited after annealing at different temperatures. The plot shows the
variation with the increasing annealing temperature of the peak at a 435cm!
that corresponds to the phase anatase [24].

Transmittance (arb.u.)

1200 1100 1000 900 500 700 600 500 100
5 1
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Figure 11-35. FR-IR transmittance spectra of TiO2 thin film a) as deposited and
annealed b) 400°C, c) 600°C, d) 800°C, e) 1000°C [22].
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Chapter Il

Experimental

3.1 Optical Filter Materials

3.1.1 Glass Corning Microsheet

The substrate selected for the dichroic filters is the Corning® glass Microsheet,
a borosilicate glass with a thickness of 0.4mm which has high optical
transparency (T > 90%) (Figure IlI-1) and a low thermal expansion
(a=73.8x107/°C).
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Figure 111-1. Transmissionof Corning Microsheet glass.
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This type of glass also has a high Abbe number (Vo = 65), high values
of Vb indicating low dispersion material (Figure 111-2).
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The Abbe number is is characterized np, nr and nc, which are the refractive
indexes at the Fraunhofer spectral lines (D = 589.3 nm, F = 486.1 nm and

C = 656.3 nm).
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Figure 111-2. Abbe diagram for several types of glass.
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This Corning Microsheet glass is one of the most used in computing devices
such as smartphones or tablets. The principal properties of Corning
Microsheet glass used in this research are listed in Table I11-1.

Table 111-1. Technical datasheet of the Corning Microsheet glass.

*Through a sample thickness of 1.0 mm

Density 2.53g/em’
Young's Modulus 7.59 x 10’ kg/mm’
Poisson’s Ratio 0.22

Shear Modulus 3.09 x 10’ kg/mm’
Knoop Hardness (KHIN,) 458
Working Pt. (1 o~ poises) 1008°C
Softening Pt. (10™ poises) 720°C
Annealing Pr. (1013 poises) 550°C
Strain Pt. (1014 poises) 508°C

Coefficient of Expansion (0-300°C) 73.8x 107/°C

(25°C to Set Point 513°C) 84.0x 107/°C
clon

Thermal Conductivity, 0°C .0023 sec cm®°C

Refractive Index (589.3nm) 1.523
Transmission @ 420 nm 9%
2200 nm 92%*

Logis Volume Resistivity @ 250°C 8.3 ohm-cm
@350°C 6.7 ohm-cm

Dielectric Constant @ 20°C; 1 MHz 6.7

Loss Tangent @ 20°C; | MHz 46%
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3.1.2 Fused Quartz

The Fused Quartz substrate used for the optical analysis on single layers of
titanium dioxide has a thickness of 1mm, a high optical transparency
(T > 93%) in the UV-VIS-NIR region, a low thermal expansion
(a.=5.5x107/°C); and a high Abbe number (Vb = 67.2).

Figure 111-3 shows the optical transparency of fused quartz produced by Multi-
lab (UK).
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Figure 111-3. Optical transmittance response of fused quartz.

The physical properties of fused quartz are listed in Table 111-2.
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Table 111-2. Technical datasheet of fused quartz.

Design Tensile Strength = 107 Pa (N/mm?) (7000 psi)

Bulk Modulus 3.7 = 10'% Pa (5.3%10° psi

‘Young's Modulus 7.2 = 10-'% Pa (10.5%10° psi)

Coefficient of Thermal Expansion 5.5 = 10-"em/cm °C (20 *C - 320 °C)

Specific Heat 670 J/kg °C

Annealing Point 1215 °C

Electrical Receptivity 7 % 107 ohm cm (350 °C)

Constant 3.75

Loss Factor Less than 4 = 10~

Velocity of Sound-Shear Wave 3.75 = 10° mfs

Sonic Attenuation Less than 11 db/m MHz

Helium 210 = 10-1°

Deuterium 17 = 10-'°
Chemical Stability High resistance to water and acids
(except hydrofluoric)
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3.1.3 Sapphire

The Sapphire substrate used for the optical analysis on single layers of silicon
dioxide, has a thickness of 0.43 mm an optical transparency ( T > 85% ) in
the UV-VIS-NIR interval, a low thermal expansion (o = 8.4 x 106 /°C), and
also has a high Abbe number (Vo =67.2).

The Roditi International Corporation produced these products, and the Figure
111-4 shows the optical property.
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Figure 111-4. Optical transmittance response of sapphire.
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Table 111-3. Technical datasheet of sapphire [55].

Material Czochralski grown sapphire (Al203 high purity > 99,995%)
Su_rface_ C-Plane (0001) surface orientation
orientation
Dimension Quter 50.8mm £ 0.1mm, 76.2mm % 0.25mm,

diameter 100.0mm £ 0.4mm, 150.0mm £ 0.5mm

Thickness 500pum + 10 pum, 430pum £ 10 pm, 330um +
15 pum

Surface

Flatness <25um
Density 3.98 g/cc
Hardness 1525 — 2000 Knoop, 9 mhos
Melting 2310 K (2040 °C)
Point
Tensile

275 MPa to 400 MPa

Strength
Young’s
Module, E 345 GPa
Thermal at0°C 46.06 W/(m*K)
Conductivity
Thermal . o
Expansion 20 tg 50 5.8 x 10%/°C
Coefficient
Density 3.98 g/cc
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3.1.4 Carbon Plate

The glassy carbon substrate is used to analyze the thin film materials being in
this case an amorphous material thus allows to highlight further the properties
of the thin film material.

In the Rutherford Back Scattering analysis it is used for the low atomic
number, that allows to separate the contributions of oxygen in the spectra of
the coating materials. The carbon plate allows also to increase the resolution
decreasing the noise in the acquired spectra. These carbon substrare are
produced by SPle Supplies (USA) (Figure 111-5), and distributed in Italy by

JEOL ltaly.

Figure 111-5. Carbon Plate substrate.

3.15 Silicon substate

Morphological analysis of the coating made with the atomic force microscope
(AFM) have to be performed on the single layer of silicon dioxide and
titanium dioxide, which have been deposited on silicon wafers from Bayville
Chemical Supply Company Inc. (USA).

Such substrates have a surface roughness lower than 1nm and thus represent
a good substrate for the analysis of roughness and thickness of the coatings.
Silicon wafers have the following characteristics: (100) orientation, n-Type,
phosphorus doped, resistivity of 10 ohm*cm, one side chemical-mechanical
polished, back side polished with diamond, 100 mm diameter, 380 um
thickness.
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3.2 Concentrated Photovoltaic System (CPV) Materials

3.21 Glass N-BK7

The secondary optical component, shown in Figure 111-6, selected to realize
prototype CPV spectra splitting system [56] in this research activity is made
with N-BK7 glass and in called “solar rod”. This type of material has a very
good transparency throughout the visible range (Figure 111-6), and a good
optical clarity with index of refraction equal to 1.51 and hight Abbe Number
(Vo = 64).

Sunlight

bl /Secondary Optical
& Element
.

“\Photovoltaic Cell

Figure 111-6. Secondary optical component - solar rod.
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Table 111-4. Technical datasheet of N-BK7 [56].

Transmission Range
Refractive Index
Reflection Loss
Absorption Coefficient
Reststrahlen Peak
dn/dT

dnidp =0

Density

Melting Point

Thermal Conductivity
Thermal Expansion
Hardness

Specific Heat Capacity
Dielectric Constant
Youngs Modulus (E)
Shear Modulus (G)
Bulk Modulus (K)
Elastic Coefficients
Apparent Elastic Limit
Poisson Ratio

Solubility
Molecular Weight
Class/Structure

350nm to 2.5um

1.51680 @ 587.5618nm ( Yellow Helium Line)
8. 1% at 587.5618nm (2 surfaces)

See Schott™ Table

2351

557°C (Transtormation Temperature)
1114 W m-! K
T1x 104 K!
Knoop 610

8§58 J Kg' K

nfa

82 GPa

nfa

34 GPa

nfa

63.5MPa (9206ps1)
0.206

Insoluble in water
n/a
Amorphous glass

Poly-methylmethacrylate (PMMA)

The CPV system is composed by a primary optical concentrator which is a
refractive type of a Fresnel lens. This particular lens allows to focus the light
on two semi-planar surfaces. Due the particular geometry and the simplicity
of production correlated to a lower cost of production, this concentrator lens
is selected and integrated in the prototype CPV spectra splitting.
The PMMA material have good traspently throughout to the visible optical
band (Figure 111-7), good clarity (Figure 111-8), Abbe number (Vb = 57), index

of refraction (n =1.49) similar to the glass. This material have excellent
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mechanical stability to shocks or traction, it is easy to print and polish, but it
is brittle and has a poor heat resistance.
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Figure 111-7. Optical transmission of PMMA.
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Figure 111-8. Optical transmittance of common used polymer material.
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Table 111-5. Technical datasheet optical polyer material.

TOPAS
Units  (5013LS-01) PC PMMA

Total light ; 87-

S 91.2 91-92
transmittivity (%) 89
Refractive } 1.533 1.59 1.49
Index
Abbe No. - 96 3;01 >7-38

3.2.3 Gallium Arsenide CPV cell

In concentrated photovoltaic (CPV) splitting system it is used a cell of gallium
arsenide (GaAs) by company CESI Ricerche (Milano-Italy) with a size of
10*10mm?. These cells have a high performance spectral response (SR) in the
optical band 350 <A< 850nm.

The external quantum efficiency (EQE) of GaAs cell presents very high
values, equal to 0.8 in the optical visible band (Figure 111-9) with an efficiency
at standard condition 25°C and 1000 W/m? equal to neaas= 19.1%.
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Figure 111-9. EQE of Gallium Arsenide CPV cells.

3.24 Silicon CPV cell

In the CPV prototype spectral separation system it is coupled in the optical
band transmitted by the dichroic filter a CPV Silicon (Si) cell for high
concentrations with an area of 10 x 10mm? provided by NAREC (UK). This
cell has quantum efficiency (EQE >0.9) (Figure 111-10). The maximum
spectral response at the wavelength A = 900nm is shown in the Figure 111-11.
This cell have an efficiency at standard condition 25°C and 1000 W/m? equal
to nsi= 16.5%.
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Figure 111-10. EQE of Silicon CPV cells.
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Figure 111-11. Spectral Response of Silicon CPV cells.
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3.25 Optical glue

The optical coupling in the prototype system CPV is achieved by an adhesive
optical epoxy incurred by UV in the range 350<A<400= nm.

This coupling ensures lower optical losses between the sun rod and the
photovoltaic cell allowing the radiation to be focused more effectively over
the exposed area of the cell.

The optical glue allows also a protection of the sensitive component of the
system or the photovoltaic CPV cell by environmental factors such as dust
[57] and humidity, which may compromise the functioning and the efficiency
of the cell itself (Figure 111-12). We used a Photo Electronics 400 UV with
400-Watt high-pressure metal halide lamp with iron and cobalt additives to
realize the curing of optical glue.

Figure 111-12. Optical glue material between sun-rod and CPV cell.
3.3  Optical multilayer thin film

3.3.1  Optical design of dichroic filter

The design of the multilayer is of fundamental importance. Here we describe
the main steps underlying the design of the dichroic filters used for the spectral
separation of the sun spectrum.
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3.3.11 Substrate slab material

For the design of an optical multilayer film the first step is a description of the
substrate to be coated, which in this case is a borosilicate glass high
transparency. The glass selected is first analyzed to extrapolate its optical
characteristics.

The spectrophotometric measurements reveal properties of transmittance and
reflectance in a selected optical band that in this application are analized
wavelength range between 350 and 1200 nm realize by Jasco570 UV-VIS-
NIR spectrophotometer.

The transmittance and reflectance spectra, are used to extrapolate the optical
parameters using analytical functions.

The substrates materials have a high thickness and therefore with a partial
absorption of the impringing light (Figure 111-13).

Figure 111-13. Partially absorbing radiation by slab substrate.

The algebraic analysis [58] allows to obtain the values of refractive index n()
and extinction coefficient k() [59].

Assuming that part of the radiation is absorbed by the material, the refractive
index has the complex expression:

fi=n—ik 6)

Using the experimental value R and T of reflectance and transmittance, Rr
and Tr can be calculated taking into account that:
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TF=RF_1 7)

It is derived from the solution from a polynomial equation of the second order.
Rp=(2+T2—(1-R)?

—{[2+ T?-(1-R)?)? 8
—4R2 - R}2) (22-R)) "
The final equations for refraction index and extinction are.
by Rz(R,T)T
KRT) =gt [R —Rr(R,T) 9)
_1+Rp(RT)
D TR ® D
N { 4R:(R,T)
“([1=Re(RT)]? 10)

Re(RTIT_ 1z
(47: h) R—Rp(RT) }

The calculated constants are used for the modeling of the multilayer by means
of the software Tf_Calc or FilmStar.

3.3.1.2 Design of optical single layer thin film

The numerical analysis for transmittance and reflectance of the deposited thin
films [60] allows to evaluate the optical constants of the deposited by the PVD
Reactive Magnetron Sputtering technology [61].

The two materials used as optical coatings are described with two different
analytical expressions [62]:
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e  Thetitanium dioxide is deposited on quartz substrates, and analyzed
with a Sellmeier 1 functions for the index of refraction and an
exponential function for the extinction coefficient.

A2
n(k) = Ao + 7\‘2 — Az 11)

k(L) = By * exp(B,A™Y) 12)

e The silicon dioxide is deposited on substrates of sapphire and
analyzed with a Cauchy function for the refractive index and an
exponential for the extinction coefficient.

A A
n() = Ao +— + —
7\‘1 2

A 13)

k(1) = By * exp(B1™") 1)

The dispersion functions were used to fit the experimental curves using an
iterative process of calculation. This allows to convergence with a gap
between the optical experimental curves and the optical simulations around
1%.

3.3.1.3 Design of multilayer thin film

The optical design of thin film multilayer focuses on a specific objective to be
achieved which is called ideal target. It is shown in Figure I11-14.
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Figure 111-14. Optical multilayer design target Tf_Calc Software [63].

The target project can be described in different ways: discrete, continuous or

cone angle.

The continuous target was chosen to design the optical multilayer thin film is.
In this case, the dichroic filter is a edge-type filter that must reflect or transmit
precise wavelengths and the transition between the two optical bands must

take place in a gradual manner.

This transition can occur within very sharp optical bands and the difficulty in
the design of such filters (Figure 111-15). Is to have a good transition while

maintaining relatively high efficiency in the optical bands.

Figure 111-15. Edge filter design with project target.

3.3.14 Optimization of multilayer thin film

The process of optimization of the optical design is based on an iterative

process (Figure 111-16).
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Figure 111-16. Interactive process of Optical multilayer design [64].

In the first step, a manual stacking of alternating layers of TiO2 and SiOz is
provide by the operator. This method allows to gradually insert a layer at a
time or a group of layer [65]. In this way, there is the possibility to optimize,
according to the project target, the optical response of the multilayer filter by
limiting the number of layers (Figure 111-17) [66].

The optimization of the optical design using modeling software TF_Calc may
occurs  following three different procedures: manual, constrained or
automatic.

e Manual: in this mode a couple of layers is inseted step by step with
the last layer with the with high refractive index material: in this
way it is possible to increase the reflectivity of the system [67].

e  Constrained: in this mode the boundary conditions maximum and
minimum thickness of the layers, or the maximum thickness of the
whole multilayer; this approach allows to fix the thickness range in
order to optimize deposition time.

e  Automatic: in this mode the software selects the number needed to
obtain the best possible convergence.
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Figure 111-17. Optimization process of Optical multilayer design.

In this research we selected the constrained simulation mode, in order to
proceed at a later stage of realization of the filter and the optimization of the
deposition. This procedure is necessary for developing an industrial coating
system and at the same time for providing good results maintaining low
realization times.

3.3.2 Production of optical thin film

3.3.21 PVD (Physical Vapor Deposition)

PVD (physical vapor deposition) has become in recent years a method of
producing thin films increasingly affirmed in the field of both research and
industry.

This process takes place at the atomic level, that is, it achieves the film growth
atom by atom on the substrate.

The physical vapor deposition allows the creation of films characterized by
good purity and it can be applied both to metal materials and to dielectric

materials.
The PVD process takes place in a vacuum about 10-® mbar and consists of

three distinct phases:
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1 Formation of the species in the vapor phase
2 Vapor phase transport from the source to the substrate
3 Condensation of the vapor on the substrate and subsequent growth

There are two major philosophies in the PVD process. The first is the thermal
evaporation, the second is sputtering. In the first method, the heating of the
material causes the material evaporation. In the second method, the
vaporization occurs through the collision between the atoms of the target
surface and ionized particles.

In this thesis we selected the methodology of the physical deposition
processes by sputtering.

The sputtering deposition consists in the emission of particles (atoms, ions,
clusters) from the target due to the impact of ions and electrons generated in
the plasma region and accelerated by an electric field.

The amount of emitted matter, "sputtering yield", depends on many variables
including:

e  Mass and energy of the incident ions;

e  Gas pressure in the deposition chamber;
e  Temperature of target and substrate;

e Angle of incidence

3.3.2.2 PVD Reactive Magnetron sputtering

Thin film single layers were deposited by a reactive sputtering prototype
system (Figure I11-18). This prototype was designed and realized in
collaboration with the Institute of Nuclear Physics INFN-LNL of Legnaro-
Padua.
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Figure 111-18. Prototype of PVD reactive magnetron sputtering system.

In PVD Reactive Magnetron Sputtering, the sputtering of a metallic material,
titanium or silicon and occurs during the poisoning in the vapor phase with
oxygen released into the chamber.

In Figure 111-19 has been an example used for the calibration of the titanium
oxide is shown. Different powers are used, in our case the power is equal to
1.410 KW with respect to 1.0 kW reported in literature, but the trend of the
poisoning of the target is similar.
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Figure 111-19. Trend of titanium target d.d.p. as function of the oxygen flow at
1.0KW power [51].

The PVD magnetron reactive sputtering technique permits to control the
deposition voltage. By using the voltage control of the target it is possible to
regulate the reactant gas flow through mass flow controllers or piezo-valves,
obtaining the poisoning curve of the material target [50] [46] (Figure 111-20).
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Figure 111-20. Reactive gas partial pressure and silicon target voltage versus oxygen
reactive gas [46].
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3.3.3  Characterization of optical thin film

3.3.3.1 AFM analysis

The assessment of the rate of deposition was carried out with the morphology
analysis of the titanium dioxide and silicon dioxide thin film by AFM
technique (atom force microscope) DME Dual Scope 98-50.

Figure 111-21. AFM - DME Dual Scope 98-50.

By the AFM measurements was also possible to measure the quadratic and
algebraic surface roughness [68] of the deposited coating and the thickness of
the individual layers used as calibration samples of the deposition plant.

The algebrical roughness Ra is the average value of the whole area

Ra=3 ) Gl 5

where P is the number of points of the entire scanned area A, N and M are
points of the coordinates x and y, and 7 is equal to:
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3.3.4  Optical measurement

3.34.1 UV-VIS-NIR spectroscopy analysis

Optical spectra of thin film films and slab materials were recorded with a
Jasco570 UV-Vis-NIR spectrophotometer, within a wavelength range of 250-
2000 nm.
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Figure 111-22. Functional diagram of a spectrophotometer.

With the spectrophotometer instrument is possible to analyze the
transmittance and absorbance, related to the transmittance for the Beer-
Lambert law. The reflectance was analyze with a highly reflective reference.

3.34.2 Fourier transform infrared spectroscopy (FTIR) analysis

The FT-IR analysis of thin film coating material on a slab substrate were
carried out by a FT-IR spectrometer Jasco FT-IR 660 Plus equipped with
beam splitter Ge coated KBr substrates as standard and working in vacuum.
A scanning range from 1500 to 350 cm™ is used.

Figure 111-23. FT-IR spectrometer Jasco FT-IR 660 Plus.

3.3.5 Rutherford Back Scattering analysis (RBS)

Rutherford back scattering is applied to investigate the atomic composition
of the uppermost layers of matter. A beam with high-energy ions, in the order
of MeV, impinge the sample surface and part of them is backscattered.
BAckscattered ions are characterized by an energy due to the elastic collisions
with the taget nuclei and to inelastic collision with the electrons.

The acceleration system used in the measurements is a VVan de Graaf AN2000
HVEC (Figure 111-24) with a maximum acceleration voltage of 2.4 MV at the
National Laboratories of Legnaro National Institute of Nuclear Physics (LNL-
INFN).
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Figure 111-24. Van de Graaf AN2000 accelerator at LNL-INFN Legnaro-Padua.

Using RBS technique can obtain different information:

e analyzing the back-scattering energy of the ions the surface
chemical species can be identifying;

e the guantitative analysis can be obtained through the scattering
cross section;

e concentration profile are reconstructed by analyzing energy loss of
the projectile penetrating into the target.

3.3.6  Scannig Electron Microscope analysis

Scanning electron microscopy (SEM) technique was used to evaluate the
multilayer coatings on silicon. The SEM analysis were carried out with a
Vega3 LM Tescan scanning electron microscope (Figure I11-25). The
maximum voltage used reaches 30 kV with a resolution of 3 nm with
secondary electrons (SE) and back scattered electron (BSE), and a Tungsten
heated cathode.
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Figure 111-25. Vega3 LM Tescan scanning electron microscope.

3.3.7 Heat treatment analysis

Thermal treatments were with a Lenton furnaces tube that allows to reach up
a maximum temperature of 1300°C.

Thin film samples were treated at atmospheric pressure into an alumina pipe
at 350°C for 1h,12h and 24h (Figure 111-26).

The ramp temperature for the thermal cycle used is as follows:

e  Heating ramp to 350 ° C in 3 hours (2 ° C / min)
e  Stationing heat at 350 ° C for 1h, 12h or 24 hours
e  Ramp cooling 350 ° C in 5 hours (1.2 ° C / min)
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Figure 111-26. Heat treatment cycle on thin film samples.

3.3.8  X-Ray diffraction analysys

Titanium dioxide sampleswere analyzed with the X-Ray diffraction technique
to compare the results obtained with the FT-IR analysis.
The analyses were done before and after heat treatment in order to evaluate
the structural phase using a hight resolution Philips X’PERT™ PRO MRD
Diffractometer (at the Cu Kox =1.54184 A wavelength).

3.4 Design of prototype CPV spectra splitting system

341 Preliminary stages of optical design

The optical design of the concentrating photovoltaic system with the spectral
separation was realized with Zemax software in order to apply the dichroic
filters to a concentrating photovoltaic system with optimized geometric.

In particular, it has been selected a concentration system using a refractive
Fresnel lens. This type of concentration presents simple constructive
characteristics and manufacturing low costs.
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In particular, the Fresnel lens is easily applicable in concentrated photovoltaic
systems, limiting the alignment optics error than the reflection concentration
systems.

3.4.2 Design of a CPV system with Fresnel lens

The concentrating photovoltaic system has the peculiarity to focus the
incoming solar radiation on a PV cell (Figure 111-27).
The prototype CPV consists of:

e  Optical concentrator
e CPV receiver
e  Spectral separator

Primary (300X)
Fresnel lens

/' Reflective
Insulated . @)= seconcary
electrode N, 7

olar cell

o’ s
NS0
S IEP
Heat

Receiver

Figure 111-27. Components of a CPV commercial system.

3.4.21 Optical Concentrator

A first distinction can be made by analyzing the type of optics used in the
concentrator. The concentration optics is essentially divided into two strands,
the "imaging optics" (I0) which arise conventional image forming optical,
and the "non-imaging optics” (N10) [10] [69] founded in 1975 by R. Wilson
and based on light transport and not on image formation.
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Figure 111-28. Imaging and non-imaging optical system [41].

The 10 systems are almost exclusively of paraxial type, because components
are placed in proximity to or on the optical axis of the system and their
dimensions are such that the rays have a small angle with respect the optical
axis. The loss of these conditions brings a system 10 with large aberrations,
and the concentrator determines a reduction in the efficiency of the optical
system.

The primary optics concentrator is a Fresnel lens [70] designed using the
constant pitch mode, where the distance between the ring is kept constant
while the depth of the same ring is kept constant (Figure 111-29).

2
i

Figure 111-29. Fresnel lens design a) constant pitch, b) constant depth.
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In the design stage of the lens we studied the effect of different lenses with
equal effective diameter but with different effective focal length (EFL). This
process allowed us to analyze the optical response of the lens varying the
f/Inumber and at the same time it was possible to analyze the efficiency of the
total optical system.

3.4.2.2 CPV Receiver

The receiver system is composed of the photovoltaic cell and the electronic
circuit with insulating material made of alumina from Aurel Automation
S.p.a. technology.

In the photovoltaic receiver there is also the secondary optical
homogenization that is required to collect all the focused radiation from the
primary concentration system. The secondary optic is made of N-BK7 from
Silo S.r.l. with the geometry of a truncated pyramid with square base, where
the geometry allows an internal total reflection at interfaces equal to the
maximum of three times [71] [72].

The secondary optics has it’s the main aim to uniform the solar radiation flow
on the receiver [72], and to increase the angular tolerance, by directing light
rays which have too high divergence.

The secondary optics is aligned with the PV receiver through the optical epoxy
glue. (Figure 111-30)

Figure 111-30. CPV receiver and solar rod.
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3.4.23 Spectral separator

The spectral separator is the technological heart of the prototype CPV system.
It is designed to include the Fresnel lens, the dichroic filter and the two single
junction solar cells (SJSC).

The spectral separator and consists of a support to accommodate the dichroic
filter at an angle equal to 45°, that of the design angle of the optical multilayer,
and two berths in order to submit in the two optical band the solar receivers.

Figure 111-31. Design of CPV system with spectral separator.

Figure 111-32. Design of spectral separator system.
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3.5 Characterization of CPV spectra splitting system

351 Indoor I-V-P characteristic curve

Photovoltaic cells and CPV system spectral separation without optical
concentration used are characterized by using a solar simulator of Abet
Technology Air Mass 1.5 (ASTM 927-91) with a maximum power of 2000
W/m? (Figure 111-33).

irradiance [Wm?nm']

400 600 800 1000 1200

wavelength [nm]

Figure 111-34. Spectra Solar simulator AM O, AM 1.5 G.
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The acquisition system for the electrical characterization is composed of a
photo radiometer Delta Ohm HD2102-02 with a probe for the irradiance
measurement of LP 471 RA acquiring the radiation of the solar simulator. It
was necessary to calibrate the position of the cell in a reference to a standard
of 1000 W/m? and 25°C [73], Keithley 2400 source meter analyzer was used
to measure the current across the cell with the four-point measuring technique
and the data were processed with ReRa tracer software.

Reference Spectra

Iradance (W m *nm)

Figure 111-35. Direct Normal Spectral Irradiance (Solid Line) and Hemispherical
Spectral Irradiance on 37° Tilted Sun-Facing Surface [73].
Table 111-6. Data sheet of measurement probe LP 471 RAD.

Sonda di misura dell IRRADIAMENTO LF 471 RAD completa di modulo SICRAM in lines
con lo strumento

Campo di misura (W/m'):
Risoluzione (W/m') [NET |

[01-107 9999107 | 1.000_ 19.999 [20.00.._199.99 [200.0._1999.9
d 00l | ool 0.1

Campo spettrak: 400nm... 1050nm

Incertezza di calibrazione: <5%

fz (risposta come legge del coseno),

fy (hinearita)

1y (errore sulla lettura dello strumento):

e { fataca)

Deriva ad un anno <I%

Temperatura di lavoro: 0...30°C

Curva di risposta tipica
o :
fu { '
H | \
e \
-
H

e & e
o
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3.5.2 Qutdoor I-V-P characteristic curve

The outdoor characterization of the photovoltaic system CPV is conducted
with experimental measurements.

The solar rays are to a good approximation parallel to each other with an
angular divergence equal to 0.27°. It is therefore necessary to use a solar
tracking system to be able to maintain the orthogonality between the plane of
the Fresnel lens and the sunlight. The sunlight angular divergence can be
calculated as follows:

0 = arcsin(R/p) = 0.266° 19)

where R is the radius of the sun (6.9599 x 108 m) and D is distance of the sun
from the earth (1.505 x 10* m).

The electrical characterization of the CPV system to measure the I-V curves
is obtained by the solar module analyzer, ISOTEC ISM 490 which measure
the current with the four tips method.

Pt RV,

ha

i

/A

Jasto

Alimantatars

Figure 111-36. Circuit for the measurement of the I-V characteristic curve with four
using a programmable power supply as a load.
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3.5.3  Solar radiation analysis

The prototype system CPV requires a tracking system in order to be axially
aligned with the sun's rays [74]. CPV systems in contrast to the traditional PV
work only with the direct normal irradiance (DNI). In order to align the
concentration optics it is necessary to use a solar tracking system, and in the
specific case has been used a pointing system with bi-axial drivers motors for
the tracker of the AKKUtrack ™. This device also allows you to measure the
irradiance (W/m?) of the sun and acquire it during the day [75]. This is
fundamental parameter to determine the CPV prototype system efficiency.

Table 111-7. Data sheet of AKKUtrack™ solar tracking system [76]

AKKUtrack™

Field of view

Resolution

Relative Accuracy

Sampling Rate

Data logging Rate
Environmental Protection Class
DNI Range

Response Time

Accuracy

Operating Temperature Range
Temperature dependence on

sensitivity (-20°C to 50°C)

RoHS Compliance

4.5°%2.9° (H xV)

0.01°

+0.01°

60 frames/s

From 4/hour to 20/minute
IP 55

50 to 1500 W/m?

<0.1s

+ 20 W/m?

-25°C to +85°C

<10%

Yes
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Figure 111-37. AKKUtrack™ solar tracking systems.

3.5.4  Thermal analysis

The photovoltaic cell is the most delicate component in the CPV system.
The effect of temperature affects very much the photovoltaic conversion
efficiency [77]. In order to assess the operation temperature with the optical
concentration a system of heat dissipation of the solar receiver has to be
designed [78].

We carried out a thermal study of the cells with experimental outdoor
measurements under concentration. The photovoltaic cell was simulated by a
known material, in this case aluminum. It was evaluated surface temperature
using a thermal imager camera FLIR 17e of IRCON Overloar with an
emissivity value equal to € = 0.93. Also was assessed the temperature within
the sample with a K thermocouple and a digital multimeter of Flukee 179.
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4.1 Multilayer optical filters

41.1 PVD Reactive Magnetron Sputtering process

The multilayers are made with the PVD technique Reactive Magnetron
Sputtering are fixed on a rotating sample holder (Figure IV-1) that allows
realizing several samples in the same time. In the outer part of the sample
holder there is a shutter which alternately, with a rotation concentric to the
sample holder is placed in front of the metal target surface (titanium or
silicon).

Figure 1V-1. Prototype rotating sample holder.

Single layers of titanium dioxide are deposited by DC method while the
samples of silicon dioxide is deposited by DC-pulsed method.

Table 1V-1 [79] shows the deposition parameters used for the realization of
thin films of TiO2 and SiOo.
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Table 1V-1. Deposition parameter of SiOz and TiOz [79].

TiO2 Si0:
Power (W) DC-1410 DC pulsed -1480
Voltage (V) 468 £ 0.4 370+0.5
Current (A) 3+0.01 4+0.01
Vacuum limit (mbar) 2.8x10° 2.8x10°
0 flow (sccm) 11+0.5 28+0.5
0 partial pressure (mbar) 3.25x 103 3.30x103
Ar flow (sccm) 30+0.2 30+0.2
Ar partial pressure (mbar) 3.18x 103 3.18 x 103
Deposition rate (nm/min) 3.40+0.10 11.40+0.34

4.1.2  Optical characterization of the substrates

4121 Corning glass Microsheet substrate

The Glass substrate of Corning Microsheet used for the realization of optical
multilayers are analyzed with a spectrophotometric analysis to obtain the
reflectance and transmittance optical response (Figure 1V-2).

a) b)

——Glass

R (%]

TR

7
400 600 800 1000 1200 1400 1600 1800 2000 400 600 800 1000 1200 1400 1600 1800 2000
wavelength [nm] wavelength [am]

Figure 1V-2. a) Corning Glass Refractance, b) Corning Glass Transmittance.
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From the experimental data (Equation 5, 6) the curves of the refractive index
(n) and the extinction coefficient (k) of Corning Glass Figure 1VV-3 and were
obtained.

1.58 4 ——— Corning glass
1.56

1.54 4

1.52 4

refractive index (n)

1.50

1.48 T T T T T T T J
300 450 600 750 900 1050 1200 1350 1500

wavelength [nm]

Figure 1V-3. Refractive index of Corning Glass.

4122 Quartz substrate

The Quartz substrate used for to analyze the TiOz thin film are analyzed with
a spectrophotometric method to obtain the reflectance and transmittance
optical response (Figure 1V-4).

a) b)

80 — Cuartz

R{%]
/
/
{
/
]

o va\i 92.14: /V

400 600 800 1000 1200 400 600 800 1000 1200
wavelength [nm] wavelength [nm]
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Figure 1V-4. a) Quartz Refractance, b) Quartz Transmittance.
Optical experimental data were processed in order to octain refractive index

(n) and the extinction coefficient (k) of Quartz (Figure IV-5).

1.50

Quartz
1.49

1.48

1.47

refractive index (n)

1.46 -

1.45

1.44 T T T T T T T 1
300 450 600 750 900 1050 1200 1350 1500

wavelength [nm]

Figure 1V-5. Refractive index of Quartz.

4123 Sapphire substrate
The Sapphire substrate used for to analyze SiO2 thin film was analyzed by a

spectrophotometric analysis in order to obtain the reflectance and
transmittance optical response (Figure 1V-6).

103



Results and Discussion

a) b) .., =TT
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wavelength [nm] wavelength [nm]
Figure 1V-6 a) Sapphire Refractance, b) Sapphire Transmittance

Using the experimental data we derived the curves of the refractive index (n)
and the extinction coefficient (k) of Sapphire substrate (Figure 1V-7).

—— Sapphire
1.84

1.82
1.80

1.78

refractive index (n)

1.76 4

1.74

1.72 T T T T T T T 1
300 450 600 750 900 1050 1200 1350 1500

wavelength [nm]

Figure 1V-7. Refractive index of Sapphire.

41.2.4 Comparison of the substrates optical parameters
In Figure 1V-8 it is possible to compare the refractive index calculated from

experimental measurements on the substrates. These values are used for the
design of optical multilayers.
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1:90 5 Quartz
1.85 —— Corning glass

1.80 ‘k Sapphire
1.754
1.70 4
1.65
1.60
1.55
1.50
1.45
1.40
1.354

1.30 T T T T T T T 1
300 450 600 750 900 1050 1200 1350 1500

wavelength [nm]

refractive index (n)

Figure 1V-8. Refractive index of glass, quartz and sapphire.

The extinction coefficient curves of the optical substrates used. It is possible
to note that these materials have a very high performance in the optical range
of the visible since the extinction coefficient is in the order of 10-6-10-7, and
then negligible.

4.1.3  Optical characterization of single layer thin film

413.1 Optical analysis of TiO,

The single layers of TiO2 deposited on substrates of quartz are analyzed by
spectrophotometric analysis. The optical responses of transmittance and
reflectance are quantified as a function of the thickness of the coating (Figure
IV-9).
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a)

—— TiO2 experimental
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Figure 1V-9. Experimental TiO: thin film: a) Refractance, b) Trasmittance
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b)
——Ti02 experimental
90 - AN —— TiO2 simulated

\
80

704

T [%]
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50 4

30 T T T T 1
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wavelength [nm]

Figure 1V-10. Experimental and simulated TiO2 thin film: a) Refractance, b)
Trasmittance

Table 1V-2. Fitting simulation of TiO2 material by Tf_Calc software.

TiO2 tickness 79.3nm = 1.2 nm
> A0 4.67
A\
n(A) = |4, +217 Al 1.13
A2 1.04e-1
k(A) = By * exp(BoA™ 1) B1 0.13e-2
B2 5.87

The analysis of the experimental optical measurements allowed to extrapolate,
by using the dispersion functions, the values of refractive index n (1) and the
extinction coeffcient k (1) of theTiO2 material [80].
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3.2
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Figure 1V-11. TiO2 coating: a) Refractive index n(4), b) Extintion coefficient k(4).
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4.1.3.2 Optical analysis of SiO,

a)
16 —— SiO2 experimental
—— Si02 simulated
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T T T T T T v J
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Figure 1V-12. Experimental and simulated SiO2 thin film: a) Refractance, b)
Trasmittance

Table 1V-3. Fitting simulation of SiO. material by Tf_Calc software.

SiO; thickness 79.2nm £ 2.4 nm
A0 1.40
n(A) =4, + % + % Al 4.40e-2
A2 -3.23e-3
k(A) = By * exp(B,A™) B1 1.50e-3
B2 -2.70e-1
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Figure 1V-13. SiO2 coating: a) Refractive index n(4), b) Extintion coefficient k(4).

4.1.4 Morphological characterization of thin film coating

The thin films of titanium dioxide and silicon dioxide are deposited on silicon
substrates with low roughness <lnm. The coatings are analyzed by atomic
force microscopy (AFM) to determine the thickness and the surface
roughness.
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4141 Thickness analysis

AFM measurements on individual layers allow to accurately determine the
values of thickness deposited by PVD Reactive Magnetron Sputtering
technology.

In particular, the determination of the thickness allows to the deposition rate.
The scanned area is 47x47 pm? with a scanning speed of 10 um/s.

a) b)
Figure 1V-14. AFM measure 2D- 3D and profile thickness thin film: a)TiOz , b)SiO2
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Table IV-4. AFM measurements of reference samples of SiO2 and TiOx.

Thickness Dev. Stand

Material Time [s] [m] [m] Error [%]
SiO2 535 99.4 +3.9 3.9
SiO: 420 79.3 +45 4.4
SiO: 420 79.5 +2.0 2.5
SiO: 415 79.3 +2.4 2.9
TiO2 599 28.5 +0.8 2.9
TiO2 1433 80.6 +3.9 4.8
TiO: 1433 79.7 +1.1 1.3
TiO2 1433 79.3 +1.2 15

Table 1V-5. Rate Deposition of SiO; and TiO..

Material Rate Deposition [nm/min]
TiO2 3401
SiO: 11.4+0.3

AFM measurements were also conducted on optical multilayers to compare
the thickness of the project with the real deposited thickness. This measure
allows to check the reliability of deposition rate of the PVD deposition system

(
Table 1V-6).
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Figure 1V-15. AFM measurements of a multilayer dichroic.

Table 1V-6. AFM multilayer measure designed and deposited.

Thickness [nm]

Multilayer dichroic

designed 1604
Multllayer_dlchrow 1610
deposited
4142 Roughness analysis

The surface AFM microscopy analysis was used also ro evaluate the surface
roughness of the deposited coating. This value allows to improve the surface

quality obtained with the sputtering process [23] [22].
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Figure 1V-16. AFM roughness morphology of TiO2 coating.

Table 1V-7. Roughness value of TiOzthin film.

Material Ra [nm] Rqg [nm] Thickness
[nm]
TiO2 29+0.2 3902 185.0 £8.3
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Figure 1V-17. AFM roughness morphology of SiO2 coating.

Table 1V-8. Roughness value of SiOzthin film.

Material Ra [nm] Rq [nm] Thickness
[nm]
SiO: 1.7+0.1 21+01 473+2.4

Compositional characterization of thin film

Rutherford Backscattering (RBS) analysis

The single layer thin films are deposited on substrates of silicon or amorphous
carbon. For Rutherford backscattering spectroscopy analysis, in order to
quantify their composition.

Such a technique has an accuracy of 1.5 — 2.5% from the analysis of the

spectra.
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The substrates on which the films of TiO2 and SiO2 are deposited allow to
distinguish the signal of all the elements.

In Figure 1V-18 it is shown the difference in the acquired spectrum of a thin
film on a substrate of silicon or amorphous carbon.
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Figure 1V-18. RBS spectra of TiO2 on silicon or carbon plate.
The carbon substrate enables to separate the peaks contribution relating to the

single elements of titanium and oxygen. Moreover, it reduces the noise in the
bottom of the spectrum, and allows to quantify each individual element.
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Figure 1V-19. RBS spectra of SiOz2 thin film.
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Figure 1V-20. RBS spectra of TiOz thin film.
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RBS analysis gives the stoichiometric ratio O/Ti and O/Si, therefore different
samples were made with different voltage deposition in order to calibrate the
reactive deposition process.

The deposition process is based on the retroactive control of the voltage
applied to the cathode. The oxygen flow is controlled by a mass flow changing
the concentration along the poisoning hysteresis curve of the target [81].

2.2 —u—Silicon Dioxide 22 —=—Titanium dioxide

2.0

Stoichiometry
Ratio
Stoichiometry
Ratio

19 1.8

18 : . 18 :
360 365 370 375 380 455 460 465 470 475 480
ddp V] ddp [V]

Figure 1V-21. Stoichionetry ratio vs. d.d.p. of SiO2 and TiOz2 thin film.

Table 1V-9. Stoichiometry ratio O/Ti calibration.

TiO; thin film
Ddp [V] OfTi Error [%0]
465 1.99 +2.0%
465 2.00 +2.0%
470 2.03 +2.0%
470 2.03 +2.0%
470 2.03 +2.0%
470 2.03 +2.0%
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Table IV-10. Stoichiometry ratio O/Si calibration.

SiO; thin film
Ddp [V] OfTi Error [%0]
365 2.01 +2.5%
370 2.03 +2.5%
370 2.02 +2.5%
370 2.02 +2.5%
375 2.06 +2.5%
380 2.15 +2.5%

The stoichiometry analysis selected as the set point of deposition of
d.d.p.= 370V (SiO2) and d.d.p.= 470 V (TiOy).

4.15.2 PVD homogeneity deposition

RBS was also used for the mapping of a deposited sample to determine the
planar thickness profile achieved.

This allows to find the position in the chamber in order to obtain multilayers
with the same optical properties.
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Figure 1V-22. Lateral homogeneity deposition.
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From RBS lateral homogeneity analysis we evaluated a maximum length of
deposition of £ 80mm with respect to the center of the target, with a uniformity
of + 3%.

4.2  Design of optical multilayer

The design of optical multilayer was performed by Tf_Calc software.
The design has been divided as follows:

e  Antireflection filter and dichroic mirror design used to characterize
the optical properties;

e  Design of dichroic filters applied to the photovoltaic concentration
system.

4.2.1 AR - Coating design

The design of two different antireflection filters (AR_1 400nm< A< 650nm)
and (AR_2 650nm< A< 1200nm) has as purpose to analyze the optical
properties.

An antireflection filter have a simple design [82] since it is based onfew
layers; for this reason easily it lends itself to analysis optics respect to a more
complex design as the design of a dichroic filter.
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Figure 1V-23. Two different antireflection filter design.
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Table 1V-11. Design parameter of AR_1 multilayer.

AR_1 Design
Material ~ Thickness Deposition  d.d.p. [V] Power
[nm] Time [s] Generator
W]
TiO; 135 277 470 1410
SiO, 27.8 147 370 1480
TiO; 314 646 470 1410
SiO, 215 114 370 1480
TiO; 21.3 438 470 1410
SiO, 84.3 446 370 1480

In Figure 1V-24, it is compared the optical response of the anti-reflective filter
AR_1 designed and realized.
There is mismatch between the two optical feedbacks, which has allowed us
to analyze in detail this issue.

1009 —— AR_1 simulated
98 —— AR_1 as deposited

96 -
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Figure 1V-24. Antireflection optical filter AR_1 designed and realized.

The filter design AR_2 optimized the reflectance in the optical band 650nm<
A< 1200nm. The Figure 1V-25 shows the difference between the optical
design and the experimental optical response of the filter, probably due to
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incorrect deposition thicknesses or different optical properties of the deposited
material.

Table 1V-12. Design parameter of AR_2 multilayer.

AR_2 Design
Material Thickness  Deposition  d.d.p. [V] Power
[nm] Time [s] Generator
(W]
TiO, 231 476 470 1410
SiO, 81.8 433 370 1480
TiO, 29.8 614 470 1410
SiO, 180.5 956 370 1480

1009 —— AR_2 simulated

AR_2 as deposited
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Figure 1V-25. Antireflection optical filter AR_2 designed and realized.

4.2.2  Dichroic multilayer design

The dichroic design has involved the definition of two different types of
multilayers. The first type is a low-pass filter with an edge at 625 nm and 650
nm, while the second type is always a low-pass filter with an edge at 825 nm.
Tree different dichroic filters, denominated Dic_1, Dic_2 and Dic_3, were
analyzed showing a marker diffrerence between the optical response of the
project and the experimental response of the multilayers [83].
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Figure 1V-26. Optical response of dichroic filter Dic_1 designed and realized.
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Table 1V-13. Optical design of dichroic (Dic_1).

Dic_1 Design

N° Material ~ Thickness  d.d.p. Power Generator
Layer [nm] V1 [W]
1 TiO, 325 470 1410
2 SiO, 27.3 370 1480
3 TiO, 28.3 470 1410
4 SiO, 47.1 370 1480
5 TiO, 68.4 470 1410
6 SiO; 108.6 370 1480
7 TiO, 45.7 470 1410
8 SiO, 117.6 370 1480
9 TiO, 59.4 470 1410
10 SiO, 95.5 370 1480
11 TiO, 34.6 470 1410
12 SiO, 85.6 370 1480
13 TiO, 9.2 470 1410
14 SiO, 49.7 370 1480
15 TiO, 16.8 470 1410
16 SiO, 74.8 370 1480
17 TiO, 36.4 470 1410
18 SiO, 88.8 370 1480
19 TiO, 30.2 470 1410
20 SiO, 774 370 1480
21 TiO, 27.7 470 1410
22 SiO, 95.0 370 1480
23 TiO, 21.9 470 1410
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Figure 1V-27. Optical response of dichroic filter Dic_2 designed and realized.
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Table 1V-14. Optical design of dichroic (Dic_2).

Dic_2 Design
N° Material Thickness d.d.p. Power
Layer [nm] V] Generator

(W]
1 TiO; 29.7 470 1410
2 SiO, 91.7 370 1480
3 TiO, 44.8 470 1410
4 SiO, 123.5 370 1480
5 TiO; 39.9 470 1410
6 SiO, 98.2 370 1480
7 TiO; 65.1 470 1410
8 SiO, 82.0 370 1480
9 TiO, 45.6 470 1410
10 SiO, 106.0 370 1480
11 TiO; 485 470 1410
12 SiO, 58.7 370 1480
13 TiO; 34.4 470 1410
14 SiO, 725 370 1480
15 TiO; 28.7 470 1410
16 SiO, 90.2 370 1480
17 TiO, 37.1 470 1410
18 SiO, 60.9 370 1480
19 TiO, 21.9 470 1410
20 SiO, 101.0 370 1480
21 TiO, 285 470 1410
22 SiO, 718 370 1480
23 TiO, 80.4 470 1410
24 SiO, 1437 370 1480
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Figure 1V-28. Optical response of dichroic filter Dic_3 designed and realized.
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Table 1V-15. Optical design of dichroic (Dic_3).

Dic_2 Design
N° Material Thickness d.d.p. Power
Layer [nm] V1 Generator

(W]
1 TiO, 47.2 470 1410
2 SiO, 111.3 370 1480
3 TiO, 64.0 470 1410
4 SiO, 107.00 370 1480
5 TiO, 41.6 470 1410
6 SiO, 106.1 370 1480
7 TiO, 60.1 470 1410
8 SiO, 111.3 370 1480
9 TiO, 57.7 470 1410
10 SiO, 201.1 370 1480
11 TiO, 55.7 470 1410
12 SiO, 108.7 370 1480
13 TiO, 107.6 470 1410
14 SiO, 118.5 370 1480
15 TiO, 454 470 1410
16 SiO, 55.8 370 1480
17 TiO, 13.4 470 1410
18 SiO, 121.7 370 1480
19 TiO, 59.7 470 1410
20 SiO, 66.1 370 1480
21 TiO, 11.6 470 1410
22 SiO, 119.6 370 1480
23 TiO, 29.9 470 1410
24 Sio, 85.2 370 1480
25 TiO, 11.8 470 1410
26 Sio, 84.3 370 1480
27 TiO, 55.0 470 1410
28 Sio, 19.4 370 1480
29 TiO, 39.7 470 1410
30 Sio, 81.1 370 1480
31 TiO, 154 470 1410
32 SiO, 137.3 370 1480

128



Results and Discussion

4.3  Characterization of optical multilayer

4.3.1  Annealing heat treatment

The optical analysis on the antireflection multilayer and dichroic mirror have
shown lack of correspondence between the projects and the realized samples.
For this reason, the samples were treated with a thermal cycle at a temperature
of 350°C for changing the microstructure of the material and its optical
properties [84] [85].

The thermal cycle as at atmospheric pressure already mentioned in Figure
111-26, was performed both on single layer of titanium dioxide is in and on
some multilayers, both antireflection and dichroic.

43.1.1 FT-IR analysis

FT-IR analysis was performed on titanium dioxide single layers of deposited
on the silicon, taking as a reference the silicon substrate. The absorption peaks
of crystalline TiO2 were studied (Figure 1V-29) [22]. FT-IR spectroscopy is
used to provide information on the of crystallinity degree of the thin films.
Two absorption peaks can be observed: one at 1100 cm! corresponds to the
Si-O steching mode probably due to surface oxidation of the substrate.

The second peak starting at 990 cm! corresponds to the absorption peak of
Ti-O, with maximum at 446 cm* wavenumber [86] [87]. The shape and the
width of the peak indicate a crystalline structure characterized by
heterogeneous Ti-O bond length; this implies a polycristalline or amorphous
structure of the sample.
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Figure 1V-29. IR spectra of TiO2 on silicon substrate

The analyses are made on TiOz thin film of 158.6nm + 2.3nm on silicon after
different heat treatments, in order to observe the evolution as a function of the
temperature, as swown in Figure 1V-30.
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Figure 1V-30. Trend of the absorbance of thin films of TiO: as a function of the
annealing temperature.
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Table IV-16. Heat treatment on TiO2 single layer.

TiO, thin film
Heating Constant Cooling
Sample TI[°C] Rate Temperature Rate
[°C/min] [hour] [°C/min]
TiOz as
deposited i i i i
TiO, HT_1 330 2 1 1.2
TiO, HT_2 350 2 1 1.2

The variation of the absorbance spectrum in the range from 400 cm™ to 700
cm? that describes the evolution of the material at different treatments.

On the TiO2 as deposited sample, it is possible to note a broad absorption band
in the region 400 cm*-700 cm™%. The formation of a so wide band corresponds
to the presence of bonds Ti-O-Ti with different lengths and characteristic of
amorphous phases.

In sample HT_2 treated at 350 ° C it can be noticed the appearance of a well
defined peak at 436 cm™, corresponding to the stretching mode of Ti-O-Ti
anatase [88] [24].

Sample HT_1 corresponds to an intermediate state between the amorphous
phase and anatase, with a gradual transition from one phase to another,
through a process of nucleation and growth.
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Figure 1V-31. Wavenumber range to calculate FWHM.
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From Figure 1V-31 it was obtained the FWHM value (Figure 1V-32) of the
three absorption curves, in the range of 400 cm* - 993cm-*. The interval was
determined from the lower limit of sensitivity of the detector (400cm) and
the wavenumber where it has the first change of slope of the curve of the
sample not heat-treated (TiO2 as deposited), which corresponds to 993cm™.

300
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40
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0 25 200 225 250 275 300 325 350 375
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Figure 1V-32. FWHM at 436 cm™ as a function of the annealing temperatures.

As can be observed the phase variation occurs within a limited temperature
range between 330 and 350°C; below this temperature it remains the in
amorphous phase.

Table IV-17. FWHM estimation of different termal treatment.

TiO, thin film
Sample Temperature FWHM
Treatment [°C] [cm™]
TiO; as 25 282
deposited

TiO, HT_A 250 281
TiO,HT_B 300 282
TiO, HT_C 310 280
TiO, HT_D 320 282
TiO, HT_E 330 62
TiO, HT_F 350 35
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4.3.1.2 XRD analysis

To confirm the crystal structure of TiOz detected by FT-IR analysis were
performed XRD analysis on as deposited TiO2 and sample HT_2 on silicon
substrate.
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Figure 1V-33. XRD spectra of TiO2 thin film as deposited.

Figure 1V-33 illustrates the spectrum produced by the as deposited sample.
The peak marked red at 26=51.25° correspond to the silicon substrate (100)
[89], while the peaks marked in green indicate a trace of rutile phase.

The two peaks broad features near the rutile peaks, indicate the presence of
anatase phase in a amorphous structure. The first peak at 26 = 27.35° is
referred to the (110) [90] crystallographic plane of rutile, while the second at
260 = 53.57 ° indicate the presence of rutile phase (211) [91] immersed in a
purely amorphous phase [92] [93].
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Figure 1V-34. XRD spectra of TiO2 HT_2 thin film termal treatment.

In Figure 1V-34 we observe the presence of the most significant peak at 26 =
25.4 ° referring to the plane (101) of anatase phase [94] [95] [25].

On this peak the crystallite size was calculated by applying the Debye-
Scherrer equation [96] [27].

)
" B cos6 20)

where:

e k isaconstant characteristic of the material (0.89 in our case)
e ) itisthe wavelength of the radiation (0.15406 nm for Cu Ka)
e  Bisthe peak FWHM in radians

e  Qitis the peak position angle in radiants.

The average grain size, calculated by the Debye-Scherrer formula is equal to
29 nm.
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Figure 1V-35. XRD spectra of the sample TiO: before and after heat treatment.

4.3.2  Spectrophotometric analysis

Aftrer the describe results, on every multilayer an annealing treatment wzas
performed [97]. After the annealing treatment we observed the change of the
optical response of the multilayers [98].

Table 6.1 shows the parameters of heat treatments on different optical
multilayer.
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Table IV-18. Heat treatment parameters on the optical multilayers.

TiO, thin film
Heating Costant Cooling
Sample TI[°C] Rate Temperature Rate
[°C/min] [hour] [°C/min]
AR_1 350 2 12 1.2
AR_2 330 2 12 1.2
Dic_1 350 2 24 1.2
Dic_2 350 2 24 1.2
Dic_3 350 2 12 1.2
Dic_3 350 2 24 1.2

The correspondence between design and experimental measurements of the
multilayer anti-reflective and dichroic improved significantly after annealing
treatment.
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Figure 1V-36. Comparative optical spectrum of simulated multilayer as deposited
and annealing treatment (AR_1).
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Figure 1V-37. Comparative optical spectrum of simulated multilayer as deposited
and annealing treatment (AR_2).
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Figure 1V-38. Comparative optical spectrum of simulated multilayer as deposited
and annealing treatment (Dic_1).
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Figure 1V-39. Comparative optical spectrum of simulated multilayer as deposited
and annealing treatment (Dic_2).
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Figure 1V-40. Comparative optical spectrum of simulated multilayer as deposited
and annealing treatment (Dic_3).

The transmittance average of the different multilayers, was calculated on the
optical band transmitted, it is shown Table IV-19.
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Table I1V-19. Transmittance variation pre and post Heat Treatment on different
optical multilayer.

0, 0,
Optical Transmittance AT [%] _AT [%e]
Sample band [nm] Average [%] pre and simulated
g post HT and HT
AR_1 300 - 700 915
AR_1as
deposited 300 - 700 88.9
AR_1HT-12h 300 - 700 92.0 +3.1 +0.5
AR_2 700 - 1200 94.7
AR_2as
deposited 700 - 1200 91.1
AR_2 HT-12h 700 - 1200 95.0 +4.0 +0.3
Dic_1 690 - 850 89.5
Dic_1 as
deposited 690 - 850 62.7
Dic_1 HT-24h 690 - 850 90.1 +27.3 +0.5
Dic_2 690 - 850 92.1
Dic_2 as
deposited 690 - 850 59.7
Dic_2 HT-24h 690 - 850 92.2 +325 +0.2
Dic_3 870 - 1200 94.7
Dic_3as
deposited 870 - 1200 25.1
Dic_3 HT-12h 870 - 1200 70.2 +45.1 -23.1
Dic_3 HT-24h 870 - 1200 88.5 +63.5 -4.7

139



Results and Discussion

Table 1V-20. Transmittance average of TiOzin multilayer optical filter as function
of thickness.

Sample Thick TiO; Thick SiO; Tot. Thick T [%]
[nm] [nm] [nm] average
AR_1 52.1 263.6 316.6 89.0
AR_2 66.2 134.3 200.5 91.1
Dic_1 463.5 969.1 1432.6 62.7
Dic_2 504.8 1099.5 1604.4 59.8
Dic_3 716.1 1634.6 2350.6 251
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Figure 1V-41. Trend of average transmittance of TiO2 as function of thickness.

4.3.3 (RBS) analysis

Treated and untreated multylayers were analyzed with the RBS technique in
order to assess possible changes in stoichiometry and for thickness variations.
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Figure 1V-42. RBS spectra of Dic_1 as deposited and heat treated at 350°C - 24h.
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Figure 1V-43. RBS spectra of Dic_3 as deposited and heat treated at 350°C - 24h.
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The spectra analysis is not detailed since it is hard to extract the thicknes
values of the layers. Actually a more reliable measure was undertaken with
atomic force microscopy on multilayer deposited before and after treatment
to verify possible change of thickness.

In Figure 1VV-44 is shown the correlation between experimental RBS spectrum
of a dichroic Dic_1 as recorded and a simulation performed with X-Rump
software taking into account the correlation with the AFM measurements
conducted on two single layers of TiOz and SiO2 performed to calibrate each
layer of the multilayer [99].
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Figure 1V-44. RBS spectra dichroic Dic_1 as deposited vs X-Rump spectra
simulation.
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Table 1V-21. RBS spectra X-Rump simulation of dichroic Dic_1.

n°®layer Material Dose (m/cm2) thickness (nm)

1 TiO, 63.9 21.9
2 SiO, 224.2 95.0
3 TiO, 80.8 21.7
4 SiO, 182.6 77.4
5 TiO, 88.1 30.2
6 SiO; 209.5 88.8
7 TiO, 106.1 36.4
8 SiO; 176.5 74.8
9 TiO, 49.0 16.8
10 SiO; 117.3 49.7
11 TiO, 26.8 9.21
12 SiO, 202 85.6
13 TiO, 101 34.6
14 SiO, 225.4 95.5
15 TiO, 173.1 59.4
16 SiO, 239.6 1015
17 TiO, 151.7 52.1
18 SiO; 2713 117.6
19 TiO, 133.3 45.76
20 SiO; 256.3 108.6
21 TiO, 199.2 68.4
22 SiO; 1111 47.1
23 TiO, 82.5 28.3
24 SiO, 64.4 27.3
25 TiO, 94.5 32.5

4.3.4  Atomic Force Microscope (AFM) analysis

In this paragraph we shown the thickness measurement with the AFM of
multilayers (Antireflection and Dichroic) pre and post annealing treatment.
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Figure 1V-45. AFM measurements of the sample AR_1 after heat treatment.
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Figure 1V-46. AFM measurements of the sample AR_2 after heat treatment.
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Figure 1V-47. AFM measurements of the sample Dic_1 after heat treatment.
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Figure 1V-48. AFM measurements of the sample Dic_2 after heat treatment.

Table 1V-22. Thickness values measured after treatment and designed

i . Error
Thickness Dev-Stand  Measure Thick
] ] respect to
average Thickness Error design .
[ [ oo O
nm nm o nm

[%0]
AR_1 210.3 2.1 0.9 200.5 4.6
AR_1HT 209.3 2.1 0.9 200.5 4.1
AR_2 313.0 2.8 0.9 316.6 1.2
AR_2HT 312.0 2.8 0.9 316.6 15
Dic_1 1469.8 17.9 1.2 1432.7 25
Dic_1 HT 1455.2 25.8 1.8 1432.7 15
Dic_2 1585.0 16.9 11 1604.3 1.2
Dic 2HT 1583.1 29.02 1.1 1604.3 1.2
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4.3.5 Scanning Electron Microscope analysis (SEM)

Cross-section measurements were carried out with the scanning electron
microscope allow to emphasize the deposited individual layers of the
multilayer.

In images obtained with back-scattered electron (BSE) it is possible to note
the alternating layers of high atomic number Z (TiO2) with shades towards
white, compared to layers with low atomic number Z (SiOz) with shades to
black [65]. This is even more evident in the images conducted with the
secondary electrons (SE).

Table 1V-23. Design project of dichroic analyze with SEM technique in cross
section.

n°®layer Material thickness (nm)

1 TiO, 18.2
2 SiO; 165.1
3 TiO, 63.8
4 SiO; 129.2
5 TiO, 58.6

6 SiO; 111.8
7 TiO, 37.9

8 SiO, 118.4
9 TiO, 67.7

10 SiO, 126.3
11 TiO, 64.5

12 SiO, 220.9
13 TiO, 61.6

14 SiO; 1145
15 TiO, 119.8
16 SiO, 109.6
17 TiO, 56.8

18 SiO, 241.6
19 TiO, 441
20 SiO, 92.2
21 TiO, 18.4
22 SiO, 94.5
23 TiO; 32.8
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Figure 1V-49 show the cross-section SEM immage of a dicroic filter [14]
[100] with a total design thickness is 2168.5 nm (644.2 nm = of TiO2 layers
and 1524.3 nm = of SiOz layers).

SEM HV: 10.0 kV WD: 14.89 mm VEGA3 TESCAN|
View fleld: 8.20 ym Det: SE
kx  Date(m/dly): 09/12/13 Performance in nanospace

SEM HV: 10.0 kv WD: 14.89 mm VEGA3 TESCAN|
View fleld: 8.20 ym Det: SE 1pum
SEM MAG: 44.6 kx  Date(m/dly): 09/12/13 Performance in nanospace
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View fleld: 11.3 pm Det: BSE 2pm

SEM MAG: 24.5 kx  Date(m/dly): 09/12/13 Performance in nanospace

SEM HV: 20.0 kV WD: 14.94 mm VEGA3 TESCAN

View fleld: 11.3 pm Det: BSE + SE 2pm
SEM MAG: 24.4 kx  Date(m/dly): 09/12/13 Performance in nanospace

Figure 1V-49. SEM cross-section image of dichroic optical multilayer.

The SEM images have enabled us to evaluate the quality of the deposition
process by quantifying some thickness of a dichroic realized and comparing
them with the thicknesses of the project.

4.3.6  Optical measure after annealing

Optical measurements were carried on TiO2thin films both as deposited and
after heat treatment. In Figure 1V-50 and Figure IV-51 the change in
transmittance after heat treatment is highlighted [101].
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Figure 1V-50. Thin film of TiO2 as deposited vs annealing (thickness = 79nm).
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Figure 1V-51. Thin film of TiO2 as deposited vs annealing (thickness = 158nm).

In particular, the refractive index variation after phase transformation is

analyzed.

It can be noticed an increase of the refractive index and a slight decrease of

the extinction coefficient (Figure IV-52 and Figure 1V-53).
The variation of transmittance of the deposited multilayer is related to the

variation of the coefficients n(A) and k(). The n(X) in particular decrease with
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the crystallization from mix compound to anatase phase, and k(A) decreases
[26] [53] [27]. The optical variation improve the transmitted band of the
realized optical filters [102] [103].
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Figure 1V-52. Refractive index of TiO2 as deposited and after annealing.
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Figure 1V-53. Extinction coefficient of TiO: as deposited and after annealing.
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4.4  Concentrated Photovoltaic (CPV) splitting system

The CPV prototype was designed and analyzed as a function of the
components.
The CPV system is composed of:

e  primary optical system (NOI);

e dichroic splitting system;

e secondary optical system (SOE);
e photovoltaic cells EQE;

e  solar tracking system

4.4.1 Dichroic filter

The photovoltaic cells are the final part of the whole CPV. However, they are
the first part to be chosen as regards the design of the CPV system.

In particular, the optical bands are selecter depending on the External
Quantum Efficiency (EQE of the cells, which are of Gallium Arsenide (GaAs)
and Silicon (Si).

—— EQE GaAs
100 - ——EQESI
—— dichroic R (AOI = 45°)

80 -
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R, EQE [%]
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300 400 500 600 700 800 900 1000 1100 1200
wavelength [nm]

Figure 1V-54. EQE of GaAs and Si cell and dichroic optical design.
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A specific dichroic was designed and realized (Figure 1\VV-55) which allows to
match the two single-junction PV cells (SJSC). So, the prototype should be

able to convert the range from 350 to 1200 nm.

Table 1V-24. Dichroic optical target design.

Optical Target design AOI= 45°

T [%] A [nm]
0 350 < A< 850

50 A=900
100 950 < A< 1200

Table 1V-25. Dichroic optical simulation.

Optical Dichroic design AOI=45°

T Ave. [%] A [nm]
19.8 350 < A< 850

50 1=894
92.1 950 < A< 1200

dichroic simulated

1005 real dichroic
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AOI = 45°
70
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T %]
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Figure 1V-55. Transmittance of a dichroic used in the CPV system.
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Table 1V-26. Design of dichroic used in CPV prototype system.

N° layer Material Thickness [nm]

1 TiO; 79.8
2 SiO; 89.7
3 TiO, 79.1
4 SiO; 162.1
5 TiO, 74.2
6 SiO; 147.7
7 TiO, 69.9
8 SiO, 157.4
9 TiO, 89.9
10 SiO; 89.8
11 TiO, 67.2
12 SiO, 95.6
13 TiO, 434
14 SiO, 97.5
15 TiO, 70.1
16 SiO, 89.6
17 TiO, 37.8
18 SiO, 77.6
19 TiO, 105.9
20 SiO, 1135
21 TiO, 42.7

4.4.2  Solar radiation and tracking system

The CPV require a bi-axial tracking system in order to be always aligned with
the solar radiation.

In this research work we used the solar tracking system AKKUTrack® with
angular pointing sensitivity <0.1°, controlled by EVA software (Figure
IV-56).
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Figure 1V-56. EVA software for control of the two-axis tracking system.

Furthermore, this solar tracking system allows analyzing the irradiance of the
sun and can be mapped the sun.

It is therefore crucial the acquisition of the daily value of the Direct Normal
Irradiance [W/m?] (DNI) (Figure IV-57) to calculate the efficiency of the
prototype system [104] [105].
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'DNI Solar Radiation 11/05/2015|
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Figure 1V-57. Example of DNI daily experimental measures in 2015: a) April, b)

May, c) June.
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4.5 CPV Ray tracing design

The optical design of the CPV prototype has been conducted by means of the
ray tracing Zemax®.

Ray tracing is a widely used technique for the simulation of the propagation
of light through an optical system. The simulation of light propagation by
means of ray tracing is also commonly called geometrical optics.

There are two typical ways to design with the ray tracing technique: sequential
ray tracing and non-sequential ray tracing.

In sequential ray tracing the rays are traced through a predefined sequence of
surfaces as they move from the land to the image of our system. The rays hit
every surface in the order in which they were defined. Many imaging systems
are well described by a sequential list of surfaces, each of them defining the
boundary between a medium and the next.

In non-sequential ray tracing, the rays can hit different surfaces and objects
not necessarily in the order they are listed in the software interface. In this
mode the rays could hit the same object several times or even fail completely
certain objects. Generally, the order in which the objects are affected depends
on their geometry on the position and on the angle at which the rays enter the
system. In non-sequential mode, the optical components are modeled as three
dimensional objects, and each object has an orientation in the space (x,y,z)
well-defined and independent of the other elements of the system. The rays
can propagate through the optical components in any order, and trajectories
take into account the possibility to suffer total internal reflection from the
surfaces crossing.

Zemax software consists in an integrated environment in which it is possible
to model an optical system in the form of lenses or mirrors disposed along an
optical path, for analyzing the quality of the projected image from a source
and then optimizing the constructive characteristics.

The user interface (Figure 1VV-58) consists of a table in which each row is a
surface or optical element and whose columns contain the parameters of
design and construction. The rays are always sent from a surface source (OBJ)
to arrive at an image surface (IMA), through a sequence of surfaces inserted
in the optical system.
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Figure 1V-58. Zemax user interface

The first input parameter is the incoming solar spectrum AM = 1.5, in order
to simulate the geometrical optics in the optical range of interest (Figure
IV-59).
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Figure 1V-59. Input solar spectra parameter.

158



Results and Discussion

The 2D layout design shown in Figure I1V-60 depicts the optical convergence
of the solar rays entering in the first surface of the Fresnel lens with an angular
divergence of 0.27°, and interacting with a second surface which is the
dichroic filter. Between the two object, lens and dichroic, an ideal detector for
quantifying optical losses.

The light splitted by the dichroic filter converges on two ideals detectors that
simulate the two photovoltaic cells, and behind them, there are additional
detectors which quantify the component of lost rays in the optical simulation.

3D Layout

Figure 1V-60. 2D Layout Zemax design.

It was conducted a simulation by varying the f/number of the Fresnel lens.
Such CPV system differs from commercial CPV where the primary optics
focuses the solar radiation directly on the photovoltaic cell (MJSC), due to the
presence of the interposed dichroic filter.

The f/number is measure the aperture of the lens, and it describe the ratio of
the effective focal length (EFL) to the diameter of the lens (@iens) [106].

EFL

f/number = 17)

lens
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In Figure IV-61 are shown the results of the simulation of the optical
efficiency prototype system as a function of the f/number value.

m  optical system efficiency vs f/number \
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Figure 1V-61. Optical efficiency vs f/number value.

The main motivation for this study is the fact that the dichroic filter is designed
for an angle of incidence of 45°. In this case it is struck by a beam not
collimated but with a cone angle.

Therefore, by analyzing the optical response of the dichroic filter at an angle
of incidence between 0 ° and 70 ° (Figure 1V-62) it is possible to observe the
edge shift and the variation of optical efficiency in the two designed optical
bands [14] [17].
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Figure 1V-62. Experimental optical transmittance of the dichroic filter as a function

of the incidence angle.

Figure 1V-63 shows the trend of the optical loss of the system splitting or
dichroic and two photovoltaic cells, with respect to the radiation emerging

from the Fresnel lens.

Is possible to note how the optical loss increases as the aperture angle of the
lens increases (49° at f/1.1), vice versa it tends to decrease when the lens angle

is reduced (28° at f/2).

These simulations show that with the CPV system with spectral separation
nees high f/number in order to limit optical loss of the dichroic filter varying

the angle of incidence.
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Figure 1V-63. Splitting dichroic drop efficiency as function of f/number.

In the next step as the interval of f/number was selected from 1.7 to 2, where
it shows better results.

In Figure 1V-64, Figure IV-65 and Figure IV-66 some simulation results for
the optical components of the optical system are shown, such as lens or
dichroic filter for a range of f/number ranging from 1.77 to 1.775.
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Figure 1V-64. Optical system efficiency vs f/number (1.77 < f/# < 1.775).
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Figure 1V-65. Fresnel Optical drop vs f/number (1.77 < f/# < 1.775).
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Figure 1V-66. Dichroic drop efficiency vs f/number (1.77 < f/# < 1.775.)

45.1 Ray tracing tilting angle

The CPV systems are heavily dependent on the alignment of the tracking
system with respet to the sun's rays.

The optical design of CPV was by varying the incidence angle on the Fresnel
lens (Figure 1V-67). In the design, the misalignment between the biaxial
tacking and solar rays was simulated by changing the angle of inclination of
the Fresnel lens.

@

lens

|
|
|
i
i
i
i
i
|
—— —

absorber

Figure 1V-67. Non-imaging Fresnel lens with acceptance angle [107].
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2) b)

Figure 1V-68. CPV system acceptance angle: a) tilting angle 0=0°, b) tilting angle
0=1.5°

45.1.1 CPV Ray tracing design without solar rod
The CPV system is designed with a direct concentration on ideal detector

(GaAs and Si) without the use of secondary optics with a concentration of
224X.
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45.1.1.1 “GaAs” ideal detector

Table I1V-27. Layout of ray tracing tilting angle on “GaAs” ideal detector.

Layout “GaAs” ideal detector vs tilt acceptance angle

OJfOJf O IF
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Table 1V-28. Layout of ray tracing tilting angle on lost ray “GaAs” ideal detector.

Layout lost ray “GaAs” ideal detector vs tilt acceptance angle

E = N

0=0.2°

6=0.3° 6=0.4° 6=0.5°

0=0.6° 0=0.8° 0=1.0°
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45.1.1.2 “Si” ideal detector

Table 1V-29. Layout of ray tracing tilting angle on “Si” ideal detector.

Layout “Si” ideal detector Vs tilt acceptance angle

@ @
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Table 1V-30. Layout of ray tracing tilting angle on lost ray “Si” ideal detector.

Layout lost ray “GaAs” ideal detector vs tilt acceptance angle

B N N

6=0.3° 6=0.4° 0=0.5°

0=0.6° 0=0.8° 0=1.0°

6=1.2° 6=1.5°
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Figure 1V-70. Power and lost power of “Si” ideal detector vs incidence angle.
45.1.1.3 Total design system without solar rod
It is possible to highlight that the optical design performed have a good optical

efficiency, equal to 66-67% up to a tilting angle of t of 0.4° (Figure 1V-71).
Similarly, the system loss remains constant up to an angle of 0.4° (Figure
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IV-72) and then grows very quickly. This is due to the spot of the solar
radiation, which tends to exit from the cells by increasing the tilting angle (
Table 1V-27) (Table 1V-29).
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Figure 1V-71. Optical splitting system efficiency without solar rod at different
incident angle.
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Figure 1V-72. Dichroic drop efficiency at different incident angle.

451.2 CPV Ray tracing design with solar rod

A lens ray tracing design was conducted by inserting a secondary optic
element (SOE) which has the function of homogenizing the radiation on the
cells and to improve the angular acceptance of the system [108].

Figure 1V-73. CPV splitting system with secondary optics element (SOE) solar rod.
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45121 “GaAs” ideal detector

Table IV-31. Layout ray tracing tilt acceptance angle on “GaAs” ideal detector with
solar rod.

Layout “GaAs” ideal detector vs tilt acceptance angle

0=0.1°

6=0.3° 6=0.4° 6=0.5°

,
i
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Table 1V-32. Layout ray of tracing tilting angle on lost ray “GaAs” ideal detector
with solar rod.

Layout lost ray “GaAs” ideal detector vs tilt acceptance angle

6=0.6° 6=0.8° 6=1.0°

175



Results and Discussion
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Figure IV-74. Power and lost power of “GaAs” ideal detector vs incidence angle

with solar rod.

45.1.2.2 “Si” ideal detector

Table 1V-33. Layout of ray tracing tilting angle on “Si” ideal detector with solar
rod.

Layout “Si” ideal detector vs tilt acceptance angle
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Table 1V-34. Layout of ray tracing tilting angle on lost ray “Si” ideal detector with
solar rod.

Layout lost ray “Si” ideal detector vs tilt acceptance angle

0=0° 6=0.1° 6=0.2°
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Figure 1V-75. Power and lost power of “Si” ideal detector vs incidence angle with
solar rod.

45.1.2.3 Total design system with solar rod

It is possible to highlight by optical simulations that the system has a good
optical efficiency, equal to 64-65% up to a tilting lens angle of 0.8° (Figure
IV-76 and Figure IV-71). Similarly, the optical loss in separation system
maintain the optical efficiency up to an angle of 0.8° (Figure I\VV-77). The solar
rod guides the light for internal reflection without losing part of it (Table
IV-31) (Table IV-33).They are therefore indispensable to have a good
distribution of solar radiation on the cells and to compensate the solar errors
tracking about angles <1.0°.
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Figure 1V-76. Optical splitting system efficiency with solar rod at different incident
angle.

= Dichroic drop [%] vs incident angle

134 []
12
11

10

Dichroic drop [%]

T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 12 14 1.6
Incident Angle [°]

Figure IV-77. Dichroic drop efficiency with solar rod at different incident angle.
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Figure 1V-78. CPV system acceptance angle with solar rod: a) tilting angle 6=0°, b)
tilting angle 6=1.5°.

45.2  CPV prototype system

Figure 1V-79. CPV prototype spectra spitting system.
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45.3 I-V-P Characteristic curve

The CPV prototype system was characterized to determine the electrical
efficiency of the system. In particular, the characteristic 1-V-P curves have
been determined in order to quantify the electrical parameters of the
photovoltaic cells (GaAs and Si) and therefore be able to quantify the
efficiency of the system spectral separation in the two optical bands. In the
reflected optical band the gallium arsenide cell response was characterized
while in the transmitted optical band the silicon cell was characterized. The
electrical response of the prototype system was compared with a commercial
multi-junction cell of Spectrolab-Boeing.

45.3.1 Indoor measure SJSC (GaAs and Si cells)
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a) b)
Figure 1V-80. I-V-P Indoor characteristic curve SJSC: a) GaAs-Si without dichroic,
b) GaAs-Si with dichroic.
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Table 1V-35. I-V-P Indoor characterization of SJSC with and without dichroic

mirror.

SJSC - Indoor Solar simulator

) Si-GaAs
si Cell Si Cell GaAs Cell GaAs Cell cell
dichroic dichroic . .
dichroic
V Open [V] 0.578 0.545 1.03 1.02
J Short
[mACT] 41.10 15.22 25.78 23.22
FF [%)] 76.60 73.50 83.50 83.10
P max
[mwiem?] 18.24 6.11 21.82 19.72
1 [%] 1%20‘;1' 21.80 +0.05
1 splitting 6.10 +
(%] 0.07 19.70+0.06 | 25.80 +0.10
4.5.3.2 Indoor measure MJSC
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Figure 1V-81. I-V-P Indoor characteristic curve MSJSC.
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Table I1V-36. I-V-P Indoor characterization of MJSC.

MISC - Indoor Solar simulator
MJSC Cell

V Open [V] 2.454

J Short [mA/cm?] 14.38

FF [%] 85.90

P max [mW/cm?] 30.30
n [%6] 30.2+0.1

4533 Outdoor measure SJSC (GaAs and Si cells)
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Figure 1V-82. I-V-P Outdoor characteristic curve SJSC: a) GaAs-Si without
dichroic, b) GaAs-Si with dichroic.
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Table 1V-37. 1-V-P Outdoor characterization of SJSC with and without dichroic
mirror.

SJSC - Outdoor I-V-P
Lens g=150mm EFL=254mm  f/#1.7

. Si-GaAs
sicet | SCM | goagcen | GaASCell Cell
dichroic dichroic . .
dichroic
V Open 0.696 0.668 1.110 1.116
I\
| Short
2.64 0.76 2.42 1.998
[A]
FF [%] 84.63 80.20 83.0 87.00
P max
1.56 0.41 2.22 1.94
(W]
n [%] 14.3+£0.3 34+0.2 175+£0.2 16.1+0.1
n system
%] 19.45 £ 0.20

45.3.4 Outdoor measure MJSC
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Figure 1V-83. 1-V-P Outdoor characteristic curve MJSC.
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Table 1V-38. 1-V-P Outdoor characterization of MJSC.

MJSC - Outdoor I-V-P
Lens g=150mm EFL=254mm  f/#1.7
MJSC Cell
V Open [V] 2.883
| Short [A] 1.114
FF [%0] 77.78
P max [W] 244
n system [%0] 21.1+£0.2

45.3.5 Outdoor I-V-P daily measure

An efficiency characterization was conducted on a daily concentration
systems with multijunction and with spectral separation at f/number 1.7 and
2, with and without solar rod. In t Figure 1\VV-84 and Figure V-85, it is possible
to note the comparison between the different concentration systems.

Table 1V-39. Experimental results daily efficiency of CPV systems without solar
rod.

Lens g=150mm EFL=254mm

CPV - CPV CPV splitting
MJSC splitting f/1.7 /2
nsystem[%] 20.70+1.80  19.70+0.70 20.00 + 0.90
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Figure 1V-84. Daily efficiency system, CPV multijunction and CPV splitting system
with f/number 1.7 and 2.
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Table 1V-40. Experimental results daily efficiency of CPV systems with solar rod.

Lens g=150mm
CPV splitting f/2 CPV splitting f/2
solar rod
1 [%6] 20.4+0.6 20.0+0.7

It was also evaluated the experimentally of the efficiency CPV system with
spectral separation with and without solar rod. In Figure 1V-86, it is shown
how the CPV system with solar rod maintains high efficiency at tilting angles
up to 0.7°- 0.8° while the system without solar rod has a drop of efficiency
after 0.3°.

CPV Splitting System f/2
——CPV f/2solarrod ——CPV /2

n CPV System [%]
= = = N [ ~N
~ -] o (=] [ N
X KR X KR ¥ &
e
/
d
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0001020304 0506 07 08 09 1,0
Incident Angle [°]

Figure 1V-86. CPV splittin system f/2 with and without solar rod at different
incident angle.

45.4  Thermal measurements with the spectral separation

During the research on concentrating photovoltaic system, we have
undertaken the thermal analysis of the photovoltaic cells in solar
concentration [109].
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The analysis was carried out by simulating the photovoltaic cells with a known
material of aluminum in order to determine the temperature inside the sample
with a thermocouple and outside the sample with thermographic analysis.

In particular for thermographic analysis a calibrated emissivity equal to € =
0.93 was used that has allowed detecting the temperature in function of
exposure time to solar radiation.

Figure 1V-87. CPV prototype to evaluate the temperature on the cells.

In the Figure 1V-88 is highlighted the thermal evolution of the silicon cell
directly exposed to the solar radiation. There is a Fresnel lens concentrator
with a diameter of 150 mm. The temperature achieved after 30 minutes is
rnearly equal to 70°C both from thermocouple and from thermographic
measurements.
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Figure 1V-88. Temperature as a function of time of exposure of the silicon cell.
It was evaluated the temperature of the silicon and of gallium arsenide cells by

using

the spectral separation.

Figure 1VV-89 shows the temperature reduction of = 45% for Si cell and = 30%
of GaAs cell. This result shows as the dichroic filter allows to splitted the
thermal contribution on the PV cell. The dichroic mirror therefore also being
able to thermal selective filter.
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Thermographic Measurements
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Figure 1V-89. Temperature as function of exposure time on Si and GaAs cell with
dichroic filter, a) thermocouple measurements, b) thermographic measurements.
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Chapter V

Conclusions and Future perspectives

Conclusion of Optical Multilayer filter

The optical materials in multilayer spectral separation were characterized to
extrapolate the salient features needed for design and realization. The
multilayer is composed of an optical substrate on witch make up a stacking of
thin film layers that realize the coating.

The optical substrates such as sapphire, quartz and glass, are analyzed with
analytic function to extrapolate the refractive index and the extinction
coefficient.

The SiO2 and TiO:2 single layers coatings were analyzed by a dispersion
functions that model the optical transmittance and the reflectance of the
experimental curves. An accurate statistical evaluation of the thickness by the
atomic force microscopy (AFM) measurements, has allowed to obtain
excellent results of correlation between the optical experimental
measurements and the optical modeling response.

The refractive index of SiOz is 1.49 at 550 nm while for TiO2 material is equal
to 2.5 at 550 nm.

The atomic force microscope analysis allowed to determine the surfaces
morphology of the thin films, emphasizing that the quadratic and algebraic
roughness values are less than 4nm for TiO2 and less than 2nm for SiOz thin
films.

This indicate how the PVVD magnetron sputtering technique deposition realize
good quality surfaces and emphasize the separation of interfaces. This results
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improve the multilayer optical response and decrease the scattering of the
optical dispersion phenomena.

Compositional conclusion of multilayer thin film

The Rutherford Back Scattering (RBS) analysis on the single layers coating
enfatize the stoichiometry ratio of O/Si equal to 2.02 and O/Ti equal to 2.03.
The analysis of the stoichiometry ratio has allowed identifying the optimal set
point voltage deposition necessary to calibrate the deposition system. The
reactive sputtering technology requires a very accurate control of oxygen
flow. The calibration of voltage deposition oin the reactive sputtering allows
to obtain a reliable and reproducible process.

The RBS analysis on the single layer has enabled to evaluate the homogeneity
of deposition that determines the maximum area where to obtain uniform
coatings.

The vacuum deposition system is composed of a rotating sample holder where
the homogeneity of deposition is not uniform along the rotation axis.
Respect to a maximum distance of +10cm from the center of the target
deposition, the uniformity of deposition is equal to £3%

Optical multilayer design allows to simulated antireflection and dichroic
filters with high optical transmission or refraction efficiency with a low
number of layers.

In particulary the dichroic design selected for the aim of this research activity
has a number of layers equal to 21 with optical efficiency more than 90% in
the two predefined optical bands.

Crystallographic conclusion of TiO2
The multilayer have not a unique correlation between the optical design and

experimental measurements. This effect is underline in the antireflection
multilayers but is so much pronunced in dichroic mirrors.
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In order to analyze this discrepancy detected, it was necessary to perform
annealing treatment at the temperature of 350°C for 12 hours for the
antireflection coatings and 24 hours for the dichroic mirrors.

The FT-IR spectroscopy analysis carried out on the thin films of TiO. at
temperatures from 300°C to 350°C has shown the evolution in the spectrum
of assorbance of the Ti-O-Ti at the wave number equal to 436¢cm™.

It appears evident that increasing annealing temperature there is a distinct
phase transformation of TiO2 from amorphous to crystalline phase.

This is also emphasized an estimate of the FWHM at various temperatures,
with a value of 282 cm* for amorphous phase and 35cm-! for the crystalline
phase, due to a process of nucleation and growth of the material.

The phase variation from amorphous and crystalline titanium dioxide is also
carried out by the high resolution X-Ray diffraction analysis on the samples
as-deposited and heat treated.

The XRD spectrum of the TiOz2 thin film untreated presents a spread-spectrum
index of a purely amorphous phase and a characteristic peak attributable to
the rutile phase at 26=27.3° (110) and 26=53.57° (211).

The spectrum of the thermally treated sample shows characteristic peaks at
20=25.4° (101) or 26=48.2° (200) of the anatase phase. Do not appear in the
sample instead of the thermally trattated crystallographic planes of rutile
phase after heat treatment. Is to hypothesize an absorption of a rutile phase in
the anatase phase that is stable in the temperature range between 350°C and
700°C.

The crystallographic size calculated by Debye-Scherrer equation on the more
intense peak (101) of the anatase phase is equal to D=29nm.

Optical multilayer conclusion after annealing treatment

The antireflection and dichroic filters before annealing treatment showed no-
correlation between the simulated spectrum and the real optical measurement.
In particulary the variation of the as-deposited optical multilayers
transmittance decreases linearly with increasing total thickness of the titanium
dioxide. The optical transmission varying from a value of T=89% for a
thickness equal to 53nm up to T=25% to a total thickness of TiO2 equal to
716nm.
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These multilayer filters after the annealing treatment exhibit optical responses
comparable with the optical design, emphasizing the good correlation
between the materials designed and reproducibility of the deposition process.

The optical design of the SiO2 and TiOz alternating stacking layers is cheked
also by scanning electron microscope (SEM) technique, analizing the
multilayer in cross section images. It can be observe the quality of the layers
interfaces and quantify a few thicknesses of the layers or the total thickness of
the multilayer.

The correction between optical measurements before and after heat treatment
is also shown by the thickness variation quantified by the AFM analysis.
This analysis demonstrating as the total multilayer thickness decreasing after
annealing treatment highlighting a better correlation with the design project.
A slight shift of the spectra is also highlighted by RBS analysis before and
after annealing. This is justified by a slight thickness variation.

The optical constants of the TiO2 material vary with the treatment of annealing
at 350°C. In particular, the refractive index decrease from the compound
phase to the anatase phase from a value of 2.5 to 2.44 at 550nm. The extinction
coefficient decreases from the compaund to the anatase phase.

This is to promote the best transmitted optical responses in dichroic filters.

Conclusion of Concentrating Photovoltaic (CPV)
prototype system

Among the many applications of optical interference filters it was analyzed
and realized a concentrating photovoltaic system (CPV) using a dichroic filter.
This prototype system has a multidisciplinary activity that range from the
optical design, the solar tracking system, the electrical characterization, and
the evaluation of the thermal component on the PV cells.

Analyzing the spectral response of the Silicon (Si) and Gallium Arsenide
(GaAs) cells, it has been designed a dichroic filter to optically match these
cells.
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The analysis of external quantum efficiency of the cells allow to cover a
higher range of wavelengths. The choice of the silicon cell is mainly due to
the cost much lower than the cells 111-V.

The separation system is designed as the reflected optical band
(350nm<A<850 nm) to GaAs cell, and the transmitted optical band (950nm<Ax
<1200nm) to Si cell.

Conclusion of Ray Tracing design

The ray tracing design has allowed to use non-imaging Fresnel lens, primary
optics concentration element (POE), by witch to obtain the optical geometries
to be used in prototyping phase.

With particular attention was analyzed and evaluated the optical matching
between the Fresnel lens and the dichroic filter.

The more desirable optical coupling is result a slow type Fresnel lens that have
high f-number between 1.7 and 2.0. The f-number symbolize the ratio between
focal point and lens diameter of the Fresnel lens.

The POE optical lens of the system with f-number=2.0 have an efficiency
equal to 67%. The ray tracing software design focus the radiation directly on
the ideal detectors that simulate the PV surfaces cells.

The spot diagrams of the optical simulation show that there is a greater
concentration of solar radiation in the central area of the PV cell. These
provides a gradient of light on the PV cell.

The dichroic filter is designed to separate an incoming parallel light beam on
the surface at 45° of the multilayer coating. If such radiation is incident on the
surface with a conical geometry given by Fresnel lens focusing, the dichroic
filter changes the optical response in terms of edge cutting wavelength and
optical efficiency of the two separated optical bands.

The optical design of the prototype system has been fully performed by
simulating an angular misalignment of the solar tracking system. The results
show that the optical efficiency of the system decreases drastically for a skew
angle greater than 0.4°.

It was completed a ray tracing design by inserting a solar rod, a secondary
optics element (SOE) between the dichroic filter and the photovoltaic cells.

198



Conclusion and Future perspectives

The solar rod allow as illustrated by spot diagrams, to uniform the solar
radiation on photovoltaic cells. The solar rod increase the misalignment angle
of the tracking system up to 0.8°, with a transmission efficiency of optical
system equal to 64.5%.

Conclusion of prototype I-V-P characteristic curve and thermal
characterization

The dichroic separation system was compared with a high-efficiency multi-
junction cell.

As a first comparison were characterized by indoors measures of
characteristic I-V-P curves by using a solar simulator.

These measurements have shown the indoor cell efficiency measured at
standard conditions of 25°C and 1000W/m?,

The indoor measures have shown that the multi-junction cell has an efficiency
of 30.2 + 0.1%, while the splitting system GaAs-Si has an efficiency of 25.8
+0.1%.

Through outdoor measurements, it was possible to compare the multi-junction
system and prototype separation system using the same concentration lens.
The I-V-P characteristic curves measured, taking into account to quantify the
input power, have allowed to extrapolate the efficiency system under the
concentration with an f-number =1.7.

The concentration system with multi-junction cell has an efficiency of 21.10
+ 0.20%, while the separation system has an efficiency of 19.45 + 0.15%.
The different CPV systems were measured by conducting a daily measures to
show the trend of efficiency during the day.

The multi-junction concentration system presents an efficiency of 20.70 £
1.80%, while the splitting concentration system with /1.7 presents an
efficiency of 19.70 £+ 0.70%.

Was also measured the daily trend efficiency of a splitting concentration
system that have the same concentration but with a f/number equal to 2, and
it showed an efficiency of 20.10 £ 0.90%.

It can be seen that the multi-junction CPV system although having a higher
average efficiency but shows a double deviation standar data than CPV
splitting systems. This means that the CPV splitting systems is more constant
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throughout the day, especially towards the evening hours when the solar
radiation decreases.

Finally are compared two CPV splitting system with and without solar rod
that have the same f/number equal to 2.

The CPV system with solar rod shows an average efficiency of 20.40 £ 0.60
greater than the system without solar rod of 20.00 + 0.70.

This is likely due to a better solar radiation distribution on the surface of the
PV cells and a lower optical loss-ray on the PV cells.

It has been verified experimentally the maximum tilt angle of the CPV
splitting system such as to maintain high efficiency.

The CPV system with solar rod has a limit tilt angle of 0.7°- 0.8°, while the
CPV system without solar rod shows a loss in efficiency for angles greater
than 0.3°- 0.4°.

These results highlights as the CPV prototype splitting system with solar rod
can allow a greater misalignment. Therefore it can be used a simpler and
cheaper solar tracking system.

Finally, it evaluated the thermal component on the solar cells ensue by the
solar concentration.

The PV cell was simulated by a bulk material as aluminum, which has been
struck directly by the concentrated radiation and measuring the temperature
reached after 30 minutes of exposure.

Within the material, the temperature of about 71°C was detected with a
thermocouple, while on the surface the temperature equal to 69°C was
measured by an infrared camera.

The temperature was measured on the same sample by using the dichroic filter
in the two optical bands.

The temperature reduction on the Si cell in the transmitted band is equal to
45% that corresponds to a temperature of about 39°C. The GaAs cell in the
reflected band have a reduction of temperature about 30% that corresponds to
a temperature of 51°C.

This temperature reduction given by the splitting effect of the dichroic filter
is confirmed both thermocouple and thermographic measures.

One can conclude therefore that the dichroic filter is also a temperature
selective filter. The temperature reduction enables to limit the electrical losses
of the PV cells induced by the heating.

200



Conclusion and Future perspectives

This splitting effect removes the wavelengths of light that are not photo
converted by the PV cell avoiding thermal overheating. The PV cells therefore
using the spectral separation can be exposed to higher concentrations ratios.

General conclusions and Future perspectives

Considering the promising results and evaluating the international research
about the spectral separation applied to photovoltaic systems is possible to
think that this technology may be applied in future energy production plants.

Of particular interest is certainly the research on the performance of PV cells.
It will be important to use materials with energy gap adaptable to the optical
bands obtained in the splitting process of sunlight.

An important development to increase the CPV optical efficiency systems it
using high performance materials and technologies production will be to
obtain complex optical geometries as for Fresnel lens.

It will be important to optimize the dichroic filters design, combined by
performance materials, will obtain more efficient and accurate spectral
separations in two or more optical bands.

A better spectral separation matched with dedicated photovoltaic cells will
convert more wavelengths of the solar spectrum, which will raise the overall
efficiency.
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