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Abstract

Concentrating photovoltaics (CPV) systems use concentrating optical elements to
significantly reduce the material and processing costs of multi-junction high efficiency
solar cells and improve the conversion efficiency. However, several issues hindered the
development of CPV technologies due to the fundamental limit of thermodynamics
and practical difficulties of manufacturing and deployment, such as system bulkiness,
tight tracking error, thermal management and inability to collect diffuse irradiance.
By dramatically scaling down the dimensions of the cells to the level of hundreds of
microns and accordingly the concentrating optics, micro hybrid CPV overcomes the
listed issues and also delivers a small form factor module profile similar to conventional
flat panel PV. In this thesis, we are focusing on the critical optical components in the
micro hybrid CPV: the micro optics.

First, we demonstrated a wafel-level micro hybrid CPV module based on Si fab-
rication. By introducing the micro cavities in Si wafer with wet etching, this novel
micro optical element illustrates its potential for cost-effective collection of both di-
rect and diffuse sunlight, thereby extending the geographic and market domains for
cost-effective PV system deployment. By improving the CPV figure of merit by 46%,
our micro hybrid CPV module demonstrated state-of-the-art small-form-factor CPV
module optical performance.

Next, we focused on developing a micro-prism-array based low-profile spectrum
splitting optics assembly. By novelly combining conjugate optics design with materi-
als optical properties, the high-efficiency, low-cost, and low-profile optics potentially
enables significant improvement on solar module performance and reduction of energy
production costs.

Lastly, we developed a simulation frame work to generate annualized diffuse ra-
diance energy distribution map that covers the whole United States region. This
simulation approach accounts for different geographic locations and weather condi-
tions and aims to provide high accuracy reference for diffuse concentrator design.

Thesis Supervisor: Juejun Hu
Title: Merton C. Flemings Career Development



Associate Professor of Materials Science and Engineering
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Chapter 1

Introduction to Micro Hybrid

Concentrator Photovoltaics

The world energy consumption has been steadily increasing in the past few decades.
The finite and non-renewable fossil fuel resources are limiting its further growth since
it occupies 90% of the total world energy consumption. [1] Despite the abundance
issue, the utilization of the fossil fuels also generates severe environmental issues like
the global warming and pollution. Thus the pursuit of green renewable energy has
been one of the most critical topics for human civilization development.

All the energy resources on Earth, despite the nuclear energy, originate from the
solar energy. Solar energy is an extremely abundant energy resource. The solar energy
flux reaching the earth surface totals as 1.7x10° TW, [2] while the world annual energy
consumption is predicted to reach 739 quadrillion BTU by 2040, which equals the solar
energy illuminated on earth in only 1.27 hours. This is suggesting that an effective
method to harvest the solar energy can sustain the human species for centuries. The
great economic potential of solar energy has been driving the market escalation. The
solar market has already provided 38% world expanded capacity, compared to the
30% from fossil fuels and nuclear energy in 2017. [3] Photovoltaics (PV) is the most
promising technology to harvest the solar power. In this chapter, we will go over
the fundamentals of the PV technology, especially concentrator photovoltaics (CPV),

and discuss the current system development status.
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1.1 Concentrator Photovoltaics Fundamentals

1.1.1 Introduction of Solar Irradiance

Solar irradiance originates from the Sun nuclear furnace. The Sun’s electromagnetic
spectrum spans from a wide range of wavelength, from ultraviolet (UV) to visible,
infrared (IR) and radio waves. After travelling a long distance to the surface of the
Earth, the average intensity of the solar radiation is 1366 W/m?. For terrestrial
solar energy application, the solar radiation will go through the atmosphere, and get
reduced to the level of 1000W/m? due to the atmosphere reflection, scattering and
absorption. [4]

Due to the scattering of the atmosphere, the solar radiation is typically divided
into two parts: The direct light and the diffuse light. The direct light is defined as
the radiation from a small solid angle of the sky, connecting the observer to the sun
position. The World Meteorological Organization recommends 2.5° semi-angle for
direct light definition consensus. [5] The diffuse light is defined as the solar radiation
scattered out from the direct beam by atmosphere into the hemisphere of the sky
dome. The distribution of the diffuse radiation depends on various factors including
the sun position, weather conditions and the tracking method.

Solar irradiation is described by the following terms: global horizontal irradiance
(GHI), global tilted irradiance (GTI) and direct normal irradiance (DNI), as depicted
in Figure [1-1] respectively. [6] DNI is defined as the direct light irradiance measured
on a plane that is perpendicular to the line connecting the observer to the sun posi-
tion, within the 2.5° semi-angle. It can be measured by pyrheliometer, a sun sensor
that has 2.5° semi-angle acceptance cone. GHI and GTT are both global solar irra-
diance, including both the direct light and the diffuse light components. They can
be measured by pyranometer, which has a hemisphere acceptance cone. Their differ-
ence is in the tracking method: GHI is measured on a horizontal plane while GTT is

measured with the sensor plane tracking the sun. They can be expressed as:

GHI = DNIcosf + DHI (1.1)
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Figure 1-1: Solar irradiance definition Schematics: (a) GHI, (b) GTI and (c¢) DNL
(The red plane represents the sensor and its facing direction)

GTI = DNI + DTI + R, (1.2)

in which 6 is the angle between the sun position and the normal of the horizontal
plane, DHI is diffuse horizontal irradiance describing the diffuse light irradiance on
horizontal plane, DTT is diffuse tilted irradiance describing the diffuse light irradiance

on the tilted plane, and R, is the ground reflected irradiance.

Solar irradiance is directly affected by the sun position and the weather conditions.
The sun position is a function of geographic locations and solar time, as depicted in
Figure The sun position determines the air mass (AM), which is defined as the
path length of the solar irradiance that goes through the atmosphere. The lowest AM
value is 1, which happens when the solar elevation angle is 90° and the solar irradiance
only goes through 1 unit of atmosphere thickness. The larger air mass means longer
path to scatter the solar beam, and thus more diffuse light. The weather affects the
solar irradiance through the atmosphere particles (aerosol, cloud water molecules,
rain droplets and et al.) by reflection and scattering. These complicated factors lead

to the extremely variable nature of solar irradiance.

To provide a standard reference for the solar energy community, the standard
spectrum ASTM G-173-03 (ISO 9845-1) AM1.5 is proposed for terrestrial solar appli-

cations. The spectrum condition is simulated with the sensor facing the sun position,
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at an elevation angle as 41.81° (air mass value is 1.5) in an clear weather. [7] The
spectrum wavelength range covers from 280 nm to 4000 nm, as plotted in Figure
1-3l GTI, DNI and DTT are 1000 W/m?, 900 W/m? and 100 W/m?, respectively.
Currently, most of the PV device optimizations and the system designs are based on
the standard AM1.5 spectrum. It provides a good reference for the fair comparisons
between the different PV modules and systems. However, it also leaves room for the

discrepancy between research study and field performance.

1.1.2 Photovoltaic Cells

PV cells harvest the solar energy by converting the photons to electron and hole pairs.

Photon energy is inversely proportional to its wavelength A as:
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E=< (1.3)

in which h is the Planck’s constant and c is the speed of light. When photon
energy is smaller than the bandgap of the cell materials, it will pass without being
absorbed. When the photon energy is larger than the bandgap, it will be absorbed.
However, the cell can not harvest the full photon energy since the electron and hole
pairs will quickly relax to the band-edge due to the thermalization process, and lose

energy into heat.

After the electron hole pairs are generated, the electrons and the holes must be
separated by electric field to drive the power consumer in the outer circuit. It is
accomplished by the p-n junction structure, which is manufactured by doping donors
and acceptors into the host material. This p-n junction generates a depletion region
where the built-in electric field will sweep the photo-generated electrons and holes in
opposite directions, and thus separate them. The single diode model to describe the

PV cell performance is shown below:

I =1,e"/™T _1) - I, (1.4)

in which I is the cell current, I, is the dark saturation current related to the
material quality, ¢ is the unit electron charge, V' is the cell voltage, n is ideal factor
describing the carrier recombination process, k is the Boltzmann’s constant, T is cell

temperature and I, is the photo current.

The most important performance parameter of a PV cell is its energy conversion
efficiency 7, which is characterized by I-V sweeping measurement with a known input
solar irradiance P;. Then 7 is calculated using the current [,,,, and voltage V.. at

the maximum power point from the I-V measurement as:

n= Imaxvmax/Pi (15)
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1.1.3 Shockley-Quiesser Efficiency Limit

To determine the maximum conversion efficiency of the PV cells, in 1961, Shockley
and Queisser proposed the detailed balance model on single junction cell from thermo-
dynamics perspective, which became the most famous PV device design guide called
Shockley-Quiesser limit. [8] In the detailed balance model, the assumptions are:

(1) The absorbing materials are perfect. It absorbs all the photons with energy
larger than the bandgap and transmits the photons with energy below the bandgap.
The material carrier mobility is infinite.

(2) The only loss mechanism of the cell is the radiative recombination. The cell,
the sun and the environment are in equilibrium through the radiation transfer.

Later in 1980, Henry introduced graphical quantum-efficiency analysis with de-
tailed balance model to study the multi-junction cells and the concentration effect. [9)
This method outlined an intuitional guidance to improve the PV cells efficiency by
adopting multi-junction cells structure and concentrating solar irradiance. The multi-
junction approach improves the cell module efficiency mainly by expanding the photon
absorption wavelength window and reducing the thermalization loss. The solar con-
centration approach improves the efficiency by reducing the dark saturation current

I, in equation [I.4] since I, is proportional to the cell area.

1.1.4 Solar Concentration Thermodynamic Limit: Etendue

Since concentration of solar irradiance can increase the cell efficiency, and also reduce
the cell materials usage and the related cost, it’s beneficial to concentrate the sun
light as much as possible. However, there is a thermodynamics limit for the highest
achievable concentration level for a given light source, indicated by etendue conserva-
tion. [10] Etendue conservation states that in a lossless optical system in which there
are no absorption, scatter, gain or Fresnel losses, the etendue shall remain constant.
The significance of etendue is that rays can be determined by stating the positions
and directions in phase space. |11] Etendue is a space concept defined in the phase

space. According to the edge-ray theorem, the rays that are confined in the etendue
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after the reflection and refraction in the optical system, will still be confined by the
same etendue conserved space. Thus the irradiance concentration can be described
by the etendue conservation. If etendue £ is calculated at the entrance pupil or exit

pupil, it can be expressed as:

= //d§ = n2//cos0dAdQ = n2///cos9dAsin9d9d¢ (1.6)

in which n is the refractive index at the pupil, A is the area of the puil, and €2 is
the solid angle. In polar coordinates, solid angle df) can be expressed as sin 6dfdo,
in which 6 and ¢ are the polar angle and the azimuthal angle, respectively.

If assuming the solid angle is constant within the pupil area, and integrate the
solid angle with 6 from 0 to 6,, and ¢ from 0 to 27, then Equation will be

converted to:

2 Oa
£=n? / dA/ dgzﬁ/ cos 0sin 0df = mn? Asin 20, (1.7)
0 0

in which 6, is called the semi-acceptance angle.
If etendue is inspected at both the entrance pupil (labeled with subscript i) and
the exit pupil (labeled with subscript o), due to the etendue conservation, we can

have:

2 i 2
nssin “04,

& =& =mniA;sin?0,; = mn2A,sin?0,, = C = A;/A, = (1.8)

2 .
n? sin 260,
in which C' is the concentration ratio. The maximum concentration ratio is given

when 0, = 7/2, shown as:

n2

Cmaac - 2—0 (19)

n? sin 26,
Equation (1.9 shows that the more divergent the input light is, the more difficult it
is to achieve a high concentration ratio. The beam divergence of the direct irradiance

is determined by the sun’s diameter (1.39 x10° km) and the earth-sun distance (149.6
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x10° km), which is 0.26° in semi-angle, called solar disk. If the circumsolar region is
included, the input beam divergence is 2.5°. [5] The refractive index at the input n; is
always the refractive index of air as 1. Thus if assuming n,=1 as in air, the maximum
concentration ratio for direct irradiance concentration is 48563 if only consider the
solar disk, or 526 if circumsolar is also included. The concentration of diffuse irra-
diance is much more complicated since the direct radiance can be approximated as
uniformly distributed within the small angle spread, however, diffuse radiance distri-
bution depends on many factors, which will be discussed in more details in Chapter
4

Since etendue reveals the trade-off between the concentration ratio and the accep-
tance angle in a given optical structure, to evaluate the performance between different
solar radiation concentrator design, the figure of merit is defined as concentration ac-
ceptance angle product (CAP), expressed as:

N, sin 6,

CAP =/(Csinf, = "— (1.10)

n;

To achieve high C'AP value, there are two approaches, as indicated by Equation
1.10¢ (1) Immerse the output beam in high refractive index dielectric material; (2)
Adopt advance optical design to expand the output beam to make 6,, as close to
/2 as possible. Some non-imaging optics design methods are proposed for modern
solar concentrator design, such as the flow-line method by Winston and Welford, and

simultaneous multiple surface method by Minano and Benitez. [12,/13]

1.2 Concentrator Photovoltaics: Status and Chal-

lenges

The first PV device dates back to 1883, made by Fritts. Modern PV research started
from 1954 in Bell Labs where the researchers fabricated the Si p-n junctions and
achieved 6% efficiency. [14] After 30 years of research study, the PV industry began
to mature with facilities manufacturing Si-based PV cells. [15] Since then, the PV
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Figure 1-4: NREL cell efficiency records chart.

community have devoted innumerable efforts to develop new PV technologies and
push for higher module efficiencies, as shown in Figure PV industry also
has achieved great success. The world cumulative PV installation has been growing
exponentially in the last three decades, and reached 404 GW in 2017, as shown in
Figure [1-5] Now the solar power have already accounted for 6.3% and 1.7% of in-
stalled capacity and electricity generation, respectively, in global energy market.
The dramatic growth mainly takes advantage of the rapid price reduction of Si panel
PV, driven by scaling-up of PV deployment volume and technological advancements.
Si panel PV has already accounted 95% share of the world production. However,
as the efficiency of Si PV reaches its practical limit, balance-of-system (BOS) costs
gradually becomes the dominant challenge for continued price reduction which sat-
urates the cost learning curve. High-efficiency, low-cost PV modules beyond Si
are therefore critical for further market penetration and can potentially enable a new

price learning curve for solar energy technology.

By utilizing high performance multi-junction cells and concentrator optics, concen-
trating photovoltaics (CPV) systems can in principle reduce energy production costs

by considerably reducing the usage of costly multi-junction cells. [21-25] In recent
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Figure 1-6: Learning curve plot for CPV and Si PV (labeled as Global PV).

years, the performance of CPV technologies has been advancing steadily, with cell
and module conversion efficiencies reaching 46% and 43.4%, respectively. The
installation capacity of CPV has been steadily increasing before 2015. Haysom
et al. predicted and compared the learning curves of CPV and panel Si PV in 2015
as depicted in Figure showing a bright future for CPV industry.

However, currently CPV only occupies less than 0.1% of the global PV market.
It’s not only due to the lower levelized cost of electricity (LCOE) of Si PV compared
to CPV, [29,30] which mainly originates from the order of magnitude difference of the
global deployment and industry scales, but also the intrinsic limits of the traditional

CPV systems as listed below:

(1) Tracking requirement: Since CPV is using concentrator lens, a tracking sys-
tem is required to consistently align to the sun. Traditional CPV systems usually
deploy reflective mirrors or refractive Fresnel lens in meter-scale, which mandates
high-precision heavy-duty trackers. Due to the high requirements and limited CPV
production scale, the high initial investment barrier and prohibitive price has signifi-

cantly hindered the CPV market growth.

(2) DNI-only harvesting capability: As discussed in Chapter and [1.1.4]
concentrators work most effectively with collimated light. Traditional CPV does

not utilize diffuse radiation, which significantly limits the system deployment only
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Figure 1-7: DNI abundance distribution map in USA.

within high-DNI regions, i.e. the southwest regions in USA, as depicted in Figure
Besides, DNI is an extremely variable source of energy, [32] which increases
the difficulties in power management and reduces the bankability of traditional CPV

systems.

(3) Heat management: The concentration of solar irradiance leads to high density
of heat when the concentration ratio is high. However, photovoltaic devices operate
at higher efficiency in lower temperature environment. Besides, the cell lifetime can
be significantly reduced if the temperature is high enough to melt solders or degrade
resins. Traditional CPV requires heat sinks to provide significant cooling ability which
adds up the system complexity and related costs.

Currently traditional CPV industry is facing the so called chicken-and-egg situ-
ation, as these fundamental performance, reliability and cost issues are slowing
down the scaling-up process of the industry, while the limited production volume in
turn leads to slow cost reduction, which is essential for advanced CPV system deploy-

ment. New approaches are mandated for CPV to break out from this conundrum.
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1.3 Promises of Micro Hybrid Concentrator Pho-

tovoltaics

The micro hybrid concentrator photovoltaics concept enabled a new breakthrough
possibility for CPV system and received various attention in the research communities
in the past few year. [33-35]

By drastically micronizing the cell area into the sub-mm region and shrinking the
related optics footprint, micro CPV can successfully alleviate, even eliminate most
of the fundamental limits of the traditional CPV systems. In the cell level, micro
CPV exhibits superior cell performance. To effectively collect the photo-generated
carriers, large-area cells need to pattern metal collectors on the top of the cells,
which introduces 5% to 10% shading loss. In micro CPV, the metal fingerings are
not mandatory when the cell aperture is comparable to the carrier diffusion length,
thus eliminates the extra shading loss. In the module level, micro CPV replaces the
large scale concentrator to mini lens arrays, and thus achieves more distributed heat.
Besides, when the cell size decreases to hundreds of microns level, the surface area
to volume ratio will be high enough to enable efficient heat dissipation so that the
cell operation temperature is essentially the same to that in one-sun scenario. [34]
Typically, micro CPV only requires passive, even no heat dissipation design which
reduces the system integration difficulty and cost. Besides, traditional CPV often
adopt large Fresnel lens as the primary concentrator to reduce the module weight.
However, the Fresnel lens suffer optical losses due to draft angle and corner rounding
issues. Micro CPV module adopts mini lens arrays instead, thus can gain extra 10%
transmission. [34] In the system level, micro CPV has lighter and more compact
system profile by utilizing thin mini lens arrays with small focal length. Thus the
tracker does not have to be heavy-duty. Since micro CPV can achieve a panel-like
module profile, it can gain leverage from the existing large scale Si PV industry by
adopting their racking and trackers. It significantly reduces the initial investment
requirement for micro CPV to scale up, providing a feasible route to break out from

the chicken-and-egg dilemma.
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Annual Average Global Solar Radiation on a 2-axis tracking system per day (kWh/m2-day)

Figure 1-8: Annual average solar radiation in 2-axis tracking mode across the USA.

The hybrid CPV concept aims to expand the energy harvesting capability to
include the diffuse solar irradiance. By introducing Si cells as the diffuse irradiance
harvesting device, the hybrid CPV can effectively collect both the direct and the
diffuse irradiance, expands the CPV system geographic locations from only the high-
DNI southwest region to the whole USA, and increases the system adaptability to
various weather types like cloudy and overcast. Haney et al. studied the micro
hybrid CPV concept in 2014. They showed that in 2-axis tracking mode, the
diffuse irradiance ranges from 20% to 40% of the total global irradiance as shown in
Figure [1-8, making it an unignorable part for photovoltaic applications. They also
conducted the LCOE analysis to compare micro hybrid CPV and micro-only CPV
within USA as shown in Figure [1-9] demonstrating maximum of 25% cost reduction
by introducing the hybrid concept into micro CPV.
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Figure 1-9: LCOE costs within the USA. Micro hybrid CPV and micro-only CPV are
labelled as HPV and MEPV, respectively.
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There have been some successful demonstrations of micro CPV and hybrid CPV
modules, as shown in Figure Panasonic demonstrated a monolithic integrated
micro CPV module using 3-J cells that achieved 35.9% conversion efficiency. [37]
However, their module does not have a secondary optics so the module CAP value is
low. Semprius demonstrated a micro CPV module with balls lens as the secondary
optics, thus improved the CAP to 0.52. Later they collaborated with UIUC team
and added Si cell in the design to enable diffuse light harvesting capability. Besides,
they developed the transfer printing technology which is essential to cost-effective
large-scale micro CPV module production. [38,/39] The Universidad Politécnica de
Madrid research group developed CPV module based on the Fresnel-RXI Kohler
integration method and demonstrated measured CAP as 0.56 and design simulated
CAP as 0.85. [40,41] However, the complicated non-imaging optics design may face
severe manufacturing difficulties when the cell size goes to sub-mm level. Price et
al. developed micro CPV module by imbedding the tracking system into the module
and demonstrated system field of view as 140° with over 30% system efficiency. [42]
This compact system shows great potential in rooftop PV application. However, the
internal tracking approach will inevitably increase the system integration complexity
and the system cost. Hybrid CPV designs and modules have been demonstrated by a
few research groups. [39,43-45] All of them adopted the same approach as introducing
Si cells into the CPV-only module, and demonstrated a boost in efficiency, especially

in low-DNI scenarios.

Currently, a cost-effective micro hybrid CPV architecture for large scale produc-
tion is still under active research, since the system level cost is a complicated topic
involving cell optimization, optics design, system integration and cost analysis, where
a lot of trade-offs exist. Besides, different application scenarios, like utility-scale solar
farm, rooftop PV and solar vehicles, require specific designed modules and systems.
In order to reach or even surpass the cost learning curve of Si PV, the following
performance attributes are demanded: 1) high performance multi-junction micro-cell
arrays, 2) high efficiency, high concentration, and large field-of-view micro-optics that

further reduce usage of semiconductor materials, simplify module design, and are tol-
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erant to pointing accuracies of low-cost trackers (1° to 1.5° tracking accuracy), 3) high
level integration of the components within a compact module to minimize assembly
and operation costs, 4) the module fabrication and BOS must be compatible with
current Si PV manufacturing in order to take advantages of the economy of scale,

and 5) diffuse light should be captured in a cost-effective manner.

1.4 Outline of the Thesis

In this thesis, we focus on developing micro optics compatible to large scale produc-
tion of micro hybrid CPV modules. We will introduce two optical elements: multi-
functional Si platform and micro-prism-array spectrum splitting optics. These two
optics have thin-profile and can be easily integrated into other existing CPV module
designs.

Chapter 1 presents the motivation of developing micro hybrid CPV modules. In
Chapter 2, we demonstrate the novel wafer integrated micro concentrator photo-
voltaics module concept based on the multi-functional Si platform. The fabrication
process of the multi-functional Si platform and its outstanding optical and photo-
voltaic performance are presented. Our results show that it’'s a viable route to
achieve state-of-the-art micro hybrid CPV module, demonstrating 0.68 concentration-
acceptance-angle product. In Chapter 3, we design and prototype the novel spectrum
splitting optics based on micro prism arrays for lateral-arrayed multi-junction cells.
The optics features > 80 percent transmission, < 8° beam deflection angle and ex-
cellent spectrum splitting capabilities. Outstanding module performance is predicted
using simulation approaches. In Chapter 4, we focus on construction of annualized
diffuse radiance energy distribution model. The 2-axis simulation results indicates an
optimistic results for diffuse concentrator design for cost-effective micro hybrid CPV

module.
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Chapter 2

Wafer Integrated Micro

Concentrator Photovoltaics

Simply miniaturizing traditional CPV modules based on fabrication and module
assembly techniques optimized for macro CPV is not a viable route to fulfilling the
potential benefits of micro CPV. The scaling down of component size further limits
the employment of efficient non-imaging or multi-stage optical concentrator systems
that could bring performance close to the thermodynamics limit, since the fabrication
and assembly of such components in either micro scale or large array is challenging

and cost-prohibitive.

In this chapter, a new micro hybrid CPV concept is presented, aiming to radically
improve PV system’s cost effectiveness by further exploiting cell /optics scaling. The
Wafer Integrated Micro Concentrator Photovoltaics (WPV) concept utilizes I1I-V
micro-cells integrated with a novel multi-functional Si platform to fully leverage the
high performance of multi-junction cells as well as module- and system-level benefits

of Si flat-plate PV. The PV system designs are guided by a detailed cost model based

Work presented in this chapter has been published in:
“Wafer integrated micro-scale concentrating photovoltaics” Progress in Photovoltaics: Research
and Applications, 26 (8), 651-658 (2018);
“Highly-integrated Hybrid Micro-Concentrating Photovoltaics”, 2018 IEEE 7th World Conference
on Photovoltaic Energy Conversion, (2018).
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on industrial-scale fabrication processes that analyzes and predicts energy production
costs. [46]

Here we demonstrate the design, fabrication, integration, and optical performance
characterization of the multi-functional Si platform, which shows remarkable versa-
tility for integration with different micro-cell and micro-optic architectures and sig-

nificant improvement compared to conventional CPV approaches.

2.1 WPV: Module Concept

As schematically illustrated in Figure the key notion of the WPV concept
is a multi-functional silicon platform integrating high concentration multi-junction
micro-cell arrays, cell interconnects and high performance micro-optical elements all
embedded at the wafer level. The Si cell contains etched truncated pyramid-shaped
reflective cavities that serve as efficient non-imaging micro-optical concentrators and
alignment features for other micro-optical /mechanical components as illustrated in
Figure [2-1] (b)-(d). The III-V cell is located at the bottom of the cavity, which
provides concentration and increases the field of view of the entire optical system.
It also improves the tolerance to fabrication errors and refractive index changes re-
sulting from temperature variations. Anisotropic etching of standard 100 oriented
silicon substrates exposes the 111 crystal planes to form truncated-pyramid-shaped
rectangular cavities with facets of 35.3° slanting angle. The four sidewall facets of the
cavity are coated with highly reflective metal films. Optical apertures of the cavities
are precisely defined to match the micro-scale cells. The Si cell is also designed to
capture and convert the diffuse and off-alignment sunlight which usually contribute
to major optical losses in conventional CPV systems. As a result, the WPV approach
seamlessly integrates multiple functionalities on an ultra-compact hybrid III-V-on-Si
platform, including optical micro-concentration, hybrid PV/CPV photovoltaic, and
mechanical micro-assembly.

As depicted in Figure (b) and (c), a baseline WPV structure consists of: 1)

a Si cell platform encompassing the reflective cavity arrays and cell interconnects, 2)
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a multi-junction micro-scale PV cell array integrated on the Si platform and aligned
to the cavities, and 3) a primary concentrating optic array. Enabled by such wafer-
level integrated micro-concentrators, the simple baseline WPV architecture yields
prototype designs with concentration ratios ranging between 400X and 2400X while
maintaining sufficient angular tolerances (£1° to +2°) that are fully compatible with
commercial low-cost trackers designed for Si PV (typically 1° to 1.5° tracking accu-
racy). Compared to high-precision trackers dedicated to CPV modules, Si trackers
have less demanding accuracy requirements and their manufacturing can take advan-
tage of the economy of scale to achieve considerably reduced costs(> 50%). [47] The
Si platform with the cavities as on-wafer alignment features can be further integrated
with a variety of single- or multi-stage optical concentrator architectures while main-
taining a compact form factor. Analyses and experimental investigations described
in later sections suggest the WPV approach can potentially leverage both the high
performance of multi-junction cells and the low cost of flat plate Si PV infrastructures

at the module- and system-levels.

2.2 Multi-functional Si Platform

2.2.1 Fabrication Process

The fabrication process for the multi-functional Si platform is schematically illus-
trated in Figure [2-2] The process starts with standard PV-grade double-side pol-
ished Si wafers with 280 pm thickness. The truncated-pyramid cavities were defined
via anisotropic wet etching in an aqueous solution containing 36% KOH and 10%
isopropanol (by weight) at 90 °C. Silicon nitride (400 nm thickness) deposited by
plasma enhanced chemical vapor deposition (PECVD) was used as the etch mask.
Other etch barrier materials were also tested, such as LPCVD nitride and thermal
oxide. However, these high-temperature process will significantly degrade the carrier
lifetime of the Si wafer, as indicated in Figure [2-3] The specific etching condition is

optimized for generating smooth cavity sidewalls to minimize optical scattering loss.

40



After the KOH wet etch, standard HNA etch was conducted to remove 1pm surface
material, which was contaminated due to potassium ion diffuse, to recover the wafer
carrier lifetime, as shown in Figure [2-3| The nitride mask was stripped in 7:1 buffer
oxide etch (BOE) after the etching step and the wafer was subsequently encapsulated
in a sputtered silicon nitride layer to prevent electrical shorting. Ti/Au intercon-
nects, Ti/Au/Ni/Au (thicknesses: 25 nm/100 nm/100 nm/200 nm, from bottom to
top) underbump metal, sputtered silicon nitride (400 nm thickness) solder dam, and
solder metal ( 5 pm SAC305, a lead-free alloy that contains 96.5% tin, 3% silver, and
0.5% copper) for the multi-junction micro-cells were then sequentially patterned by
contact photolithography and lift-off at the backside of the wafer. The interconnect
and underbump metal layers were coated using electron beam evaporation whereas
jet deposition was utilized to form the solder bumps. All these patterning steps were
performed using dry film resist (Dupont MX 5020) to avoid the accumulation of resist
in the etched cavities from the conventional spin coating technique. In the last step,
the Si cavity sidewalls were coated with a 100-nm reflective silver metal film and
a 150-nm silicon nitride protective layer to prevent oxidation of the metal coating.
Multi-junction micro-cells can then be solder bonded to the Si piece (not depicted in
Figure [2-4). Figure (a) and (b) show photos of the front and back sides of the
fabricated Si platform.

Resistivity of the interconnect metal wires was measured to be 3.1 x 10~8 ohm-m,
consistent with literature values of gold resistivity. [48] Based on the resistivity data,
two interconnect designs were modeled to evaluate the ohmic power losses in micro-
scale CPV modules. In a test module with 2 cm by 2 cm aperture, there are 11 rows
of micro-cells, each containing 9 individual micro-cells arrayed in a honeycomb lattice
pattern. In the first interconnect design, the micro-cells in each row are first stringed
in series, and then all rows are connected in parallel. In the second layout, all cells
are connected in parallel. Figure (c) compares the calculated fractional power
loss from the test module due to ohmic resistance. While both design can achieve low
power loss (< 2%) with a moderate gold film thickness of 300 nm, the series design

claims much reduced power loss due to the smaller currents in the interconnect bus
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Figure 2-2: Schematic fabrication process flow for the multi-functional Si platform.
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Figure 2-4: (a) Frontside and (b) backside photos of the Si platform with etched
reflective cavities; (c) Simulated power loss due to ohmic resistance of interconnects:
the two lines correspond two interconnect designs.

lines.

The etched Si cavity sidewall quality was examined using white light interferom-
etry (WLI). In the experiment, the etched Si wafers were cleaved along the [110]
direction passing through the cavities, which divided the cavities in halves, as shown
in Figure (a). SEM and optical microscopy were used to evaluate the control of
etched cavity size, showed well matching to the 100pm by 100pm III-V cells, as
illustrated in Figure (b) and (c). The cleaved sample was then mounted onto
a custom-made tilted sample holder such that one of the cavity’s four sidewalls lies
in the horizontal plane to facilitate the interferometry measurement. Figure (c)
shows the exemplary surface morphology of the cavity sidewall characterized by WLI.
The measurement yields an average RMS roughness value of (10 4+ 2) nm, introduc-
ing negligible scattering loss and thus minimum impact on the cavity’s concentration

performance when sunlight is incident on the sidewalls from the filling material (e.g.,

PDMS).

The results above indicate that the Si etched cavity platform fabricated using stan-
dard micro-fabrication protocols projects adequate optical and electrical performance

for micro-cell array integration.
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Figure 2-5: (a) Cleaved Si wafer with etched cavity arrays; (b) top view of an etched Si
cavity after metallization; (c) side view of an etched Si cavity; (d) surface morphology
of the Si cavity sidewall measured using white light interferometry.
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2.2.2 Photovoltaic Performance Demonstration

The etched Si wafers were fabricated into interdigitated back contact (IBC) solar cells
by Institute of Energy Conversion (IEC). After the wafer cleaning and HF etching,
the wafers were passivated by the stack layers of PECVD deposited a — Si : H
based thin films. The front passivation layer consists of 8 nm intrinsic @ — Si : H
followed by 80 nm a — Si/N, : H and 20 nm a — SiC': H layers. This stack structure
provides excellent surface passivation with anti-reflection properties. The back surface
passivation stack consists of 8 nm thick intrinsic a — S7 : H followed by 30 nm n-
type a — St : H and 80 nm a — SiNxz : H layers. The IBC cell fabrication was
completed with e-beam evaporated interdigitated Al metal contacts, as shown in
Figure [2-6| (a). The J-V performances were measured under AM1.5 illumination
and at room temperature of 25 °C, and presented in Figure (b). The IBC cell
open circuit voltage, short circuit current density, fill factor and efficiency are 0.626
V, 35.7 mA/cm?, 58.4% and 13.0%, respectively. Corrected with the cavity area,
the true cell efficiency is 14.3%, which is comparable with the 14.8% efficiency value
of IBC cell without through-hole cavities. [49] It suggests that introducing cavity as
secondary concentrating optics features in Si wafer will not degrade its photovoltaic
performance, and multi-functional Si platform is a viable route to enable hybrid solar
energy harvesting function in micro CPV module. By improving the fabrication
process and introducing texture features, the IBC cell can potentially achieve 25%

efficiency. [50]

2.2.3 Optics Performance Demonstration

The etched Si cavity plays a critical role in simultaneously improving the concen-
tration ratio and acceptance angle of a micro-CPV module with minimally added
module complexity and costs. The optical performance of the Si platform is char-
acterized by optically coupling the reflective cavity to an off-the-shelf N-BK7 ball
lens concentrator, as shown in Figure (a). The optical transmission of the ball

lens concentrator under different light incident angles is measured with and without
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Figure 2-6: (a) Schematics of the IBC cell of the WPV module; (b) J-V measurement
results of the IBC cell under AM1.5G and dark environment.
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integration with the Si reflective cavity attached to an off-the-shelf photodetector
(PD). In order to emulate the micro-cell in the ball lens only measurement, an etched
Si wafer is mounted reversely on the PD to act as a shadow mask that defines the
100 pm x 100 pm input optical aperture of the PD. The experimental setup is shown
in Figure (b). A fiber bundle light source is used to provide simulated direct
normal sunlight with a divergence angle of approximately 4 0.25°. The light source
assembly are mounted on a custom-designed circular rail stage so that the beam’s
incident angle on the tested module can be precisely adjusted for angular response
measurements. The ball lens and Si platform are mounted on linear-translation and

tilt stages for alignment between the components.

The experimental results are shown in Figure (¢), and compared with simula-
tion results obtained from a ray-trace simulation model. At normal incidence, optical
transmittances of 90.9% and 90.1% are measured for optical systems with and with-
out the Si reflective cavity, respectively. The optical losses are primarily attributed
to Fresnel losses at the non-AR-coated ball lens surface. Compared to simulation
results, the experimental results indicate that the Si cavity enhances light collection
by redirecting scattered light from the primary lens surfaces back to the cell region.
The measured angular sensitivity further shows that acceptance angles (defined as
the angular range with larger than 90% of on-axis power) of £+ 2.39° and + 1.14° are
obtained for the optical systems with and without the Si cavity, respectively, indi-
cating that the etched Si cavities significantly increases the angular tolerance of the

baseline optical system.

The optical performance characterization results thus suggest that over 100% im-
provement on the concentration-acceptance-product is achieved by integrating the Si
reflective cavity with a conventional optical concentrator. The mechanism for such
CAP improvement can be explained by the increased incidence angle (with respect to
the micro-cells) of light after reflection at the cavity sidewalls. The increased angular
spread of incident light rays allows enhanced spatial confinement of incident light (i.e.
higher concentration ratio) according to the étendue conservation principle, leading

to an improved CAP metric.

47



-8 -6 -4 -2 0 2 4 6 8
Beam Incidence Angle (Degree)

o With V-groove Experiment —With V-groove Simulation
© No V-groove Experiment ——No V-groove Simulation

(c)

Figure 2-7: Optical performance characterization of etched Si cavity: (a) Optical
simulation model; (b) Experiment setup; (c) experimental vs. simulation results
indicate over 100% improvement on acceptance angle and CAP by incorporating the
low-profile Si cavity into a traditional optical concentrator system.
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It should be noted that it is very challenging to accomplish such improvement
cost-effectively by conventional optical concentrators due to the limited f number of
refractive elements and the significant fabrication challenges of making non-imaging
elements at the micro-scale and in a large array format. On the contrary, the proposed
WPV approach directly embeds such critical micro-optical elements in the wafer level,

an approach suited for large scale manufacturing.

2.3 WPV Module Performance

As schematically depicted in Figure (a) and (b), the baseline prototypical module
comprises a Si platform, an array of InGaP/GaAs micro-cells with 100 pm square
apertures hybrid-integrated on the Si platform, a middle glass plate and an aspheric
PDMS primary lens array ( 2.5 mm sub-lens diameter) directly molded on the glass.
The micro-lenses, Si cavities, and micro-cells are arranged in hexagonal arrays to
attain a 400X concentration ratio. The baseline structure is designed to have an
acceptance angle of + 2.2° (>90% of on-axis power), corresponding to a CAP of
0.77, while the same optical system without the reflective Si cavities has an acceptance
angle of + 1.33° according to our simulations. Furthermore, with a CAP of 0.77 the
baseline WPV design can be adapted to a 2000X concentration at a 4+ 1° acceptance
angle.

For component characterization and optimization purposes, our first prototype
consists of two middle glass plates that hold the molded lens array and Si platform
on their top and bottom surfaces, respectively. When assembled, they provide the
same total effective optical path length as the design with a single middle glass plate.
The primary PDMS lens array is molded on the glass and packaged in a Macor
frame protected by a front cover glass, as shown in Figure [2-8 (¢). The thickness
of the optical system is less than 3 mm. The hybrid integration process of cells is
demonstrated by flip-chip bonding micro-cell arrays to the interconnects on the Si
platform via solder bumps. The resulting I1I-V-on-Si platform is further bonded to

a glass with PDMS as an adhesive layer as well as filler in the Si cavities. A test
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Figure 2-8: (a) Schematics of baseline prototype module; (b) Baseline optical de-
sign; (c) Injection molded PDMS lens array packaged in a Macor frame; (d) Hybrid
integrated III-V-on-Si platform bonded on glass.

50



piece after the integration process is shown Figure (d). The lens array was then
aligned to the I1I-V-on-Si cell platform.

To ensure the optical coupling between the micro lens array and the cell platform,
the molded PDMS lens array is characterized with the setup shown in Figure [2-9,
The light source is a collimated expanded laser beam at 635nm. The Si photodiode is
assembled with a 5 pum pin-hole aperture to work as a pixel sensor. The pixel sensor
is mounted on a 3-way stage, controlled by LabView, so the focal spot profile can
be reconstructed by data processing. The measured focal spots profiles are plotted
in Figure (a)-(c). The focal spots are recorded at positions as focus- 80 jm,
focus and focus+ 80 pm, respectively. The encircled energy plots of the focal spots
are plotted in Figure (d). The FWHM at the focus is only 5.8+ 0.9pm. The
measurement results show that the focal spots are well confined in the Si cavity output
aperture, which is 100pm x 100 pm, with a depth of focus > 160 pum. The focal
spots of different lenses are measured and compared in encircled energy plot, as shown
in Figure (e), showing highly repeatable focal spot profiles. The measured back
focal length is 689.6+ 37.5um, in agreement with the ray-tracing simulated value
705um. The optical characterization results indicate that the PDMS lens array can

be effectively integrated with the cell platform and deliver the design performance.

The first-generation assembled prototype module was mounted on a two-axis
tracker (Figure and its acceptance angle was measured on-sun under a clear
sky. Figure (a) shows the dependence of the output optical power on the in-
cident angle of sunlight. Acceptance angles of + 1.94° are measured for >90% of
on-axis power. Compared to the simulation model (i.e., black curve in Figure
(a)), there is a good agreement to the simulated 4+ 2.2° acceptance angle, except a
gradual roll-off of the transmitted power. The roll-off is due to imperfections of the
cavity side-walls such as dirt contamination and bubble traping during the PDMS
filling process, which can be eliminated in future improvements. Compared to the
simulated + 1.33° acceptance angle of the without Si platform case, the introduction
of the Si reflective cavities demonstrated improvement of the CAP value by 46%,

from 0.46 to 0.68, thereby validating the performance improvement conferred by the
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Figure 2-9: (a) Schematics of the micro lens array focal spot characterization setup;
(b) Micro lens array focal spot setup. The pixel sensor is mounted on the LabView
controlled 3-way stage for scanning measurement.
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Figure 2-10: (a)-(c) Focal spots of the lens array recorded at focus- 80 pm, focus and
focus+ 80 pm, respectively; (d) Encircled energy plots of the focal spots in (a)-(c);
Encircled energy plots at focus comparison of measurement and design simulation.
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Tilt stag

Figure 2-11: On-sun measurement setup: the assembled prototype module was
mounted on a two-axis tracker.

Si platform. The WPV prototype module CAP value is compared with other state-
of-the-art flat CPV modules in Figure (b), showing that our module concept
can indeed achieve exceptional solar irradiance concentration performance.

The performance of the micro hybrid CPV baseline design is projected by optical
simulations under solar irradiation with a variety of direct/global irradiation ratios,
representing different geological and weather scenarios. The optical system is
modeled and simulated using 3D non-sequential Monte Carlo ray-tracing under a
combination of direct and diffuse light sources. The optical transmissions of the
optical system onto the concentrated I1I-V cell and the non-concentrated Si cell are
plotted against the DNI/Global ratio, as shown in Figure Assuming state-of-
the-art 4-junction cells are used ( 40% DNI module conversion efficiency), the overall
conversion efficiency of the hybrid module is projected based on the optical simulation
results and compared to a CPV-only case, also shown in Figure It is clearly
shown that between Direct/Global irradiation ratio of 0.75 and 0.6, the hybrid module
provides a conversion efficiency improvement of 17% to 33% from the CPV-only case.
In particular, the hybrid module is projected to achieve an efficiency over 30% for low
DNI regions (i.e., regions with 60% DNI) that were typically considered not suitable

for conventional CPV deployment.
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Figure 2-12: (a) Acceptance angle measurement result vs. simulation model; X and Y
represents the measurement results on two perpendicular directions; (b) WPV CAP
comparison with other state-of-the-art flat CPV modules.
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Figure 2-13: (a) 3D Monte Carlo ray-tracing simulation model of a baseline design
under simulated direct and diffuse light; (b) Optical transmissions and conversion
efficiency of the hybrid module vs. Direct/Global Ratio. The simulation result of
the hybrid module is compared to a CPV-only case of the same concentrator without
the Si cell. Blue line: optical transmission on III-V micro-cell; red line: optical
transmission on Si cell; black line: calculated overall conversion efficiency combining
contributions from both III-V micro-cell and Si cell; green line: calculated conversion
efficiency from the I1I-V micro-cell only.
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2.4 Conclusion

In this Chapter, a novel micro-scale integrated hybrid CPV concept is proposed and
developed, which tightly integrates multi-junction micro-cell and micro-optical con-
centrator arrays on a multi-functional Si platform. The Si platform simultaneously
provides micro-optical concentration, hybrid photovoltaics, and micro-mechanical as-
sembly functionalities. The wafer-embedded Si cavity concentrator is experimentally
shown to provide 46% improvement on the concentration-acceptance-angle product,
leading to considerably reduced module costs, sufficient angular tolerance to low-cost
trackers, and an ultra-compact flat-plate form factor. The development of a baseline
prototype module and its optical performance characterization are described. The
performance of the proposed approach under combined direct and diffuse irradia-
tion is modeled and projected, indicating that the hybrid PV /CPV architecture can
effectively extend the geographic and market domains for cost-effective PV system
deployment. Leveraging low-cost micro-fabrication and high-level integration tech-
niques, the micro hybrid CPV approach is capable of seamlessly combining the high

performance of multi-junction cells and the low costs of flat-plate Si PV systems.
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Chapter 3

Micro-Prism-Array Spectrum

Splitter for Laterally-Arrayed
Micro CPV

In this chapter, we are focusing on introducing a spectrum splitting optics based
on micro-prism arrays. The conjugate micro-optics design delivers high-transmission,
efficient spectrum splitting with minimum aberration, low-profile, and low-cost fab-
rication, thus allows large scale production of laterally-arrayed multi-junction micro
concentrator photovoltaic modules. A dispersive optics prototype based on a 4-prism
design is fabricated and characterized showing excellent agreement with our design

model.

Work presented in this chapter has been published in:
“Compact spectrum splitter for laterally arrayed multi-junction concentrator photovoltaic mod-
ules” Optics Letters, 44 (13), 3274-3277 (2019);
“Micro-Prism Spectrum Splitting Optics for Lateral-Arrayed Multi-Junction Micro CPV”, 2019
IEEE 45th Photovoltaic Specialists Conference, (2019);
“Spectrum Splitting Micro-Concentrator Assembly for Laterally-arrayed Multi-Junction Photo-
voltaic Module”, CLEO: Applications and Technology, AW30.3, (2018).
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: Spectrum splitting optics

Vertical structure Lateral structure

Figure 3-1: Schematics of vertical and lateral multi-junction cells structure.

3.1 Introduction

Under the guide of Shockley-Queisser limit, a multi-junction structure is essential
to expand the solar spectrum collection coverage and increase the photon utiliza-
tion efficiency to achieve highly efficient solar cell modules. The tandem cells with
a vertical multi-junction structure has gone through a successful development and
already achieved 46% efficiency in a 4J design. However, the traditional vertical
multi-junction cells module structure refrains further development of more efficient

module.

3.1.1 Lateral Structure Vs Vertical Structure

So far most CPV technologies rely on traditional multi-junction tandem cells. It
adopts a vertical structure that use the material absorption selectivity to separate
the photons, as shown in Figure [3-1] However, since the vertical structure is based
on epitaxial growth, it imposes the following limits:

(a) Lattice matching: Fabrication of tandem cells is typically based on epitaxial
growth which mandates lattice matching. To reduce material defects and achieve good

current tunneling, the junction materials must be chosen according to the bandgap-
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Figure 3-2: Bandgap and lattice constant diagram.

lattice-constant diagram, as shown in Figure . [54] This significantly limits the
choices of the materials, complicates the cell fabrication process and raises costs.
The constraint also limits the maximum number of cells that can be embedded in a

multi-junction cell module, which bounds the maximum module efficiency.

(b) Current matching: The tandem junctions are connected in series so the mod-
ule current is limited by the lowest-current junction. It significantly complicates the
design procedure since the cell structure, materials property and power electronics are
convoluted. Tandem cells are usually optimized according to the Standard AM1.5D
spectrum. [7] However, in real outdoor environment, the direct irradiance and spec-
trum will vary significantly due to the weather and time variation. Broderick and
et al. has conducted a simulation study to compare the performance of 3-J cells
module in vertical and lateral structure. [55] It shows that the exquisite tandem cell
design can slightly outperform the lateral cells during the solar noon time, when the
spectrum is close to the standard solar spectrum AM 1.5D. However, lateral module

will significantly outperforms the vertical module due the spectrum red shift near
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the sunrise and sunset. It shall be noted that mechanical stacking multi-junction
cells are proposed to surmount the two problems and have shown successful research
demonstrations. [56-60] However, this approach still has complicated cell structure
and introduces issues like electrical wiring difficulties. [61]

(c) Optical losses through junctions: The multi-layer vertical structure reduces
optical transmission of photons reaching lower-bandgap cells due to Fresnel loss and
materials absorption, as the number of junctions grows.

Unlike tandem cells, a laterally arrayed cell design uses spectrum splitting optics
to allocate photons onto sub-cells with corresponding bandgap energies, as shown
in Figure [3-1} Since spectrum splitting is decoupled from the other design con-
siderations, the cell design and materials can be optimized at will to maximize the
module efficiency. Advanced interconnect schemes and power electronics can be devel-
oped to optimize the maximum power-point tracking on the independently connected
cells. [62-67] Thus, the lateral cell architecture can potentially deliver better module

performance and enhanced annualized energy output compared to tandem cells. [55]

3.1.2 Existing Spectrum Splitting Optics

The most critical component to realize the lateral multi-junction cells module is the
spectrum splitting optics. An effective spectrum splitting optics must have the fol-
lowing features to enable a cost-effective micro CPV module: (a) High optical trans-
mission to achieve high module efficiency; (b) High broadband spectrum splitting effi-
ciency, since the solar irradiance covers a wide wavelength range; (¢) Low-cost scalable
production for commercialization; (d) Cost-effective module fabrication and assembly
processes. The requirements (a)-(c) are self-explanatory. (d) is due to the fact that
micro CPV use cells in the size of hundreds of microns. Thus, the module assembly
becomes an extremely important issue in micro CPV system. Transfer printing tech-
nology developed by the Rogers group uses a elastomer stamp to transfer micro-scale
devices from the native substrate to the target substrate. [68] It has already demon-
strated over 99% process yield with 1.5 pm placement accuracy on applications like

OLED displays, micro LED and micro III-V cells. |[69] Semprius has been applying
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Figure 3-3: Existing spectrum splitting optics techniques: Dichroic mirror, Diffractive
gratings and single layer prism array.

it on their HCPV module assembly and showed promising results. Thus, it is
currently the most promising method for large-scale cost-effective micro CPV module
assembly:.

Spectrum splitting optics based on dichroic mirrors, diffractive gratings, [76
and single-layer prisms , as shown in Figure , have already been im-
plemented in CPV applications. Splitting optics based on dichroic mirrors demand
complicated module designs with individually assembled sub-cells and optical com-
ponents, making them incompatible with high-throughput assembly processes like
transfer printing. Grating optics allow co-planar positioning of sub-cells but suffer
from strong wavelength selectivity and limited spectral splitting efficiency (typically
in the range of 40% to 70% when operating with broadband sources ) Both
dichroic mirrors and gratings also entail high fabrication and assembly costs. The
single prism approach, on the other hand, introduces off-axis beam deflection, which

leads to severe aberrations and spectral mismatch on lateral sub-cells.

3.2 Micro-Prism-Array Spectrum Splitting optics

3.2.1 Optics Design Concept and Prototype

Here we demonstrate a planar dispersive optics design based on micro-prism arrays
that uniquely deliver high transmission and minimal aberration, as schematically

depicted in the Figure (a) inset. The optics design concept is similar to the
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Figure 3-4: (a) Split angle between 658 nm & 871 nm and 871 nm & 1867 nm at
different prism apex angle; Inset: optics design concept schematics; (b) Shading loss
and deflection angle of 550 nm at different prism apex angle of 2-prism spectrum
splitting layer; Inset: 2-prism assembly and loss mechanism schematics.

Amici prism. A spectrum splitting layer consists of two conjugate micro-prism arrays
made of different materials. The two materials exhibit large Abbe number contrast to
enhance spectrum splitting power while having similar refractive indices to minimize
overall beam deflection. In the current design, the high- and low- dispersion materials
are chosen as polycarbonate (PC) (V-number 30, refractive index 1.584 at 550 nm
wavelength) and Zeonex (V-number 51.79, refractive index 1.532 at 550 wavelength),
respectively. Its ultra-thin and planar profile facilitates seamless integration of the
spectral splitting element with either conventional CPV modules or emerging micro-
CPV designs. The dispersive layer can be fabricated in the form of large-area optical
sheets via commercial plastic molding with low cost, enabling scalable manufacturing

and deployment of the optics.

Here we start with analytically evaluating the optical performance and loss mech-
anisms in the bi-prism assembly. The prism height, nominal prism apex angle and
the draft angle are labelled as h, 6, and 04, and are illustrated in Figure (b) inset,
respectively. The draft angle is a mold feature used to facilitate part release,
which is assumed constant at different prism height and prism apex angle. The de-

sign goals are high transmission, low beam deflection angle and large split angle.
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Assuming the rays first enter the low refractive index (n;) Zeonex layer then the high
refractive index (ny) PC layer, the beam deflection angle 6, of the normal incident

ray can be calculated by using Snell’s law as Equation 3.1}

0, = arcsin(ny, cos(04 + arcsin(ﬂ cosBy))) (3.1)
np

The split angle is the deflection angle difference between rays of two different

wavelengths.

In our design, we seek to maximize the spectrum splitting angle and meanwhile
minimizing the beam deflection angle to suppress aberration for optimal spectral

matching to sub-cells.

The main loss mechanism in the 2-prism assembly is the shading loss which en-
compasses three components: (1) draft angle shading loss which happens when rays
are reaching the side surface with a non-zero draft angle and get deflected; (2) corner
rounding scatter loss, which occurs at the prism tips rounded due to mold design and
fabrication imperfection: the first two loss components can be mitigated effectively by
improving molding precision; (3) shading loss due to total internal reflection (TIR),
which happens when a portion of the beam refracted from the first prism surface
incidents upon the prism side surface. It shall be noted that TIR shading loss can be
avoided if the rays first enter the PC layer. However, if stacking structure is deployed
for higher split angle, TIR shading loss will still be inevitable. A critical ray is indi-
cated in Figure (b) inset, which serves as the boundary between the transmitted
and lost portions of the total incident beam. By applying Snell’s law to the prism
geometry, the shading loss 7 is expressed as Equation

)

sin 6y cos(@dr+9d+arcsin(ﬁ cosfy))

B hl B tan edr + cos Og cos(arcsin(:—}ll cosfy)) (3 2)
= h(tan 6y + tanfy.) tan @, + tan 6, ’
If the draft angle is close to zeo, then 7 is simplified to Equation |3.3}
cos B4 cos(fy + arcsin(2 cos 8y
. ( (2 cos ) 0

cos(arcsin( ;- cos 04))
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As a design example, the split angles between 658 nm, 871 nm and 1867 nm (The
3 wavelengths correspond to the bandgaps of InGaP, GaAs and Ge cells), [55] the
simplified shading loss and the deflection angle at 550 nm are plotted versus the apex
prism angle in Figure (a) and (b) for the 2-prism assembly. The results show
that while larger apex angle gives rise to enhanced spectral splitting, overall beam
deflection leading to aberration and shading loss also increase.Besides the prism apex
angle, the other important design parameter is the prism height h. Smaller h produces
a thinner optics profile conducive to small-form-factor modules and reduced material
absorption. However, for a given corner rounding radius, the total scattering loss
inversely scales with h. Corner rounding radii of less than 5pm are commercially
attainable with high-quality, large-area compression molding, which corresponds to a

negligible scattering loss of <0.7% when the prism height h is 100 um or above.

The spectrum splitting can be further increased by stacking more 2-prism layers.
Since each layer has its own shading region, in-plane alignment of these shading
regions is critical to achieving high transmission. The shading loss of a 4-prism
assembly at different lateral shift is simulated using non-sequential ray-tracing model
with 550 nm source of 0.25° semi-divergence angle, as shown in Figure [3-5 The
minimum shading loss occurs when the shading regions of the two layers are aligned.

Such alignment becomes increasingly important with larger draft angles.

We fabricated prototypes based on four prism layers following the design insights
detailed above. The prism array is designed with h = 0.9 mm and 6; = 50°. A
base layer with thickness of 1mm is added to provide mechanical support, although
in an optimized design the base layer thickness can be considerably reduced while
maintaining adequate mechanical strength. The micro-prism arrays were fabricated
leveraging commercial compression molding (Isuzu Glass Ltd.) Since standard PC
exhibits UV-induced coloring, UV-stabilizers were added to improve long-term sta-
bility of the optics. Compression molding takes over $10000 for initial molding fee.
However, as the production scale increases, the average cost for each optical element
will be significantly reduced. [82] Thus, our spectrum splitting optics design is suitable

for large scale production.
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ics of aligned and misaligned status.
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Figure 3-6: (a) Alignment measurement setup schematics; (b) Alignment measure-
ment results; X indicates the lateral shift between the two spectrum splitting layers;
2 Dispersive plates case transmission is corrected from 2 Dispersive plates + Lens
case with the transmission of the focus lens.

Experiments were carried out to characterize the alignment effect. The setup
schematics is shown in Figure (a). Two 2-prism layers were stacked without op-
tical adhesive. The relative lateral shift (X) between the two spectrum splitting layer
was controlled using translational stages. A focus lens was used to focus the trans-
mitted light onto a calibrated Si photodiode (Thorlabs, FDS 1010). The transmission
is calculated by normalizing the light intensity to the case without dispersive optics
and lens, as shown in Figure (b). The transmission peak occurs when the align-
ment of the draft angle shading region is achieved. And the peak has a lateral shift
intervals as 0.9 mm, which agrees with the prototype prism pitch 0.9 mm value. To
simplify the assembly process, the two middle prism layers are monolithically molded
as a single part with a pre-defined lateral shift in the updated prototype. An index-
matching optical adhesive (Norland 86, refractive index 1.55 at 550 nm wavelength)

was applied to eliminate Fresnel losses in the 4-prism prototype.

3.2.2 Optics Performance Demonstration

To evaluate the performance of the prototype optics, the physical profiles of the prism
were examined since they are highly correlated to the transmission performance, as

discuss in Chapter [3.2.1l The prism finish surface was measured with AFM and
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Figure 3-7: (a) The 4-prism spectrum splitting optics prototype; (b) Spectrum split-
ting effect of the prototype under sunlight.

showed surface roughness as 10 nm. The prism cross-section was exposed by die
saw cutting, then examined using SEM and optical microscopy. The cross-sections
are shown in Figure [3-8, The draft angle and the corner rounding are measured
on the cross-section images using ImageJ. We have been able to achieve <2.5° draft
angle and 20pm corner rounding in the prototype prisms, respectively. The low-
level prism imperfections contribute minimal loss in the current prototype spectrum
splitting optics.

The bulk transmission of the 4-prism assembly prototype (w/o anti-reflection coat-
ing) was measured using UV-VIS with integrating sphere detector. 90% transmission
is obtained between 400 nm and 1100 nm due to the thin optics profile, as shown in
Figure [3-9

We modeled optical transmission of the prism-lens assembly using ray-tracing
under a light source with 0.25° semi-divergence angle source with AM1.5D spectrum
from 280 nm to 1800 nm. In the model, a prism draft angle of 2.5° was used, consistent
with our experimental measurement. A total of 3% Fresnel loss was assumed for the

two optics-to-air interfaces combined, which can be readily obtained with state-of-the-
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Figure 3-8: (a) SEM image of single prism cross-section; (b) Optical microscopy image
of the 2-prism assembly cross-section.
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Figure 3-9: Bulk transmission of the 4-prism assembly measured using UV-VIS.
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Figure 3-10: Focus transmission setup.

art anti-reflection coating.[83-85] The model indicates focus transmission of 78.7%.
7.8% loss comes from material absorption. In particular, the strong absorption of
polycarbonate below 400 nm wavelength constitutes the main loss contributor. The

remaining 10.5% loss is attributed to the shading loss.

To draw a direct comparison with the modeling results, focus transmission was
measured using a self-constructed lab setup, as shown in Figure [3-10] The halogen
lamp broadband fiber source was masked with a 10 pm pin-hole aperture. A colli-
mating lens was used for beam collimation to approximately emulate the solar direct
irradiance beam. The optical intensity was measured with a calibrated Si photodi-
ode(Thorlabs, FDS1010). The focus transmission measured over the spectral range
of 500 — 900 nm (limited by the light source and the Si photodiode) is 74.9%. In
comparison, our model suggests focus transmission of 80.9% over the same wave-
length regime. The 6.0% discrepancy is likely due to manufacturing and assembly
imperfections. In addition, since the assembly is not anti-reflection coated, 7.6% loss
results from Fresnel reflection at the two air-to-plastic surfaces. With state-of-the-
art anti-reflection coatings, the prototype focus transmission and the simulated focus

transmission will be improved to 80% and 86%, respectively.

To demonstrate the spectrum splitting capabilities and evaluate the discrepancy
between the design and the prototype due to the material variation, fabrication con-

trol and environment sensitivity, the beam deflection angles were measured using
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Neutral density filter

Figure 3-11: Beam deflection angle measurement setup.

Table 3.1: Measured and simulated deflection angles.

Screen

Wavelength [nm] 405 532 635 808 980
Experiment [degree] | 7.48+0.33 | 5.714+0.19 | 5.174£0.19 | 4.74+0.13 | 4.364+0.24
Simulation [degree] 7.90 5.74 5.21 4.78 4.50

alignment laser at different wavelength. The setup is shown in Figure |3-11} The
beam spot positions were recorded with and without the 4-prism stack and the de-
flection angles are inferred from the distance between the screen and the prisms.
The measured angle values are compared with the simulated values in Table (3.1}
showing excellent agreement. This indicates fine control in the optics manufacturing
process and proves the robustness to apply it in large scale production. Notably, the
bean deflection angle is below 8° at all wavelengths, which introduces minimal coma
aberration for the focal spot.

The spectrum splitting performance was further demonstrated outdoor under
clear sky conditions with the optical assembly mounted on a high precision 2-axis
sun tracker (EKO STR-32G), as shown in Figure The 4-prism assembly was
mounted on an aspheric lens with a focal length of 150 mm and a 1 cm x 1 cm
aperture. Focal plane images were captured using digital camera (Nikon, D7100)
when band-pass filters (Thorlabs, FB440-10, FB510-10 and FB650-10) with center
wavelengths of 440 nm, 510 nm, and 650 nm were applied in front of the aperture
sequentially.

The ray-trace simulated focal spots are compared with the captured spots in

Figure (a) and (b), showing a good agreement. The focal spot intensity profiles
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Spectroradiometer

Figure 3-12: Outdoor spectrum splitting demonstration setup.

are analyzed quantitatively in directions along (labeled as X) and perpendicular to
(labeled as Y) the spectrum splitting direction, and compared with simulation results,
as shown in Figure [3-13|(c) and (d). The focal spots in the X directions show minimal
overlaps, indicating excellent spectrum splitting capabilities of the prism assembly.
The symmetric focal spot shapes in the X directions indicate that focal spot distortion
due to spectrum splitting is minimal, an attractive feature for spectral matching onto

lateral sub-cells. It also agrees to the measurement in Table

3.3 Module Performance Simulation

The performance of a laterally arrayed module is projected based on the prism-lens
array assembly. The module design concept is schematically depicted in Figure |3-14]
(a). The 4-prism spectrum splitting stack is coupled with a lens array to allocate
the photons on the dedicated lateral-arrayed multi-junction cells. Diffuse collection

function can be embedded by laying Si cells on the backplane. As discussed in Chapter
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Figure 3-13: (a) and (b) Ray-trace simulated focal spots and captured spots with and
without 650 nm, 510 nm and 440 nm bandpass filter; (c) and (d) Intensity profiles
along and across spectrum splitting direction.
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Table 3.2: Odd polynomial aspheric lens perimeters; Lens units in mm.

Curvature 1.0389
Conic constant 0.048018
2nd order coefficient | 2.3641*%10~4
4th order coefficient | -1.5018*%10~°
6th order coefficient | -1.0453%107°
8th order coefficient | 8.6697*10°
10th order coefficient | 2.5635%10~!
12th order coefficient | 1.5219*%10~13

3.1.1] the multi-junction cells can operate at their own maximum power point at

various conditions by deploying advanced electronic power management scheme.

Concentrating lens array is designed with ray-tracing model in the odd polynomial
aspheric form. The lens perimeters are presented in Table [3.2] Lens material is chosen
as Shott B270. Lens aperture is designed in a square shape as 1 cm x 1 cm. The
focal length is about 4 cm. Figure m (b) shows the 3D schematics of the prism-
lens-array assembly. The prism-lens-array assembly is tested on the 2-axis tracker
and demonstrated excellent spectrum splitting in the on-sun test, as shown in Figure
3-14] ().

The optimistic module performance is simulated with the spectrum splitting op-
tics and the lens array assembly, using 3-J detailed balance model. [86] The optics
transmission is 80.11% assuming zero draft angle. The cell positions, cell sizes and
bandgaps are optimized using ray-tracing model and Matlab to maximize the overall
conversion efficiency under standard AM1.5D spectrum from 280 nm to 1800 nm.
The module performance is summarized in Table [3.3] and the incident spectral in-
tensities of the three cells are plotted in Figure 3-15 The efficiencies to the AM1.5D
irradiance (Eta) of the 3 cells are 14.85%, 17.92% and 11.67%, respectively. Thus, a
module efficiency 44.43% is expected. To evaluate the spectrum splitting effect, an
ideal spectrum splitting scenario is assumed and compared to the simulation model.
In the ideal spectrum splitting case, the optics has the same transmission but the

spectrum is splitted perfectly to the cell bandgaps. The cell bandgaps and sizes are
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Figure 3-14: (a) Design concept schematics of lateral-arrayed multi-junction cell mod-
ule; (b) 3D 4-prism stack and aspheric lens array assembly schematics; (¢) On-sun
spectrum splitting effects of the prism-lens-array assembly.(Units on ruler are in cm.)

74



Table 3.3: Detailed balance model module performance summary.

Bandgap Possible | Cell Geometri.c Voc Isc PR Eta
eV] cell. length concent.ratlon V] | mA] | (%) %]
material | [mm] ratio
2.033 InGaP 1.97 50.8X 1.816 | 7.59 | 92.65 | 14.85
1.390 InGaAs | 0.43 232.6X 1.247 | 13.72 | 90.11 | 17.92
0.766 InGaAs | 0.39 256.4X 0.663 | 18.03 | 84.02 | 11.67

kept the same. By normalizing the module efficiency to perfect splitting case, only
the spectrum spitting capability is evaluated without interference from other factors.
It shall be noted that such ideality is unachievable in reality due to the solar beam
divergence and optics aberration, which leads to spots overlapping. The perfect mod-
ule efficiency is 50.66% and the spectrum intensities in the perfect splitting case are
also plotted as shaded areas in Figure [3-15 By normalizing the module efficiency,
this spectrum splitting optics can achieve 87.7% performance compared to the perfect
spectrum splitting case.

A realistic module performance is also simulated by using the model perimeters in
reference [55]. This model assumes: (a) Using cell materials as InGaP, GaAs and Ge.
These materials can grow on Ge substrate to reduce the module assembly cost; (b)
The model’s photon absorption is based on material absorption coefficient and opti-
mized anti-reflection coatings instead of blackbody perfect absorption; (c¢) The cells
model is using two-diode model based on measured cell material properties instead
of thermodynamic limit assumptions in detailed balance model; (d) The cells have
shading loss as 6% due to the metallization on the cell surface. The original model
assumed perfect spectrum splitting and 100% optical transmission. We updated with
our realistic optics performance via ray-tracing model and optimized the cell sizes
and positions to maximize the overall module efficiency. The simulation results and
the related incident spectral intensities are shown in Table and Figure [3-16}|
respectively. The realistic module can achieve 29.00% module efficiency. Compared
to the perfect spectrum splitting module efficiency as 32.88%, the spectrum splitting

optics can achieve 88.2% of the ideal performance.
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Figure 3-15: The incident spectral intensities of the 3-J cells in detailed balance
model.

Table 3.4: Realistic model module performance summary.
Bandgap Cell leiegltlh coiizii;?if)n Voc Isc FF Eta
[eV] material . V] | [mA] | [%] (%]
[mm] ratio
1.8849 InGaP 1.98 50.5X 1.508 | 9.01 | 90.72 | 14.32
1.4234 GaAs 0.42 238.1X 1.047 | 12.04 | 85.51 | 12.53
0.6642 Ge 0.34 294.1X 0.324 | 8.65 | 66.11 | 2.15
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Figure 3-16: The incident spectral intensities of the 3-J cells in realistic model.

7



& 2.20
A AN A az02

Crystals / a BaTk-

. Perowskite
Ceramics
Sc203 A

- 2.10

agic Eine
tical materials

+ 2.00
Magic Line

A
glass - 1.90

- 1.80

- 1.70

Refractive Index

- 1.60

toluene

D
O A -

A BaF2 Fused Silica
A — - 1.40
t
A TPFE © Wwater o &M SCHOTT
Abbe Number glass made of ideas
b )
. . . . : T 1.30
100 90 80 70 60 50 40 30 20

Figure 3-17: Abbe number vs refractive index diagram.

There are a few considerations to improve the multi-junction cells module ef-
ficiency: (a) Reducing material absorption. According to the ray-tracing model,
the 4-prism spectrum splitting optics transmission can be improved from 80.11% to
87.63% if the material absorption is zero. There are two methods to reduce the ma-
terial absorption. One is to replace the plastic material, especially polycarbonate, to
optical glass. Optical glass usually has lower extinction coefficient, especially in the
near UV region. However, according to the Abbe number refractive index diagram
in Figure , to achieve the same Abbe number contrast, unusual glass must
be deployed which will significantly increase module cost. Besides, glass prism optics
will face more severe corner rounding issues. Another approach is to reduce the
prism height h. This approach requires finer control in the molding process. Cur-
rently, commercially available compression molding prism arrays can deliver 100 pm
high prism arrays. Ray-trace simulation indicates reducing h from 0.9 mm to 100 pm
can increase the 4-prism stack focus transmission from 80.11% to 82.92%. Further
improvement requires development of advanced molding process.

(b) Reducing spots overlap. The current optics assembly can achieve 88% per-
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formance to the perfect spectrum splitting case. The left 12% percent is due to
the mis-allocated photons, especially at the cell bandgaps, as shown in Figure |3-15
and [3-16] The spectrum splitting optics can be further improved by optimizing the
prism perimeters, choosing novel materials and stacking more prism layers, as dis-
cussed in Chapter [3.2.1, The concentrating optics abberation is another source of
spots overlap, which can be improved by refining the lens profile. It shall be noted
that increasing focal length is beneficial to reduce spherical abberation. However,
in diffraction limited scenario, it’s not effective. This is because the spots overlap
fundamentally originates from the solar beam divergence. If define the focal length,
solar beam divergence angle and split angle as f, 6, and 6, respectively. The spot
size and the spot center distance can be approximated as f6, and f6,. [88] Thus, the
spot overlap is approximately 6,/0,, which is an invariant of f. Besides, increasing

focal length will reduce the concentration ratio, as a trade-off.

3.4 Conclusion

In this chapter, we discussed the potential of lateral structure in multi-junction
cells efficiency improvement and the previous spectrum splitting optics designs. We
analyze and demonstrate micro-prism-array based spectrum splitting optics, tai-
lored for high-efficiency, ultra-compact micro-CPV modules integrated with laterally-
positioned multi-junction cells. The planar dispersive optics can deliver 80% optical
transmission under standard AM1.5D spectrum. The conjugate design introduces
minimal beam deflection, thus minimal off-axis aberrations desirable for precise spec-
tral matching. Such an approach further ensures cost-effective, large-area fabrication
of optical components as well as compatibility with scalable micro-CPV module as-

sembly such as high throughput transfer-printing.
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Chapter 4

Annualized Diffuse Radiance

Energy Distribution Simulation

4.1 Introduction

As discussed in Chapter [1.3] hybrid CPV concept can significantly increase the
module energy yield and expand its geographic applications. To further reduce the
module cost, concentrating the diffuse solar irradiance is a viable route to minimize
the Si material usage. It’s especially attractive for micro hybrid CPV module since
the diffuse concentrator can be monolithically molded with the DNI concentrator,
thus introduces minimal extra cost. According to the Equation [1.10, an accurate
description of the radiance angular distribution is the key start point for diffuse
concentration design.

Several attempts have been demonstrated to simulate the diffuse irradiance for
energy harvesting purpose. NREL PVWatts is widely used for panel PV module per-
formance estimation based on a modified constant approach and it takes account the

effect of panel tilt, orientation and urban temperature. [89] Reinhart’s group novelly

Work presented in this chapter has been published in:
“Annualized Solar Diffuse Radiance Energy Distribution Simulation for Concentrator Design”,
2019 IEEE 45th Photovoltaic Specialists Conference, (2019).
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combined large GIS datasets and LiDAR elevation measurement to generate an an-
nual solar radiation calculation engine called DAYSIM which demonstrated improved
geometric accuracy and irradiation predictions for panel PV installation. [90] Lub-
itz generated a simulation approach based on meteorological year data to optimize
the tilt angle and maintenance process for panel PV. [91] However, these approaches
cannot be direct applied for diffuse concentrator design since they only provide irra-
diance values while concentrator design required radiance distribution information.
The previous diffuse concentrator studies are commonly using the simplest isotropic
sky model, which assumes the diffuse radiation is uniformly distributed over the sky
dome. [92-94] However, it significantly underestimates the forward scattering nature
of diffuse irradiance and thus underestimates the collectible diffuse energy of CPC. [95]
An improved approach is developed by the International Commission on Illumination
(CIE). [96] It adopted an classification method to simplify the problem and generated
15 standard sky types to describe the weathers that include cloudless, partly cloudy
and overcast. Each sky type has its own specific luminance pattern to calculate the
radiance distribution. It provides a useful reference for concentrator design in stan-
dard conditions. [97-99] However, these standard skies are not suitable to predict the
solar irradiance in the outfield since the PV performance can deviate >30% monthly

from the standard conditions due to the variation in real conditions. |100]

In this work, we claim that a solid approach shall exhibit the following features:
(a) The simulation approach shall use a radiance distribution model: Illuminance
model places little weight on photons with wavelength <450 nm or >650 nm, thus
introducing unnecessary system errors. (b) The model shall provide angular dis-
tribution description for optics engineers to maximize the geometric concentration
while collect most of the diffuse energy. (c¢) The modelling approach shall present
a statistical average of yearly diffuse radiance energy distribution: solar farm will
serve over 15-years lifetime. The data is only meaningful if it accounts representative

meteorological factors like geographic locations and weather conditions. [101]

Thus, we propose to implement the Igawa all-weather anisotropic diffuse radiance

model with National Solar Radiation Data Base (NSRDB) third-generation Typical
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Meteorological Year (TMY3) Datasets to generate the annualized diffuse radiance

energy distribution map for diffuse concentration design and evaluation.

Igawa model is based on 1-year measurement taken in two cities in Japan, Tokyo
and Fukuoka. [102] Tt adopts the main form from the CIE model, using graduation
function and scattering indicatrix function to describe the diffuse radiance distribu-
tion. The irradiance data used were measured with a sky scanner of full-acceptance
angle as 11°. The lowest altitude of the sky elements for sky radiance is 6° to ac-
count the surrounding building shading effect. And the sky elements of which angular
distance to the sun are smaller than 15° are excluded in the regression analysis due
to the strong circumsolar effect. There are also other anisotropic diffuse models like
Perez 1993, Brunger 1993, Harrison 1991 and Kittler 1985. [103-106] We found that
Igawa model demonstrated better performance in a few model comparison studies,

making it the preferred choice for our study. [102,107,108]

TMY3 datasets contain representative hourly data of solar radiation and meteoro-
logical information for one-year period. It contains 1020 weather stations that covers
the whole United States area, thus providing a nation-wide comprehensive descrip-
tion as shown in Figure [4-1] [109] It shall be noted that TMY3 datasets are based
on dated measured data and simulations which may failed to account the changes
of solar radiation resources due to causes like pollution. Consistently updated data

from NSRDB can be used if model timeliness is a concern.

By combining the two tools, we are able to generate representative annualized dif-
fuse radiance energy distribution maps that account geographic locations and weather
conditions and provide high accuracy reference for efficient energy-production-oriented

concentrator designs.
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Figure 4-1: TMY 3 stations distribution in USA.
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Figure 4-2: Setup of the CPC measurement.

4.2 Diffuse Angular Distribution Measurement: Val-
idating the Model

To test the validity of the Igawa model, compound parabolic concentrators (CPCs)
are customized with semi-acceptance angle ranging from 20° to 55°. The CPCs are
assembled with Si photodiodes (PD) (Thorlabs, FSDS1010) using optical adhesive
(Norland 86H). The CPC-PD assemblies and a bare reference PD are mounted on a
2-axis tracker (EKO, STR-32G) and aligned to the sun position during tracking. The
semi-acceptance angle of reference PD is taken as 90°. Shading plates are applied
to block DNTI light so only the diffuse light is collected. By normalizing the signals
of CPC-PD to the reference PD, the CPC transmission within certain incident angle
is measured. DNI and GHI are measured with pyrheliometer (EKO, MS-56) and
pyranometer (EKO, MS-802), respectively. The setup is shown in Figure [4-2]
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The simulated CPC transmission Tope is shown as Equation [4.1}

7T/2 21
T f cosycosC Le(y Q) - Tapo(C) - drdo
=0 a=0
Tere ="—— - (4.1)
J T cosycosC Le(y,,7.) - dyda
v=0 a=0

Tt pe(€) is the transmission of CPC to rays with incident angle ¢, which is stud-
ied with LightTools ray-tracing software with responsivity-corrected ASTM G173-03
diffuse spectrum. The ASTM G173-03 diffuse spectrum is derived by the difference
between the ASTM G173-03 global tilt spectrum and the ASTM G173-03 direct +
circumsolar spectrum. Then the spectrum is corrected with the photodiode (PD)
wavelength responsitivity curve. The other labels are introduced in details in the

next Chapter

The measurement is performed under various weather types (e.g. clear, partly
cloudy, overcast) for 152 days from August 2018 to July 2019, in Cambridge MA,
USA. The measurement-suspended days are due to weather issues (The setup is not
waterproof to measure in rainy or snowy days) and setup maintenance. The measure-
ment and the simulation results are presented in Figure It should be noted that
Igawa model underestimates the forward scattering feature of diffuse light when sky
index is between 0.3-0.9, as the results of exclusion of sky elements of which angular
distance to the sun are smaller than 15°. It leads to the deviation between measure-
ment and simulation in the corresponding conditions. Except this minor imperfection,
there is generally good agreement between the measurement and the simulation which

supports [gawa model’s applicability for our simulation purpose.

4.3 Model Construction

The Igawa model radiance distribution function Le(ys,7,() is determined by the
graduation function ¢(y) and the scattering indicatrix function f(¢) in the form as

Equation (4.2}
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CPC diffuse transmission at different Sky index
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Figure 4-3: Diffuse irradiance transmission at different sky index. (a) CPC acceptance
angle: 20°, 30°, 40° and 50°; (b) CPC acceptance angle: 25° 35° 45° and 55°.
Measured data labelled with circles. Simulation data labelled with squares.
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B o(v) - f(C)
Le(ys7.¢) = Lez(0s) - Sy Fin/a =)

(4.2)

where Lez(7s), 7, s, ¢ are zenith radiance, altitude angle of the sky element, sun
altitude angle and the absolute angular difference from the sky element to the sun

position, respectively. The graduation function ¢(7) and the scattering indicatrix

function f(¢) are described in Equation and as:

¢(y) =14+ a-exp(b/sin~y) (4.3)

f(Q)=14+c-(exp(d-¢) —exp(d-7/2)) + e - cos*C (4.4)

The coefficients a-e are functions of defined term sky index. Sky index is highly
correlated with the sky clearness. It’s determined by diffuse horizontal irradiance
(DHI), global horizontal irradiance (GHI), and sun position with other constants

such as extraterrestrial direct normal irradiance.

Equation only gives relative value of Le(vs,7,(). The absolute value of
Le(7s,7,¢) is derived from expression of DHI as Equation [4.5}

7T/2 2T

DHI = / / Le(7s,7,¢) - sinvy - cosy - dyda (4.5)

v=0 a=0
v is the azimuth angle of the sky element.

Thus, the radiance distribution Le(vs,7,() is a function of DHI, GHI and sun
position. DHI and GHI can be directly retrieved from TMY3 hourly datasets. Sun
position is calculated with PVLIB toolbox in Matlab using time, geographic locations
and weather data from the TMY3 datasets. [110] Then the annualized diffuse radiance
energy distribution map can be generated by adding the hourly radiance distribution
Le(s,7,¢). Le(vs,7, () needs to take into account the tracking method: for 2-axis
tracking systems, Le(s,7, () shall be transformed to align to the sun position. For

l-axis tracking systems, Le(7s,7,() shall be transformed to align to the azimuth
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tracking direction.

It shall be noted that the radiance model does not have spectral feature while
Rayleigh scattering indicates wavelength dependence in scattering. Albedo is assumed
zero because no albedo angular distribution model exists, and it needs to consider
complicated surrounding building environments. However, this approach shall be an
accurate-enough first order simulation for design start point. To maintain the same
assumptions with the original Igawa model, our simulation assumes zero radiance
value from sky elements with altitude angle <5°. Sky elements of which the angular
distance to the sun position is <2.5° also have zero radiance value to exclude the direct
and circumsolar irradiance. The annualized diffuse radiance energy distribution maps
of the 221 TMY3 class 1 stations are generated by Matlab code as detailed above,
attached in Appendix [A]

4.4 Insights from the Model

As a comparison, annualized diffuse radiance energy distribution maps of Boston in 2-
axis tracking scheme based on Igawa model and isotropic model are shown in Figure
4-4 These maps are formed in altitude-azimuth format, with typical geographical
convention of south = 180° azimuth. The concentric circles represent the altitude
from 0° to 90°, with sun position = 90°. In 2-axis scheme, the diffuse radiance energy
distribution drops sharply in the south direction because current model assumes zero
albedo. The maps show that the isotropic model significantly underestimates the
forward scattering nature of diffuse irradiance.

Ideal anisotropic CPCs are simulated as exemplary diffuse concentrator design
based on these maps. Ideal CPC is assumed to have 100% and 0% transmission to
rays incident within and outside the acceptance angle region, respectively. In 2-axis
scheme, the CPC is always aligned to the sun. The optimization perimeters are the
semi-acceptance angles in the horizontal and vertical directions. Figure (a) and
(b) showed the simulated collectible diffuse energy with Igawa model and isotropic

model. It shows that the Igawa model predicts > 50% collectible energy compared to
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Figure 4-4: Annualized diffuse radiance energy distribution map of Boston in 2-axis
tracking scheme. (a) using Igawa model, (b) using isotropic model.

the isotropic model, indicating the importance to deploy the right model to accurately
describe the diffuse radiance distribution. Figure (c) shows the diffuse energy
collection efficiency of the CPC, by normalizing the collectible diffuse energy to the
case with 90° vertical acceptance angle and 90° horizontal acceptance angle. 80%
diffuse energy can be collected with 50° acceptance angle CPC. To study how much
diffuse cell area can be reduced by applying concentration, the line concentration ratio
is calculated as Concentration ratio = n/sin(acceptance angle), assuming refractive
index n = 1.5. Figure (d) shows that 5X dielectric diffuse concentrator can
collect 80% of the total diffuse energy in 2-axis tracking scheme. It suggests that
80% diffuse cell area can be reduced with only 20% loss in the diffuse energy collection
by applying diffuse concentrator.

The annualized diffuse radiance energy distribution maps are imported into the
ray-tracing model to design a realistic diffuse concentrator in the module described
in Chapter to enable a hybrid module function, as shown in Figure [-6 The
LightTools model schematics is shown in Figure (a). The diffuse concentrator is
designed as an anisotropic polygon CPC to match with the 1 cm x 1 cm aperture.

The diffuse concentrator input aperture is fixed as 9.5 mm x 9.5 mm so the diffuse
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Figure 4-5: (a) Collectible diffuse energy at different acceptance angle with Igawa
model; (b) Collectible diffuse energy at different acceptance angle with isotropic
model; (c¢) Diffuse energy collection efficiency at different acceptance angle with Igawa
model; (d) Diffuse energy collection efficiency at different concentration ratio with
[gawa model.

91



ry

Glass
+ Hi-dispersive Micro-prism layer

= Low-dispersive + Concentrating Optics

Secondary Optics
Diffuse Light Collector

\ / S —

Laterally PV Cells Low-concentration Si cell

<2.5cm

Figure 4-6: Schematics of the micro hybrid laterally-arrayed multi-junction cells mod-
ule.

Input Aperture: 9.5 mm

Diffuse concentrator

Splitter optics + Lens . 1I-V cells Y-axis CPC

, and Si
cells

O
a
(&)
g
<
3
>

Input Aperture: 9.5 mm

(a) (b)

Figure 4-7: (a) Ray-trace model schematics of the module; (b) The layout of the cells
and the diffuse concentrator.

concentrator array will have 1 mm wall thickness to ensure mechanical strength. The
reflective diffuse concentrator is made of reflective aluminum which has reflectivity as
91.2%. The output aperture size in the Y direction (the spectrum splitting direction)
matches to the total length of the III-V multi-junction cells and the output aperture
size in the X direction (across the spectrum splitting direction) can be optimized. Two
Si cell are put side-by-side with the III-V cells as diffuse cells at the CPC output,
as shown in Figure (b). The diffuse collection efficiency of this CPC design is
plotted in Figure Y-8, showing that the Igawa model consistently predicts >10% more
collectible diffuse energy.

To study the diffuse irradiance resources variation across the United States, Figure

shows the annualized diffuse radiance energy maps of Boston (MA), Seattle (WA),
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Figure 4-8: Diffuse energy collection efficiency of the polygon CPC.
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Columbia (OH) and Phoenix (AZ) in a 2-axis tracking scheme. These maps show that
despite the huge differences in geographic locations and weather types, the diffuse
radiance energy distributions are quite similar in the 2-axis tracking scheme. Ideal
CPCs are simulated as exemplary diffuse concentrator design. Figure m (a) shows
the projected collectible diffuse irradiance in 2-axis tracking scheme in these four
cities, and (b) shows the collection efficiency by normalizing the collectible energy to
the 90° acceptance angle concentrator case. Despite the different collectible diffuse
energy level in the 4 cities due to the diffuse energy abundance, the diffuse collection
efficiency increases with the acceptance angle in the similar trend. This agrees with

the similar diffuse radiance energy distribution in Figure K4-9,

Figure [4-11|illustrates the projected collectible diffuse energy with an ideal CPC
with a 40° semi-acceptance angle mounted on a 2-axis tracker across the United
States. The map is generated by interpolation based on the simulation conducted
on the 221 Class 1 TMY3 stations (represented as red dot). The diffuse energy
collection efficiency is determined using the same method as above. The collectible
diffuse energy shows a non-uniform distribution across USA in Figure [-11] (a). It
reaches 600 kWh/m? in the southeast while remains 400 kWh/m? in the western
United States. It is very different from the global solar irradiance distribution where
the southwest area has the most abundant global irradiance. This is because the
western area has dry weather thus most of the solar irradiance is not scattered and
accounted as DNI, leaving relatively less diffuse irradiance. On the other hand, Figure
4-11{ (b) shows the diffuse energy collecting efficiency is consistently 68%-70% across
the USA. Again, it agrees with the similar diffuse distribution form in Figure [
O This suggests a quite counterintuitive conclusion that despite the differences in
solar irradiance resources, geographic locations and weather conditions, designing a
general diffuse concentrator applied to the whole USA market is reasonable, in the

perspective of diffuse energy collecting efficiency.

This simulation framework can also be applied to low concentration system that
deploys non-tracking or azimuth tracking schemes. In low concentration systems, the

concentrator simultaneously concentrate the direct irradiance and the diffuse irradi-
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Figure 4-9: Annualized diffuse radiance energy map of Boston, Seattle, Columbia and
Phoenix in 2-axis Scheme.
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Figure 4-10: (a)Collectible diffuse energy by ideal CPC; (b) Diffuse energy collection
efficiency by ideal CPC.

ance so both the DNI and the diffuse radiance distributions shall be considered. The
annualized diffuse radiance energy distribution map and the annualized DNI radiance
energy distribution map of Boston in non-tracking scheme are plotted in Figure [4-12
(a) and (b). Anisotropic CPC performance is simulated by optimizing the horizontal
acceptance angle, vertical acceptance angle and the CPC altitude angle. The CPC
azimuth angle is fixed to 180° facing south. Figure m (c) shows the collectible
solar energy with different acceptance angle design and (d) shows the corresponding

optimized altitude angle.

4.5 Conclusion

In this chapter, we proposed to combine anisotropic diffuse radiance model with
TMY3 meteorological dataset to generate annualized diffuse radiance energy dis-
tribution map. This approach provides an accurate reference for efficient energy-
production-oriented diffuse concentrator designs. We conducted an outdoor diffuse
radiance distribution measurement and verified the validity of the Igawa model. Our
approach predicts that >50% more diffuse energy can be harvested, compared to the

commonly used isotropic model. It indicates that diffuse concentration is an valu-
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Figure 4-12: (a) Annualized diffuse radiance energy distribution map of Boston in
non-tracking scheme; (b) Annualized DNI radiance energy distribution map of Boston
in non-tracking scheme; (c) Solar irradiance collecting efficiency of an anisotropic
CPC; (d) Optimum altitude angle of the CPC at different acceptance angle.
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able approach to further drive down the cost of micro hybrid CPV module. A 5X
dielectric diffuse concentrator can harvest 80% of the total diffuse energy. Another
anti-intuitive finding is that in 2-axis tracking scheme, the diffuse radiance energy dis-
tribution is very consistent across the United States. It’s suggesting that designing a

universal diffuse concentrator can effectively work across the United States.
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Chapter 5

Conclusions and Future Work

5.1 Summary and Conclusions

In Chapter [2 we demonstrated the multi-functional Si platform that can simulta-
neously act as the secondary concentrator for DNI collection and diffuse harvesting
device. The module concentration-acceptance-angle product is improved by 46% by
the micro cavity secondary concentrator and delivered state-of-the-art value as 0.68.
The fabricated Si cell exhibits comparable harvesting efficiency compared to IBC cells
fabricated from normal Si wafer. The micro hybrid concentrator photovoltaic module

is predicted to gain over 17% efficiency improvement compared to CPV-only case.

In Chapter |3 we leveraged the materials dispersion properties and optical struc-
tures to develop the novel micro-prism-array spectrum splitting optics. The optics
delivered 80% broadband transmission, as-designed spectrum splitting capability and
outstanding minimal beam deflection. This optics showed great potential to enable a

lateral-arrayed multi-junction micro CPV for the first time.

In Chapter {4}, we proposed the novel approach to simulate the annualized radi-
ance energy distribution. Compared to the previous isotropic model, our approach
predicted over 50% more diffuse energy that can be collected by diffuse concentrator.
This method significantly improved the bankability of micro hybrid CPV system and

will improve the reliability evaluation of the system performance.
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5.2 Future Work

In this thesis, the outstanding optics performances have been demonstrated. However,
these optics haven’t been successfully integrated to deliver a module efficiency due to
the difficulties in micro cells fabrication. Thus, during the preparation of this thesis,
we are still seeking collaborators to prototype a micro hybrid concentrator module
with high-efficiency multi-junction cells. Besides, we are collaborating with Sandia
National Lab to combine our diffuse simulation model and thoroughly conduct cost
model analysis on micro hybrid CPV systems. It shall be mentioned that to achieve
cost-effective micro hybrid concentrator photovoltaic module, the multi-junction cells
fabrication cost must be reduced. It’s mainly limited by the high price of Ge and
ITI-V substrates and the limited substrate reuse due to the material fragility. An
important solution is the Ge-on-Si approach that is part of the LAMB project, which
by innovatively patterning and growing Ge epitaxially on Si substrate, can potentially
improve the substrate reuse to hundreds of times and suppress the materials cost to

the minimal level.

In the WPV project describe in Chapter [2, currently the multi-functional Si
platform is integrated as a whole wafer. One improvement approach is to replace the
whole wafer to discrete small Si cells and integrate with diffuse concentrator. Since
Chapter H4| has suggested the strong forward scattering nature of diffuse radiation,
the Si cell area can be effectively reduced by concentrator to further reduce the cost
from Si materials and improve the cell performance. Besides, currently the Si wafer is
fragile with the through-hole cavity and exhibits limited process yield. Segmentation
of the Si cell can significantly reduce the wafer breaking risk. This process is also
compatible with the transfer printing process for III-V cells assembly, thus introduces
minimal extra module assembly cost. The extra diffuse optics molding cost is also

minimal since it can be monolithically molded with the primary concentrator for DNI.

The micro-prism optics in Chapter is effective in a 3J lateral-arrayed micro
concentrator photovoltaic system. However, it will not gain substantial efficiency

improvement by introducing more junctions, due to the overlap of spots in continu-
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ous wavelength, especially in near-IR wavelength. Unfortunately this phenomena is
fundamentally limited by the materials dispersion properties. According to Kramer-
Kronig relations, the optical dispersion happens strongly near an absorption peak.
Thus the fine spectrum splitting capability of this optics originates from the strong
absorption in the UV region. To improve the dispersion in near-IR region, we need to
introduce absorption in the visible region, which is unfavored to maintain high optical
transmission. To further improve the module efficiency with current optics, a possible
approach is to adopt low-cost down-conversion and up-conversion coating materials
at the cell edge. |111},{112] However, this approach needs substantial improvements on
the conversion efficiencies to be feasible. Another more feasible method is to adopt
tandem structure in the long wavelength cells with the compromise on fabrication
complexities and cost. The micro-prism optics also has great potential in the spec-
trometer application since it has high broadband transmission and no high order
issues that exist in grating based technologies.

The model in Chapter [] can be expanded to other photovoltaic systems like Si
panel and low concentration photovoltaics with different tracking methods like non-
tracking and azimuth tracking. One specifically interesting application is building
integrated photovoltaics, since buildings orientation can vary, while accurate angular
distribution of solar energy is critical to design and evaluate the building integrated
photovoltaic systems. It will also be very interesting to apply non-imaging optics
methods like simultaneous multiple surface to design diffuse concentrator and opti-

mize it based on cost models.
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Appendix A

Annualized Diffuse Radiance
Energy Distribution Simulation
Code in Two-Axis Tracking

Scheme

A.1 Code Main Body

o\

Copyright: @PMAT MIT

o\

Please do not copy or distribute without permission.

o\

Contact: duanhui@mit.edu; hujuejun@mit.edu.

% Citation statement: This model is based on NSRDB TMY3 dataset and
% Igawa diffuse radiance model. Data reading and processing implement

% functions from PV_LIB toolbox.

o\

This model first reads data from TMY3 dataset, use PV_LIB to

o\

process the data format, then apply Igawa model to generate

o\

diffuse radiance map.
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% Read TMY3 data, get the full station list.
FileList = dir('+x.csv');

N = size(FilelList,1);

for k=1:N

TMY=pvl_readtmy3 (FileList (k) .name) ;
% Construct time and location data for processing.
Tstruct=pvl_maketimestruct (TMY.DateNumber-datenum(0,0,0,0,30,0), ...

TMY.SiteTimeZone) ;

location=pvl_makelocationstruct (TMY.SiteLatitude, TMY.SiteLongitude, ...

TMY.SiteElevation);
% Calculate the sun position and solar time
[SunAz_deg, SunAl_deg, ApparentSunAl, SolarTime] = pvl_ephemeris...
(Tstruct, location,100«TMY.Pressure, TMY.DryBulb) ;
SunzZenith_deg=90-SunAl_deg;
SunAz_rad=deg2rad (SunAz_deq) ;

SunAl_rad=deg2rad (SunAl_deq);

o\

TMY data processing for Igawa model implementation. Variable names

o\

consistent with Igawa model paper

o\

Read DHI and GHI.
Eed=TMY.DHI;

Eeg=TMY.GHI;

% Calculate Air mass.

m=pvl_relativeairmass (SunZenith_deg, 'Kastenyoungl989'");
% Extraterrestrial direct normal irradiance.

Eeo=1367;

% Calculate standard global irradiance.

Seeg=0.84xEeo./m.+exp (-0.0675.*m) ;
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T

78

79

80

81

82
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[)

% Calculate clear sky index.
Kc=Eeg./Seeg;

% Calculate cloudless index
Ces=0.01299+0.07698+*m-0.003857*m. " "2+0.0001054*m."3-0.000001031*m. " 4;
Ce=Eed./Eeg;

Cle=(1-Ce) ./ (1-Ces);

% Calculate the sky index.
Si=Kc+real (sqgrt (Cle));
Si((Six>2)&(Sik2.1))=2;

Si(Si>2)=nan;

% Initialize the diffuse radiance maps.
Diffuse_map_-Igawa=zeros ([181,360]);

Diffusemap_-Isotropic=zeros([181,360]);

% Only include data points with GHI>O.

valid_index=find (Eeg>0);

% Calculate the radiance energy map for each hourly data. Addup to
generate

% annulalized radiance energy map.

for x=1:length(valid_index)
i=valid_index (x);

if isnan(Si(i))

else

% Igawa diffuse radiance map generation
New_map=Diffuse_2_axis_Cal (Si(i),SunAl_deg (i), 'Igawa');
% Diffuse radiance map addup

if isreal (New_map)

Diffuse_map-Igawa=Diffuse_-map-Igawa+Eed (i) *New_map;

else
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return
end
% Isotropic diffuse radiance map generation
New_map=Diffuse_ 2_axis_Cal (Si(i),SunAl_deg (i), 'Isotropic');
% Diffuse radiance map addup
if isreal (New_map)
Diffusemap_-Isotropic=Diffuse map_-Isotropic+Eed (i) *xNew_map;
else

return

end

end

end

o\

To turn the radiance map unit to Wxh/m"2/Sr

o\

Normalize to 1 degree x 1 degree mesh.

o\

Generate DNI maps

DNI_map=ones ([181,3601);

azimuth=(-180:1:179);

altitude=(-90:1:90);

[new_ Azimuth,new Altitude]=meshgrid(azimuth,altitude);

Tracker_altitude=90;

Tracker_azimuth=0;

angle_diff=acosd(sind(Tracker_altitude) .*sind(new_Altitude)+...
cosd(Tracker_altitude) .*cosd(new_Altitude) .*cosd...
(abs (Tracker_azimuth-new_Azimuth)));

% DNI is confined in the 2.5 half degree cone.

DNI_map (angle_diff>2.5)=0;

[

% Normalize the mesh to the DHI value, the DHI sensor is pointing to the
% sky dome.

correct=abs (cosd(new_Altitude) .*cosd(angle_diff));
Normalized_-factor=sum(sum(correct.*DNI_map));

DNI_map=DNI_map/Normalized_factorxsum (TMY.DNI) ;
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120
121

122 DNI_map-SI=DNI_mapx* (180/pi) "2;

123 Diffuse_map_Isotropic_SI=Diffuse_map_Isotropicx (180/pi) "2;
124 Diffuse map_Igawa_SI=Diffuse_map_Igawax* (180/pi)"2;

125

126 save ([pwd '\' num2str (TMY.SiteID) '\Two,axis,tracking,map.mat‘],...

127 'Diffuse_map-Igawa', 'Diffuse.map_-Igawa_-SI','Diffuse.map_-Isotropic.SI',...
128 'Diffusemap_-Isotropic', 'DNI_.map', 'DNI_map-SI'");

129

130 end

A.2 Called Functions

A.2.1 Diffuse Le Calculation

2 function [Tracker_Le] = Diffuse_2_axis_Cal (Si, SunAl_deg,Model)
3 % This function calculates the 2-axis diffuse radiance map in the
tracker

[

4 % coordinate with sun in the tracker dome.

6 azimuth=(-180:1:179);

7 altitude=(-90:1:90);

9 [Tracker_Azimuth, Tracker_Altitude]=meshgrid(azimuth,altitude);
10 r=ones (size(Tracker Azimuth));
11 [x,y,2z2] =
sph2cart (deg2rad (Tracker_Azimuth),deg2rad (Tracker_Altitude), r);
12 R = roty(90-Sun_deq) ;
13
14 earth_cartesian=Rx[x(:),y(:),z(:)]1";
15

16 new_x=earth_cartesian(l, :);
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new_x=reshape (new_x, size (Tracker_Azimuth));
new_y=earth_cartesian (2, :Al);
new_y=reshape (new_.y, size (Tracker_Azimuth));
new_z=earth_cartesian (3, :);

new_z=reshape (new_z, size (Tracker_Azimuth));

[earth_ Azimuth,earth Altitude, r]l=cart2sph(new_x,new.y, new_z);
earth_Azimuth=rad2deg(earth_Azimuth) ;
earth Altitude=rad2deg(earth Altitude);

sun_az=0;

angle_diff=acosd(sind(SunAl_deg) .*sind(earth_Altitude)+tcosd(SunAl_deg) ...

cosd(earth_Altitude) .+cosd (abs (sun_az-earth_Azimuth)));

if strcmp ('Igawa',Model)

new_Le=graduation_f (Si,earth_ Altitude).*indicatrix_f(Si,angle_diff) ...

./ (graduation_f (Si, 90) .xindicatrix_f (Si, (90-SunAl_deqg)));
elseif strcmp (Model, 'Isotropic')
new_Le=ones (size (Tracker_Azimuth));
else
error ('Model input error')
return

end

sun_altitude=90;

sun_azimuth=0;

angle_diff=acosd(sind(sun.altitude) .*sind(Tracker_Altitude)+...
cosd(sun._altitude) .xcosd(Tracker_ Altitude) .*...

cosd(abs (sun_azimuth-Tracker_Azimuth)));

new_Le (earth_ Altitude<5)=0;
new_Le (angle_diff<2.5)=0;

[

% Normalize the mesh to the DHI value, the DHI sensor is pointing to the
% sky dome.
sky_altitude=SunAl_deg;

sky_-azimuth=-180;
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angle_diff=acosd(sind(sky.altitude) .*sind(Tracker_Altitude)+...

cosd(sky_altitude) .xcosd (Tracker_Altitude) .*...

cosd (abs (sky_azimuth-Tracker_Azimuth)));
correct=abs (cosd(Tracker_Altitude) .xcosd(angle_diff));
Normalized_factor=sum(sum(correct.*new_Le));
Tracker_Le=new_Le/Normalized_factor;

end

A.2.2 Graduation Function

function [result] = graduation_f (Si,angle)
a=4.5/(1+0.15xexp (3.4%S1))-1.04;
b=-1/(1+0.17+exp (1.3%S1i))-0.05;
c=1.77%(1.22%x81) "3.56%exp (0.2%xS1)*(2.1-51) "0.8;
d=-3.05/(1410.6xexp(-3.4%S1));

e=0.48/ (1+245xexp (-4.13%S1));

result=1l+ax*exp (b./sind(angle)) ;

end

A.2.3 Scattering Indicatrix Fucntion

function [ result ] = indicatrix_f (Si, angle )
a=4.5/(1+0.15xexp (3.4%xS1))-1.04;
b=-1/(1+0.17+exp (1.3%S1i))-0.05;
c=1.77%(1.22%x81) "3.56%exp (0.2%xS1)*(2.1-51) "0.8;
d=-3.05/(1+10.6*exp(-3.4xS1));

e=0.48/ (1+245xexp (-4.13%S1));

result=1l+c.x* (exp (dxdeg2rad (angle) ) -exp (dxdeg2rad (90)) ) +ex (cosd (angle))

end
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