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Integrated Micro-Scale Concentrating Photovoltaics:
A Scalable Path Toward High-Efficiency, Low-Cost

Solar Power

Norman Jost,* Tian Gu, Juejun Hu, César Dominguez, and Ignacio Antdon

The global energy market is seeing increases in the electricity demand of a couple
of percentage points annually. The photovoltaic (PV) industry is also growing
rapidly every year. One of the PV technologies is concentrator photovoltaics
(CPV). CPV uses high-efficiency multijunction solar cells and optics to concen-
trate sunlight, thereby significantly reducing the amount of semiconductor
material needed. Yet, due to the high upfont manufacturing cost of CPV, it
currently does not offer a competitive price against silicon PV. With this a new
branch is introduced to the industry, micro-CPV, which can be broadly explained
as the miniaturization of the solar cells and optical components. The motivation
for micro-CPV is lowering the cost by decreasing the material volume and
enabling new system architectures and high-throughput manufacturing
methods, while still maintaining high electrical efficiencies, taking advantage
of a lower thermal load, shorter optical paths, lower resistive losses, and lower
material volumes. Herein, a comprehensive review of the technological advances
is presented, key synergies between micro-CPV and other industries sharing
similar challenges are identified, exemplified by micro-light emitting diodes
display manufacturing. New assembly process development in these industries
will facilitate commercial adoption of micro-CPV with continued miniaturization

1. Introduction: The Promise of
Micro-CPV Technology

In recent years, photovoltaic (PV) solar
energy has undergone dramatic production
growth and price reduction, leveraging the
economy of scale of silicon-based PVs that
dominate the market. As the efficiency of
silicon cells reaches the practical limit,
PV technologies with better performance
become critical for a sustainable price
learning curve of solar power.'?! Never-
theless, as silicon PV has become a
commodity nowadays, any emerging tech-
nology inevitably faces the scaling dilemma
between cost and volume at initial stages.
On the other hand, the quest for high-
power density PV has long been called
out in fast-rising markets, such as low-cost
space solar, vehicle integrated PV, mobile
solar charging systems, robotics, and other
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area-constrained applications. Thereby
high-efficiency and low-cost PV technolo-
gies beyond Si are essential to enable
further market penetration of solar power
and potentially a new price learning curve.

Concentrator PV (CPV) that use refractive and/or reflective
optical components to focus sunlight onto solar cells had been
conceptualized and developed since the birth of solar cells with
the promise of high performance at low costs. By employing
high-efficiency multijunction cells and optical concentrators,
CPV technologies considerably reduce the usage of semiconduc-
tor materials which in principle decreases energy production
cost.?~®1 Meanwhile, the high-power output provided by CPV
also potentially allows reduction of area-related costs at the sys-
tem level, such as balance-of-system and land usage. Meanwhile,
CPV performance has been improving steadily in recent years,
with cell and module conversion efficiencies reaching over 47%
and 43.4%, respectively.l'>!!)

While to the first order, the optical concentrators could
dramatically reduce the usage of costly semiconductor materials
(e.g., 200X-1000X geometric concentration ratios), the incorpo-
ration of discrete macro-scale concentrators brings in trade-offs
among materials costs, module fabrication costs (e.g., complex
optics and module manufacturing) at the module level and instal-
lation and operation costs (e.g., bulky panel form factor and spe-
cialized high-precision sun trackers) at the system level.®'?

© 2023 The Authors. Solar RRL published by Wiley-VCH GmbH
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Improvement on the concentration ratio and thus reduction of
the multijunction cell area rely on increased complexity of the
optical concentrator system, which inevitably increases module
fabrication costs. Furthermore, conventional concentrator optics
poses stringent requirements on tracker accuracy, mandating
dedicated CPV trackers incompatible with low-cost trackers
designed for silicon PV. Moreover, due to the relatively small
acceptance angles, conventional CPV architectures cannot
capture the diffuse component of sunlight (i.e., light scattered
by atmospheric aerosols and clouds), which constitutes a
considerable portion of the total incident power. According to
standard solar radiation data across the USA, diffuse radiation
contributes to approximately 2-2.5 kWh m~2day for all the loca-
tions studied, representing 20-40% of the global radiation
depending on the geographic location.'*'" The inability of
CPV to capture diffuse light further limits its deployment and
market penetration.

The cost and performance challenges associated with CPV are
imposed by the thermodynamic limit of optical concentrators. A
fundamental trade-off exists between geometrical concentration
ratio (X) and acceptance angle (0, defined as the light incident
angle at which the optical collection efficiency drops to 90% of
that at normal incidence), which is also known as the conserva-
tion of étendue.’>'®! To evaluate different CPV architectures
and systems, a key figure of merit (FOM) is defined as the
concentration-acceptance product (CAP).['”!

CAP = V/Xsind,, 1)

In theory, for a given optical concentrator architecture, CAP is
nearly an invariant for different designs with different concen-
tration ratios. This FOM, however, can be improved by using
advanced optical architectures, e.g., by increasing the number
of optical elements or using non-imaging optics tailored for
light collection."® 2! Such approaches, on the other hand, will
increase the module complexity and fabrication costs.
Therefore, Equation (1) not only reveals the trade-off between
concentration ratio and acceptance angles but also the balance
among materials, module, and system-level costs. Traditional
CPV systems can achieve CAP values close to or below 0.7
and are typically designed for high concentrations aiming to
reduce cell costs.”! As a result, this is usually accompanied by
complex module designs and tight tolerances to assembly and
operation misalignments.””! For example, for CPV systems with
1000X concentration ratio or above, high-precision module
assembly and high-accuracy trackers (<1°) are necessary.
Such requirements result in high module fabrication and
BOS costs that offset the performance and cost improvements
at the cell level.

Conventional CPV technology was not able to fulfill the prom-
ise of simultaneously achieving high performance and cost
reduction, trapped in a chicken- or-egg paradox. The lack of suf-
ficient commercial deployment has prevented the benefit of cost
reduction associated with the learning curve of the technology,
whereas the lack of competitiveness compared to conventional
PV prevented large-scale market development of the technology.
In order to reach or even surpass the cost learning curve of sili-
con PV technology, the following key performance attributes are
demanded to improve existing CPV technologies: 1) high
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efficiency multijunction solar cells, 2) high concentration,
high-efficiency optical concentrator for reduced usage of semi-
conductor materials, and enhanced performance, 3) sufficient
field-of-view accommodating pointing accuracies of low-cost
trackers (1°-1.5° tracking accuracy), 4) compact and simple mod-
ule designs that minimize assembly and installation costs, 5) low
thermal loads and mechanical stress, 6) module fabrication and
BOS compatible with current silicon PV infrastructures to lever-
age the economy of scale, 7) cost-effective diffuse light collection,
and 8) cross-pollination with other industrial technologies con-
ducive to a fast learning curve to accelerate the cost reduction
and competitiveness.

In recent years, a new class of PV technologies, i.e.,
micro-CPV, have attracted significant R&D efforts.'*?'~32 The
technologies have shown a strong potential to address the afore-
mentioned cost issues at both module and system levels while
fulfilling the high performance of multijunction cells. Micro-
CPV technologies leverage modern micro-fabrication and assem-
bly techniques to dramatically scale down the dimensions of
solar cells (with sizes of 100’s of microns up to 1mm) and
accordingly the optical systems (diameters in the range of a
few millimeters to a few centimeters) in novel module architec-
tures. Arrays of micro-cells and micro-optics are tightly inte-
grated within an ultra-compact flat module similar to silicon
PV using advanced cell fabrication and massive parallel assembly
approaches compatible with large-scale manufacturing.

As detailed in later sections, potential module-level benefits of
exploiting such dimension downscaling include improved
cell-to-module power ratio, increased optical efficiency, enhanced
heat dissipation, reduced cell and optic fabrication costs, and
interconnect flexibility. Arrays of lenses can be fabricated in
the form of large area optical sheets via low-cost manufacturing
processes. More importantly, the flat physical profile potentially
allows leveraging existing silicon module and system compo-
nents and thus greatly reduces module fabrication and balance
of system (BOS) costs. The National Renewable Energy
Laboratory (NREL) recently developed a comprehensive
bottom-up system cost model that allows evaluating levelized cost
of energy (LCOE) for micro-CPV technologies and directly
assessing their cost effectiveness. Analyses have shown the
strong competitiveness of micro-scale CPV compared to conven-
tional CPV and silicon PV systems.*!

The micro-scale components further enable new module
architectures, such as advanced micro-optic approaches,
DNI/diffuse integrated micro-CPV/silicon PV hybrid architec-
ture, flexible PV, waveguide integrated PV, internal tracking,
and integrated spectrum management. In particular, integrated
hybrid micro-CPV/silicon PV architectures can be utilized to
combine high-performance micro-cells and low-cost silicon
PV, which would considerably improve power conversion effi-
ciency of silicon devices."**”) Furthermore, micro-CPV enables
the tracker integration in a module by moving internal subcom-
ponents to continuously capture concentrated sunlight, with dis-
placements of only a few millimeters needed.?**" A salient
example is the integrated tracking approach from Insolight
S.A. using a high acceptance double convex optic and a movable
cell-plane. A measured electrical efficiency of 29% was
achieved, and the technology is currently being commercially
deployed.*? Such embedded planar micro-tracking CPV can
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significantly improve the energy output, making it particularly
promising for agrivoltaic, rooftop, and other space-constrained
implementations.

While size downscaling can bring in unprecedented perfor-
mance and cost benefits, new barriers emerge as traditional
CPV manufacturing techniques show limited scalability to
micro-cells and micro-optics. One challenge is that conventional
serial pick-and-place assembly approaches cannot keep up with
the massive number of micro-cells and optical alignment preci-
sion requirements. On the other hand, traditional large-volume
optic fabrication methods limit the achievable minimum
dimension, geometry, and architectures of micro-scale concen-
trators. Furthermore, positioning accuracy of optical elements
during the fabrication and assembly processes also poses a
bottleneck, which limits the number of optical components that
can be utilized, restricting the implementation of advanced
multistage concentrator designs at the micro-scale. Since the
position and dimensional accuracy of optical elements during
the molding process is approximately ~10pm, the tolerance
to fabrication deviations becomes increasingly tight for micro-
optical elements. The fabrication bottleneck, from various
aspects, limits the employment of efficient nonimaging optical
concentrators in micro-scale PV systems that can bring the
concentration performance close to the étendue limit (e.g., by
using reflective cones or facets, compound parabolic concentra-
tors, etc.).

As elaborated in the following sections, by leveraging low-cost
parallel micro-device fabrication and assembly techniques and
new module architectures, recent demonstrations have shown
that the scalability hurdles can be overcome with a substantially
improved performance and cost advantages. Similar to the evo-
lution of micro-electronics and photonics, “integration” will be
the key to transform the original bulk CPV techniques based
on discretely assembled macro-components to low-profile flat
panels consisting of densely integrated micro-cell and micro-
optic arrays. Meanwhile, synergies with other mainstream optical
and optoelectronics technologies such as micro-LED displays,
flexible displays, LED lighting, micro-electromechanical systems
(MEMS), and radio-frequency identification (RFID) will be essen-
tial to further growth of the field of micro-CPV.

This review surveys the current state of the art in micro-CPV.
A complete overlook of the so-far presented prototypes is
given, focusing on components such as micro-cells, optics,
and architectures. In addition, we also review the manufacturing
methods for assembly/interconnection of micro-cells and
manufacturing of optics with the necessary scale and precision
requirements for micro-CPV. Published research on improve-
ments of components and manufacturing methods which have
not yet made it into a working prototype are also discussed. From
the literature research, we identify shared challenges with other
industries (automotive, telecommunication, lighting, etc.) and
assess technological solutions for a potential cross-linkage with
micro-CPV. Many manufacturing and assembly processes are
found that could be implemented with ease in a micro-CPV
module assembly line, facilitating future scalable micro-CPV
module manufacturing while lowering the cost. Two added
values that micro-CPV can provide are also discussed, namely
hybrid micro-CPV/silicon PV and internal tracking. They
are optional but can further the application scope for
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micro-CPV as they compete with silicon PV. Overall, we aim to
present in this review a roadmap to guide the technology
selection and development with the goal of expanding
and expediting the commercial deployment of micro-CPV
technologies.

2. Pioneering Efforts and Current Thrusts on
Module/System Development

In this section, we summarize micro-CPV prototype performan-
ces published in recent years. In Table 1, we include parameters
such as concentration, cell size, concentration acceptance prod-
uct (CAP, Equation (1)), efficiencies, and the type of solar cells
and optical system used. Micro-CPV with integrated tracking will
be addressed in a later section and summarized in a separate
table.

In Figure 1, we show the achieved efficiency vs concentration
for the micro-CPV prototypes in Table 1, provided that the cor-
responding publications report both values. From the distribu-
tion we can see that most approaches went the conservative
way to use a lower concentrations in the range of 100-400X.
This results in high electrical efficiencies of over 25% with
the highest being 36.5%. This highest optical efficiency is
achieved at a concentration a little shy of 180X by the biconvex
lenses which are used by Insolight S.A. The prototypes using a
hybrid-CPV/silicon PV are found in the middle of the distribu-
tion at low concentrations exceeding in many cases the standard
micro-CPV approach. These prototypes do not have the maxi-
mum attained efficiency results as the global irradiance is used
for the efficiency calculation instead of the direct irradiance for
the CPV case.

The result with the highest concentration and a very competi-
tive electrical efficiency is from the Semprius micro-CPV mod-
ule. It is worth noting that this case went through an industrial
development phase and developed a commercial product. The
product reaches a concentration of over 1000X concentration
and outstanding performance with an optical efficiency of over
80% and an electrical efficiency of 35%.1*’!

2.1. Identified Challenges

Based on our extensive literature survey summarized above, we
identify the key challenges, which must be addressed to enable
the success of micro-CPV. Solutions to these challenges are
addressed in the following sections.

Manufacturing processes used in conventional CPV,
suitable for solar cell units per m” densities of <50, are limited
in scalability or simply prohibitive for the micro-CPV solar
cell-/optic-scale. For instance, Insolights’ micro--CPV- module
requires the assembly of 5000 cells and lenses per m?!**
Assembly processes with high precision and low cost are needed
for the technology. The micro-LED industry sets a good example,
as many challenges are identical.*>*¢!

One of the features of the micro-CPV technology is the
downscaling of solar cell size for cost reduction. When reducing
the cells size, several factors must be considered to avoid
electrical efficiency degradation, in particular the perimeter
recombination.”’ % Simulations and measurements have
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Table 1. Overview of micro-CPV and hybrid micro-CPV prototypes. The parameters are collected from the references shown in the last column. Images of
a few of the prototypes can be found in the following sections. Micro-CPV with integrated tracking will be seen in a separate table in Section 3.7.

Geometrical  Efficiency On-axis Acceptance CAP Cell Description Reference
X n [%] opt. eff. [%] Angle (°)@90% opt. eff. Size [pm]
625 34.7 - - - 500 3)-micro cells adhered thick aspheric PMMA lens acting as single staged ~ [22,69]
optic. (Panasonic)
300 18 86 2.6 0.79 2300 Si-micro cells (SunPower) with edge surface field, PMMA TIR-R POE [65]
with SOE. (Isofoton) [114]
mm 35 80 0.85 0.49 600 3)-Micro cells SoG POE and ball lenses as SOE. First use of transfer [43]
printing and surface mount technology. 3) 7=35% 4] n=36.5%. [105]
(Semprius) [26]
18.4 25.8 65 9.5 0.71 650 3)-micro cells transfer printed, very compact design for space using a [122]
reflective inverted compound parabolic lens. (PennStateU)
132 - 82 3 0.19 170 Compact design for space using a reflective glass v-cone tailored edge- [123]
ray concentrator. (PennStateU)
72 12.6 85 3.5 0.52 54 CIGS microcells using photoresin to manufacture the aspheric POE and [74]
SOE optics. (IRDEP)
480 30.4 90 1.65 0.63 970 GaAs single-junction cell surface mounted on injection molded PMMA 71
POE and SOE array. (Panasonic) [169]
36 10 - - - 720 Hexagonal Si-micro cells with a PMMA lens array for POE and SOE. The [107]
sandwich is encapsulated with silicone. (Sandia)
200 - 87 3 0.74 250 2)-micro cells encapsulated with a single aspheric silicone lens array ~ [29,108]
with 83% optical efficiency. (Sandia)
92 355 - - - 170 4) transfer printed wafer stacked solar cells with a molded glass [84]
aspheric array. 4 ) n=35.5% projected for 6] n =38%. (NRL)
1000 - 0.27 0.15 5500 3 J-cell with injected PMMA waveguide optic. (Morgan Solar) [116]
[174]
275 29.7 90 0.75 0.22 1000 3 ) micro solar cell with silicone injected POE and SOE with self-aligning [170]
manufacturing. Optical efficiency value is the goal. (CEA)
1000 334 0.5 0.28 600 3 cells with aspheric silicone POE a hybrid dome SOE. (CEA) [175]
180 36.4 80 - - 1000 1mm? 3] UMM solar cell with byconvex lens, on-axis performance [176]
measured and certified by the Fraunhofer ISE. (Insolight)
180 27.2 79 0.7 0.16 1000 1 mm?3 ] UMM solar cell with bulk molded glass lens array. Eta low due [126]

Hybrid Si-PV/CPV

400 30 90 2.39 0.83 100
100 30.7 87 2 0.35 1000
228 32.7 76 2 0.53 250
740 25.4 - - - 170
3.5 30 50 60 1.62 4000
321 34.2 - 0.46 0.14 3000

to alignment issues, 33% achievable. (IES-UPM)

Hybrid 111-V and Si with wafer-integrated optic (etched V-grooves) as [109]
part of a multi-stage optical system with aspheric glass or SoG lens
arrays as POE. (MIT)
Micro 3 ) on bifacial Si cell encapsulated in aspheric silicone POE [177]
lenses. (Toyota)

Micro 3 | on bifacial Si solar cells with a PMMA injected aspherical SOE [106]
and Al mirror as SOE. (Sharp) AR
2 ) micro cells transfer printed on a bifacial Si cell. Glass molded [162]
aspheric lens array. (NRL)
3 cells on Si cells encapsulated in a high acceptance (55°) silicone [163]
single lens for car-PV. (Toyota)

4] cells on bifacial Si p-PERC cells. With SoG fresnel lenses as only [178]
optical stage. (Fraunhofer-ISE) [164]

shown that losses can be substantial for cells smaller than
500 pm in diameter (corresponding to a perimeter to area ratio
of ~80 cm™Y), as can be seen in Figure 2A. Another factor is the
material loss during wafer dicing when singulating the solar
cells. Standard technologies such as diamond sawing and laser
ablation have lane widths (lost area between active dies) in the
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micron range®®?! (Figure 2B). These technologies also contrib-
ute to the aforementioned perimeter recombination losses for
solar cells, by causing mechanical defects during the dicing
process.[*®! In addition, cell assembly and interconnection at
the micro-scale raise a cost issue. Due to the large area and
high density of dies, the assembly cost rises exponentially
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Figure 1. Efficiency versus geometrical concentration ratio for the prototypes in Table 1. They are divided into two groups: micro-CPV with squares as
markers and hybrid micro-CPV/silicon PV with pentagon markers.
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Figure 2. a) Effect of perimeter recombination for solar cells below 500 pym in diameter or side length (P/A ~ 80 cm '), showing reduction of open-circuit
voltage loss which has a negative effect on the efficiency. Reproduced with permission.[*”! Copyright 2021, Elsevier BV. b) Conventional dicing technolo-
gies for various sizes of dies indicating that plasma etching is best suited for small dies such as micro solar cells. Reproduced with permission.*”
Copyright 2021, Institute of Electrical and Electronics Engineers (IEEE). c) Assembly costs predominates CPV module cost for small cells, where
the dashed red line shows the ideal case for micro-CPV. Reproduced with permission.”® Copyright 2017, AIP Publishing.

(Figure 2C).”* The die interconnection has been traditionally
carried out with wire bonding. This method is prohibitively
expensive for micro-solar cells as contact areas such as pads
and busbars must be downscaled proportionally to avoid increas-
ing the shading factor.®® Alternatives to wire bonding are

necessary.[s‘q
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benefitting from the s

roll-to-roll represents
method,** although

The optical performance can be enhanced in micro-CPV

hort optical paths, but manufacturing of

very small units on large areas is a challenge. For very thin optics,
high-throughput manufacturing methods such as roll-to-plate or

an attractive low-cost manufacturing
achieving good optical quality remains
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difficult.” Micro-CPV allows for the use of novel optical
designs, which were previously not viable, yet machining of opti-
cal molds for micro-optics is not trivial. High precision with good
surface finish is needed, although in most cases the viable types
of machining methods are area constrained.*® In addition,
aligning cell-optic at a micron scale is difficult.?”*®! For this case,
internal tracking enabled by the small size of the optics offers an
intermediate solution as the implementation of an actuated solar
cell or optical plane increases the complexity of the module.*?

The next section scrutinizes potential solutions for these chal-
lenges in the context of their applicability, constraints, and advan-
tages for micro-CPV.

3. New Enabling Technologies for Micro CPV
3.1. Micro Solar Cells

In micro-CPV, the cell size is reduced, which comes with electrical
efficiency losses due to several issues. To obtain highly efficient,
sub-mm sized solar cells certain requirements must be met: opera-
tion under high-intensity light flux, reduced perimeter recombina-
tion losses, low shading losses without incurring excessive resistive
losses, compatibility with single-sided contacts, and low material
loss due to die singulation. In the development of micro-solar cells,
we can mention works from the Naval Research Laboratory
(NRL),** Sherbrooke University,”® Instituto de Energia Solar
(IES-UPM),*? Fraunhofer ISE,*? and Sharp.!*’

Perimeter recombination is influenced by the perimeter area of a
solar cells’ active layers,[47] simulation studies have shown significant
losses at low concentrations.*>*" The conclusion is also consistent
with the analysis of Espinet et al. on perimeter recombination,
higher current densities (under high concentration) ameliorate
the impact of the perimeter losses.*”) Perimeter recombination
causes the loss of open-circuit voltage, which directly reduces the
electrical efficiency of the solar cells, as is evident from Figure 2A.

Passivation of the lateral surfaces has been implemented for
silicon micro solar cells. This passivation is referred to as edge
surface field (ESF),®® yet for multijunction solar cells this
approach is complicated given different semiconductor materials
are used in the stack. Still, a successful approach has been shown
using the antireflection coating as lateral passivation and insula-
tion for tandem solar cells.”® Other means to avoid the perime-
ter recombination includes adding a heterojunction as a window
layer as suggested by'®” or reducing the thickness.[***%

Plasma etching is used to avoid material loss when dicing the
cells. This technique can reduce dicing widths from >80 pm to
10 pm and lower depending on the thickness of wafer and allow
versatile designs of solar cell shapes®*>? (Figure 2B). Plasma
dicing has other benefits including better mechanical properties,
which result in a higher process yield, and improved sidewall
surface quality, which has been connected with reduction of
perimeter recombination in solar cells.”® LEDs that also show
perimeter recombination for very small devices <10 pum!®®
caused by sidewall damage during singulation.*” Plasma
etching is necessary for high-performance devices for both
industries. Furthermore, throughput improvement and cost
reduction have been associated with small and thin dies given

Sol. RRL 2023, 7, 2300363 2300363 (6 of 30)
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a constant dicing speed.’!) Thin dies can also improve the open
circuit voltage (Voc) of solar cells on germanium substrates./*®

When it comes to mitigating the shading factor for small
cells, a solution is to move the contacts to the back side using
metal interconnects’®” or via metal wrap-through contacts
(Figure 3A).1*8°27% These one-sided contact solar cells enable
self-alighment during the soldering process, as is illustrated in
Figure 3B for front contactable solar cells.l”"

Another approach worth mentioning is CIGS solar cells.
Micro CIGS cells can be manufactured directly on low-cost sub-
strates with high precision.l’>”?! First attempts to manufacture a
micro-CPV module with CIGS solar cells have already been
attempted.”"! These attempts started out with a top-down
approach, the removal of material to manufacture the micro-solar
cells. This concept is prohibitive as material is lost. Currently,
work is being done on the bottom-up approach, with which
no material is lost as shown in Figure 4. This approach is very
low costs and avoids later assembly costs. The positioning toler-
ances are very good as photolithography is used. The limitation is
the efficiency of CIGS solar cells manufactured in this manner,
which is still to exceed 20% efficiency.

3.2. Solar Cell Assembly

The assembly of a vast number of cells on a large area, thou-
sands per m?, is essential for micro-CPV. This is a challenge
which is difficult to address with conventional technologies
used for CPV such as pick-and-place or manual assembly.
Parallel assembly of the solar cells can leverage different tech-
nologies, many of which having been developed for the micro-
LED industry: micro-transfer printing, chiplet printing, fluid
self-assembly (FSA), and others. The most promising
approaches are listed in Table 2. Different variants of the tech-
nologies will be discussed later.

3.2.1. Fluidic Assembly

Fluidic assembly or FSA uses shape matching or capillary forces to
position and assemble dies. An example for shape matching was
developed by the company eLux which assembles micro-LEDs
using a film with cavities submerged in a liquid.”” Other
approaches working under the same principle (cavities, forces
and shape recognition) are discussed in ref. [76]. Capillary forces
for FSA have been studied extensively and systems with industrial
potential are available for assembly of LEDs, with state-of-the-art
results from a collaboration of the TU Ilmenau with the University
of Minnesota. The results of their collaboration where first pre-
sented for flat substrates.”” Then, a functional roll-to-roll system
was demonstrated in ref. [78]. This FSA system used solder bumps
on a flexible film to position and fix the dies in place, this can be
seen in Figure 5. The dimensions of the LED dies used in the
roll-to-roll FSA are similar to micro-CPV solar cells, and the solder
bumps tailored for this process also meet the thermal budget for
micro-cell assembly, which involve a low temperature of 75 °C for
the FSA process.”” Single junction 1000mm sided GaAs
solar cells were successfully assembled using FSA to create a
micro-CPV module. Up to 256 solar cells could be assembled
at the same time on a 40 x 40 mm? PCB."””!

© 2023 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 3. a) Through-wafer via-hole contacts for backside-only interconnection of solar cells is an attractive option for micro-CPV. Bringing both
contacts to one side comes with an initial investment for further optimization of the processing of the solar cells. Yet, the final assembly of the small
devices is easier. Reproduced with permission.® Copyright 2014, AIP Publishing. A good example can be seen in (b) where self-alignment compatible
micro solar cell with front contact interconnection is seen being soldered on a circuit board. Reproduced with permission.’"! Copyright 2017, AIP
Publishing.

which is described in ref. [80] (see Figure 6), leads to the pos-
sibility to assemble different micro-solar cells with different
performance characteristics on the same substrate. Results
with assembled solar cells and LEDs are elaborated in
ref. [81]. For micro-LEDs, this is a solution for assembly of dif-

3.2.2. Chiplet Printing

Developed by PARC, this process assembles dies on a
desired array pattern using electrostatic forces applied through
spiral-shaped electrodes (on a Xerographic p-assembler). Once

the dies are arranged, they are transferred with a roller onto the
final substrate and electrically interconnected. This process,

Sol. RRL 2023, 7, 2300363 2300363 (7 of 30)

ferent dies for the needed RGB colors, and for solar cells this
approach can be used for lower performing optics (large focal

© 2023 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 4. CIGS is a solar cell technology, which allows for a very local manufacturing on a base substrate. Avoiding later assembly costs and allowing for a
much alignment higher precision with the tolerances of the photolithography process used. Here the CIGS micro solar cells fabrication process is shown
from (a—i). After the photolithography and etching steps (d), the solar cells are deposited locally using electrodeposition and a Se atmosphere annealing
(h), and then finished with a CdS chemical bath deposition and ZnO sputter for the double window layer. Reproduced with permission.’? Copyright 2017,

Elsevier.

Table 2. Micro-LED assembly methods following”?! with additional data
from the references listed in the last column.

Technology Company  Transfer Rate  Price  Precision References
Million [h]  [$m™?  [um]

Fluid Assembly elux 50 - <0.2 [78,179]

Elastomer Stamp  X-Celeprint 1 0.16 <5 [101,180]

Roll-Stamp PARC/Xerox 3600 15 5 [80]

Laser Transfer Uniqgarta >100 - 1.8 [181]

spots due to low concentration). For the region where the optic
is performing well, high-power solar cells can be used and for
the lower performing areas low-cost solar cells can be
assembled.

3.2.3. Micro-Transfer Printing

Industrial deployment of micro-transfer printing was started by
Semprius!*?! and continued by X-Celeprint and Microprince.
Many different institutions such as the X-Fab are active in this
field.®? The key feature of micro-transfer printing is the use of
an elastomer stamp to transfer the dies.®® This approach is
based on Van der Waals forces, which can be controlled by
the speed and direction of the peeling action with the elastomer
stamp, this is illustrated in Figure 7. The dies are undercut-
etched and released from the source wafer using the stamp
and then transferred to a final substrate with already patterned
adhesive/solder for electrical interconnection.® This technology
is used for different types of opto-/electronic III-V devices
including micro-CPV solar cells for the manufacturing of
mechanically stacked four (or more) junction solar cells.®*#!

Sol. RRL 2023, 7, 2300363 2300363 (8 of 30)

In Figure 8A, an illustration of a five junction solar cells is shown.
These solar cells are manufactured by stacking, which is done by
transfer printing a two- and three-junction solar cell grown on
different substrates, obtaining the best performance for each
solar cell.®*! Attempts are also being made in adapting this pro-
cess to a roll-to-roll production line, using rollers made from elas-
tomeric materials with surface texture to impart directional
controllable adhesion.®® As with chiplet printing, this approach
can also be used for the assembly of multiple devices close to
each other with high precision. This is shown for the laterally
arrayed micro-cells in conjunction with spectral splitting optics
developed by MIT®#8 seen in Figure 8B.

3.2.4. Other Transfer Technologies

Laser-induced forward transfer (LIFT) is another massive
selective transfer method. This process is used for GaN LEDs
grown on sapphire substrates. Laser beam irradiation causes
delamination of the dies from the carrier substrate and further
propels the detached dies toward a receiving substrate, the
approach is described in the following publications.”>*" Solar
cells can also be grown on sapphire and transferred as shown
in ref. [90], though their electrical performance is currently
low. Electrostatic transfer arrays developed by LuxVue uses spe-
cialized electrostatic transfer heads with which the dies can be
selectively picked up and released.!*”) This technology can be appli-
cable for micro-CPV solar cells since dimensions and character-
istics are similar as for the micro-LEDs which have been used
in ref. [45]. In magnetic transfer arrays developed by EOSRL-
ITRI, an electromagnetic device selectively picks up one or multi-
ple micro-dies onto a target substrate.[** This method is similar to
the previously mentioned electrostatic transfer approach, this pro-
cess is compatible with micro-solar cells as well. A throughput of

© 2023 The Authors. Solar RRL published by Wiley-VCH GmbH
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heated water
(75 °C) rotation
(a) . vibration

Figure 5. The collaboration between the TU IImenau and the University of Minnesota lead to a FSA system tailed for the assembly of 400 pm LED dies on
a flexible substrate. a) The dies and flexible substrates are incorporated in tumbler filled with heated water. They are kept under constant movement until
all the dies adhered to the solder bumps seen in (b). When the temperature is lowered the dies solder in position. c) The resulting substrate with soldered
micro-dies with a high yield of >90%. This high yield makes this a viable approach for the industry and an attractive solution for micro-CPV which uses

similar sizes of dies. Reproduced with permission.””) Copyright 2019, Springer Nature Limited.
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efficiencycell cell
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<
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Figure 6. Chiplet printing using a roller. The concept is printing multiple micro solar cells with various electrical efficiencies in one lens focal spot. Taking
advantage of an inhomogeneous irradiance mesh to homogenize and therefore maximize the electrical output. Reproduced with permission.’”

Copyright 2015, Insitute of Electrical and Electronics Engineers.

10 thousand dies per hour has been reported for magnetic transfer
in ref. [91]. The Korean Institute for Mechanics and Machining
(KIMM) developed a roll-base transfer technology.l*”! This process
is similar to the chiplet printing method for solar cells developed
by the company PARC 2!

Many of the technologies mentioned in this section are
tabulated in Table 3 from.*"!

3.3. Interconnection of Cells

In micro-CPV, the number of solar cells per area increases to thou-
sands of cells per m?, well beyond the limits of technologies used in
traditional CPV such as tab soldering and wire bonding.
Interconnection of solar cells on this scale while maintaining a
competitive cost is therefore a major challenge. Micro-LED arrays

Sol. RRL 2023, 7, 2300363 2300363 (9 of 30)

face similar challenges in electrical interconnection, and several
mass transfer technologies are being explored for micro-LEDs, a
good collection can be seen in the following article.”> Most of these
approaches are also applicable to micro-CPV and will be discussed
in this section. The goal is to reduce the cost to $50-100 m~? for
assembly and interconnection as suggested in ref. [46].
Interconnection alone should reach costs as low as $3—4m 2
for viability for micro-CPV, this goal leaves margin for the high
precision assembly. This cost is achievable as described in
ref. [54]. Candidate solutions include metallization via evaporation,
a standard micro-processing step; conductive ink printing, an
approach more suitable for large areas; chip-on-board (COB) com-
bined with printed circuit boards (PCBs); and overcell contacting
using transparent conducting coatings on the die. These technolo-
gies are compared in Table 4 and further discussed later.

© 2023 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 7. a—f) Micro transfer printing using an elastomer stamp process. Beside with micro-LEDs this assembly technology has already been demon-
strated with solar cells, by Semprius Inc. and by the Naval Research Lab. Currently, the technology is being developed for industrial application from
X-celeprint and Microprince. Reproduced with permission.®*! Copyright 2016, American Chemical Society.
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Figure 8. a) Shows the structure of a mechanically stacked 5 ] micro solar cell; Reproduced with permission.>! Copyright 2019, IEEE. b) Spectral splitting
optics for laterally arrayed multijunction solar cells. Both these micro solar cell technologies (A&B) are manufactured by very high-precision transfer
printing, the precision necessary for these technologies is <5 um. Reproduced with permission.®”) Copyright 2019, Insitute of Electrical and Electronics
Engineers.

Sol. RRL 2023, 7, 2300363 2300363 (10 of 30) © 2023 The Authors. Solar RRL published by Wiley-VCH GmbH

95U9017 SLOWILIOD) SAIIID) 3 cfedldde ay) Ag peusenob afe sajolie VO 9Sn JO 3| 10} Aeud18UlUO A3]1/MW UO (SUONIPUOD-pUe-SLULBIAL0D A8 | 1M Ae1q 1jpu1[UO//:SANY) SUOTIPUOD pue SWie | aU) 38S [£202/2T/8T] Uo ARiqiaul|uo Ao]iM el B1S0D aUeIy20D AQ £9£00€202 110S/200T 0T/10p/L0d" A3 1M Aleq 1 jpuljuo//sdny Wouy papeo|umod ‘9T ‘sZ0Z ‘X86T.952


http://www.advancedsciencenews.com
http://www.solar-rrl.com

ADVANCED
SCIENCE NEWS

é ‘RRL

www.advancedsciencenews.com

www.solar-rrl.com

Table 3. Showing transfer printing technologies currently used for micro-LEDs. Reproduced with permission.[*’! Copyright 2018, MDPI.

Company Principle Description
Electrostatic array LuxVue The transfer heads are divided by the dielectric layer to form a pair of silicon
electrodes, which are positively and negatively charged, respectively, before
picking up the target LED.
Target substrate
Magnetic array ITRI : Micro-LEDs are adsorbed and placed by the electromagnetic force
Electromagnetic d by the coil
Pick-Up y generated by the coil.
| Target substrate
Elastomer stamp X-Celeprint X . The pick-up and transfer processes are aided by the Van der Waals forces
Visco-elastic . . -
. between the viscoelastic elastomer stamp and the solid micro-LEDs
pick-up array
= =
| Target substrate
Roll to plate KIMM A roll-based transfer technology for transferring nanoscale objects from a
1 donor substrate to a target substrate with high yields and productivity
Transter fim J
4
-

Target substrate

Table 4. Interconnection methods for micro-CPV.

Technology Institute/Industry Area Price [m?] Precision [pm] References
Metal evaporation NRL/micro-CPV & LED Small Very high <1 [84,92]
Wire bonding Micro-CPV scale Medium ~ $500 (High) 50 [54,182]
Interconnective (screen) printing UPM/micro-CPV & LED Large $3-4 (Low) 20 [54]
Interconnective (aerosol) printing Joanneaum/micro-LED Medium Medium <100 [94]
One sided interconnection Panasonic/micro-CPV & LED Large Medium 10 71
Chip-on-interposer Insolight, Semprius/micro-CPV Large Medium 10 [44,101]
Overcell contacting Micro-LED Large Low - [102]

3.3.1. Metal Evaporation

Physical vapor deposition (PVD) and lithographic patterning of
metals usually apply to small-area devices given the steps’ rela-
tively high cost. This approach has been used for small-area
micro-LED screens®” and micro-CPV prototypes.®*!

PVD has its benefits when applied to complex interconnection
layouts, such as for mechanically stacked five junction solar cells
used by NRL. As both stacks have different current outputs, a com-
plex interconnection scheme is designed to maximize the total
power output. This interconnection method uses lithography steps
and allows for these complex interconnection schemes as seen in
ref. [93]. In addition, the resists used in the lithography step permit
electrical insulation of the edges of the solar cells, avoiding short
circuiting. A type of self-alignment process is also possible with
lithography, this can be used to form electrical insulation and
small channels on micro-CPV solar cells in one step. These

Sol. RRL 2023, 7, 2300363 2300363 (11 of 30)

channels are then filled with conductive silver paste for intercon-
necting solar cells. This approach was shown for interconnecting
256 solar cells on an area of 40 x 40 mm? in ref. [79].

A concern for the evaporation technology is the high cost,
lithography on large areas is expensive and if the process is
not optimized valuable metals are wasted.

3.3.2. Interconnect Printing

Conductive printing is a technology easily applicable for large
areas. Different printing approaches can be used such as
screen, inkjet, electrohydrodynamic (EHD), aerosol, gravure,
and roller printing among others.**! These printing technolo-
gies are shown in Figure 9. The printable substrates vary from
rigid glass/plastics to flexible/stretchable polymers. These
printing techniques are used in an abundant number of
technologies from the front- and back contacts of Si solar cells,

© 2023 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 9. Timeline showing the large number of conductive printing technologies developed throughout the years in the semiconductor industry. Screen
printing is the standard technology for printing the front- and back-contact of Si solar cells. For micro-CPV, the silver nanowire inks developed in 2015
come in question for the interconnection of solar cells. Reproduced with permission.®®! Copyright 2019, John Wiley & Sons Inc.

the interconnection of micro solar cells, printing of functional
sensors/transistors, perovskites, radio-frequency antennas, and
stretchable electronics.

What makes these technologies appealing is their broad appli-
cations across different industrial sectors such that micro-CPV
can take advantage of the technical expertise and infrastructures
developed for other applications. A mandatory requirement for
micro-CPV is the capability of printing not only conductive mate-
rials but also dielectrics needed for the lateral isolation of dies
and tracks. A good example is the work in ref. [94], which
employed aerosol jet printing for LED-die contacts on a PCB
to avoid wire bonds. The LEDs used both front and back contacts,

Sol. RRL 2023, 7, 2300363 2300363 (12 of 30)

where the back contact was directly soldered on the PCB.
A dielectric layer was first printed on the front side, followed
by printing of a silver conductive ink to interconnect the frontside
contacts as depicted in Figure 10A. Aerosol jet printing was used
leveraging its high precision and also because the same technol-
ogy was used for the deposition of phosphor layers on the same
LED dies for color conversion.

Electrohydrodynamic (EHD) printing can process complex
structures, from drop-by-drop nanowires to high-aspect-ratio
walls.”” EHD printing is based on electrohydraulic forces to
propel ink through a nozzle, and the result thus depends on
the nozzle size and ink viscosity.

© 2023 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 10. a) An alternative to wire bonding for LEDs using jet printing of an insulation layer and conducting layer to interconnect a die. Reproduced with
permission.” Copyright 2016, Society of Photo-optical instrumentation engineers (SPIE). b) Printed electrodes for use with the chip-on Interposer
technology, in this case on flexible and stretchable substrates. Reproduced with permission.”® Copyright 2017, Society for Information Display.
c) A section of a screen-printing interconnected 1 mm? multijunction solar cell array. Reproduced with permission.’*l Copyright 2022, Elsevier.

Screen and gravure printing are promising printing technolo-
gies for micro-CPV because they can be scaled up to large areas >
1 m?* with a high resolution of 70 pm line widths achieved in the
following publications.””>*®! Smaller line widths of ~ 20 pm are
achievable but are limited to a total area of @450 mm (18 inch) or
less since lithographically patterned silicon wafer-based stencils
have to be used.””! For micro-CPV, screen printing can be used
to directly contact solar cells with conductive inks, although cell
perimeters need to be electrically insulated prior to contact print-
ing. This method is further described in ref. [54], and the result
can be seen in Figure 1C. The technology can also be used to
print large-area flexible or rigid substrates. On these reflow
soldering can be used to directly solder back-contactable
chip-on-interposers LEDs. This process on flexible substrates
is described in ref. [98] and shown in Figure 10B.
Through-via contactable solar cells with both contacts on the back
side, mentioned in ref. [52], could also be used with this inter-
connection approach.

An early-stage technology that could be used for interconnect-
ing micro solar cells is pressure-activated interconnection during
transfer printing. In this process, micro-electrical connectors
(jumpers) are first manufactured with MEMS technologies on
a silicon wafer and then transfer printed onto contact pads.
This technology is being developed for micro-LED displays by
the company X-Celeprint Inc, it is described in ref. [99].

Sol. RRL 2023, 7, 2300363 2300363 (13 of 30)

3.3.3. Reflow Soldering on Micro-Solar Cells with Single-Side
Contacts

Several parallel interconnection methods are available for
soldering solar cells with one-sided contact pads, all of these
have been mentioned previously and can be seen in the
publications.*®*27Y Reflow soldering is also used in combina-
tion with other interconnection technologies such as the previ-
ously described interconnect printing. Placement of the cells
can be done by R2R fluid assembly or transfer printing.
Reflow soldering can be subsequently used to interconnect solar
cells with high resolutions down to 10 pm, achieved by Panasonic
for their micro-CPV module prototype.”" This precision is suf-
ficient for the micro-CPV technology when solar cells larger than
100 pm in side are used.

3.3.4. Chip-On Interposer/Chip-On Board

Chip-on interposer (COI), also sometimes called chip-on board
(COB), is a technology widely used in electronics and now also
for micro-LEDs and micro-CPV solar cells. A schematic of these
devices can be seen in Figure 11A. The concept involves bonding
the dies on a PCB using standard manufacturing technologies
such as wire bonding and pick-and-place. In addition, optical
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cathode lead

heatsink slug

(b)

elements can be directly over molded on the chip.'%! Assembly
lines for COI already exist in the LED industry.*®

Semprius used this approach for their 600 pm micro-solar
cells, naming the technology surface-mount interposer,[wl] as
shown in Figure 11B. The interposer is a surface-mount sub-
strate where the cells are first attached and then wire bonded.
Insolight is taking advantage of this approach as seen in
Figure 11C. A challenge for micro-CPV is the tight alignment
tolerance between the primary optics and COIs on large-area sub-
strates, which can be relaxed via the integration of a secondary
optical element (SOE) onto the die in a COI assembly.!**]

In Figure 11A, a more complex COI approach is depicted
involving heat sinks and plastic optics. The optics can be alter-
natively made from over molded silicone. The die interconnec-
tion was carried out traditionally with wire bonding, although
lately printing methods have gained ground.®* Both electrical
contacts are placed on the back side of the COIs, which facilitates
transfer onto printed interconnection circuits, e.g., flexible sub-
strates previously seen in Figure 10B.®!

3.3.5. Overcell Contacting

Overcell contacting using transparent conductive layers such
as oxides, graphene, metal nano-wires, or other transparent

Sol. RRL 2023, 7, 2300363 2300363 (14 of 30)
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Figure 11. a) A chip on interposer (COI) assembly which is common in high power LEDs, Reproduced with permission.!'”? Copyright 2006, SPIE.
b) Semprius surface-mount interposer for 600 um sided solar cells. Reproduced with permission.'®" Copyright 2014, IEEE. c) Insolight's hybrid approach
with COls reflow soldered on glass substrate with encapsulated silicon PV solar cells underneath. These COls have an over molded silicone secondary
optical element. Reproduced with permission.**! Copyright 2020, John Wiley & Sons, Inc.

-

conductive layers have been adopted for low-concentration
CIGS solar cells in refs. [72,74]. In LEDs, transparent conductive
layers are being used as electrodes for the dies. A conductive
material candidate of particular interest is graphene, which can
be used for visible and UV LEDs!"%% as well as for multijunction-
solar cells!'® given its excellent transmittance in the UV and
visible light spectral region. Silver nanowires have also been pro-
posed for LED interconnection in ref. [104]. The overcell layers are
amenable to gravure printing (graphene) and aerosol printing
(nanowires).

The transparent contacts can eliminate traditional metal
contact pads, bus bars, and metal fingers on the cell front
side, thereby mitigating shading losses. For this application, a
transmittance value of 98%-99% with a low electrical resistance
of 20-30Q5sq ™" is necessary.

3.4. Advanced Optical Approaches for Micro-CPV

Size downscaling enables many new micro-optical
architectures to be applied to micro-CPV.F*! These different
approaches can lead to high optical performance or cost
reduction capitalizing on high-throughput manufacturing
methods. Table 5 reviews various optical designs proposed
for micro-CPV.
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Table 5. New optical architectures for micro-CPV.
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Technology Company/Institute  Acceptance [°] Concentration (X) CAP Price Challenge Reference
Multistage with refractive primary Sandia/MIT 2.2 400 0.76 Low Alignment [109]
Multistage with refractive primary Semprius <15 500-1000(SOE) 0.82 Low Acceptance angle [107]
Single stage with refractive primary roll-to-roll IMDEA/IES-UPM 0.6 180 0.14 Low Durability material [128]
Single stage coupled to solar cells Nagaoka UT 1.5 200 0.37 Medium Concentration [
Total internal reflection (TIR) Isofoton 2.5 250-500 0.69 Medium Complex molding [65]
TIR-all dielectric IES-UPM/MIT 1 1000 0.55 High Complex molding [112]
Refrective + reflective PennStateU 9.5 18.5 0.71 Medium Molding large area [122]
Spectral splitting MIT - - Medium Complex [87]
Waveguide Morgan Solar <1 1000 0.55 Low Aceptance [116]

3.4.1. Multistage with Refractive Primary

Two-stage optics with a refractive primary optics (POE) is the
most common approach for conventional CPV since adding a
SOE enhances the CAP. In micro-CPV this approach has been
also widely proposed by several authors. Fresnel lenses, which
incur inherent losses due to draft angles and tip rounding in
the lens facets, may still be applicable but not strictly necessary
for the case of micro-CPV thanks to the scaling-down of overall
thickness. Reducing the number of facets would enhance
performance, while a higher facet number would reduce material
volume and benefit the cost.

(a) Front Glass

PDMS
~3mm

Middle Glass

1V Cell

(€)

(b)

Semprius modules used silicone-on-glass (SoG) lenses
together with a ball lens SOE to achieve a concentration of
1111X on 600 pm sided solar cells with an optical efficiency of
80%.!'%! Panasonic proposed injection molded PMMA Fresnel
lenses for their micro-CPV system with a concentration of
200X,1'%! which increased to 480X with a SOE."Y In their
prototype modules, they showed that micro-CPV enabled them
to process both the POE and SOE using injection molding.

Sandia Labs and MIT developed a concentrator module
comprising a three-stage optical system. Various iterations were
published. The first prototype involves a molded PMMA array
of micro-lenses concentrating sunlight onto hexagonal silicon solar

PDMS

Glass

V-groove _|

Glass Lens array

Aluminium exterior frame

Front Glass + PDMS adhesive

1" Etched-Si Structure

UV-Epoxy Adhesive

PCB with ribbon connector
2"QGlass substrate + 3J solar cells

+ printed circuit and interconnection

Figure 12. a) A cross-section and b) 3D view of a MIT developed complex optical system for micro-CPV. This system can achieve concentrations exceed-
ing 1000X and is composed of multistaged glass/PDMS optics and etched inverted pyramids (labeled as V-grooves) into a silicon wafer as secondary
optical element. Reproduced with permission.l'® Copyright 2018, John Wiley & Sons, Inc. In further iterations, the design was simplified to use a glass
molded optical array as primary optical element and the V-grooves as secondary. A schematic of how the final prototype looks like can be seen in (c). For
future works the silicon wafer is intended to be converted into a functioning solar cell for a hybrid-CPV/PV system. The solar cells for this approach are
manufactured by the Naval Research Lab and their dimension is 170 ym in side.
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Figure 13. Calculated losses for over molded silicone encapsulation
optics depending on a cell size for 200X concentration. Reproduced with
permission."""! Copyright 2013, IEEE.

cells, achieving a concentration ratio of 36X."*”! In a second itera-
tion, two-stage optics consisting of injection molded PC lens arrays
with a silicone filler between the optics stages.'®® This second ver-
sion offered a concentration of 100X. A third design includes
etched silicon cavities as a SOE and a POE manufactured by pre-
cision glass molding (PGM) with a concentration exceeding
500X. Designs with >1000X concentration have also been
discussed.'*>''% The idea behind the incorporation of the etched
silicon V-grooves is to serve not only as a high-quality nonimaging
reflective stage to effectively increase CAP but also to collect diffuse
light since the Si wafer can be made into a functional solar cell,
leading to a hybrid micro-CPV/silicon PV approach!'®” (Figure 12).

3.4.2. Single-Stage Optics Coupled to the Solar Cells

Micro-scale optics can benefit from the short optical paths.
Absorption losses are significantly reduced, how this affects the
performance is shown in Figure 13. Single-stage optics benefit

@) (b)

Light TIR Optics
rays

TIR Optic
TIR occurs
at optic/air
interface
Solar cell

)

www.solar-rrl.com

when enclosing the cells to the optic, this provides a high
CAP (concentration acceptance product). A good example is
the silicone overmolded optics used for encapsulation of LEDs
discussed before.l''! The single-stage overmolded optics are only
a few millimetres in size but reach concentrations of 200X with
optical efficiencies exceeding 90% for cells under 400 ym in
width.

The micro-CPV architecture developed by Sharp uses
this approach with aspheric PMMA lenses with an aperture of
6-10 mm in width and back-contact submillimeter solar cells.
They reported a concentration ratio over 300X and on-sun
efficiency of 34.7%.1!

3.4.3. TIR-Optics

Using total internal reflection (TIR) and a curved/aspheric
entrance aperture, optical losses can be minimized. TIR occurs
when a ray of light from a high refractive index medium reaches
an interface with a medium with lower refractive index (typically
air n=1) at an angle below the critical angle. This ray reflects
without any losses at this interface, in Figure 14A an optic
designed for this purpose is shown and TIR is diagrammed.
Such micro-CPV optical architectures support high optical trans-
mission, since there is only one optical interface causing Fresnel
reflection losses, TIR losses are negligible in theory, and adop-
tion of highly transparent plastics such as optical-grade PMMA
coupled with the short optical paths suppress bulk absorption. As
an example, TIR optic designs with an acceptance angle of +1° at
1000X and optical efficiencies over 80% have been proposed in
ref. [112], this can be seen in Figure 14B. Drawbacks of TIR
optics include manufacturability, shape conformity, and surface
quality. Excimer laser ablation has been proposed for TIR optic
fabrication,'*? although the manufacturing method is very
expensive.

One of the first TIR optics applicable in micro-CPV was devel-
oped by the company Isofoton. Their optic is extremely compact,
containing a TIR and an aspheric element to concentrate light
onto a SOE. These optics were manufactured as a single-piece

MIT etched V-grooves

Figure 14. a) Total internal reflection (TIR) optic schematic, TIR occurs at on low incident angles when the refractive index of the medium (optic n~1.5)
is higher than the surrounding medium (air n =1). b) The proposed TIR optic using MIT developed etched V-grooves in silicon. This approach showed a
modeled performance of 1000X with optical efficiencies over 80%. Reproduced with permission.I''?l Copyright 2019, IEEE.
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PMMA component, featuring a concentration ratio of 250X and
an acceptance of 2.6°."*

Another example of TIR optics is a 7.6X linear micro-
concentrator molded with silicone, which has been described
in ref. [115].

3.4.4. Waveguides

Optical waveguides operate by trapping light via multiple
TIRs in a transparent medium. This approach has already
been commercially used in CPV, for instance in Morgan
Solars’ Sun Simba panel which incorporates a light-deflecting
layer coupled to a waveguide to funnel light onto the solar cell
with a concentration factor of 1000X."'®! The optical parts are
manufactured by PMMA injection molding, yielding a highly
compact module.

Another approach uses aspheric lenses to redirect light onto a
waveguide slab. The light is then channeled to the waveguide end
facets where high-efficiency solar cells are placed. A planar optic
reaching 300X and an optical efficiency of 82% were proposed
based on this idea."'”) Waveguide films manufactured using
roll-to-roll UV-NIL have been demonstrated with a concentration
ratio of 4X.''® Waveguide-integrated SOEs have also been
implemented with an optical efficiency of ~67.5%,™° and
two examples can be seen in Figure 15.

Optical designs based on gradient-index (GRIN) optics have
been proposed to enhance waveguide coupling efficiencies at
large angles.'?% A linear design was formulated with an optical

www.solar-rrl.com

efficiency of over 95% at a moderate one-axis concentration factor
of 27X.

3.4.5. Wafer Integrated

Wafer-integrated optics are directly manufactured on a Si wafer.
These are a variety of proposals such as the wafer-level SOEs
based on etched inverted pyramid cavities (V-grooves) seen in
Figure 12 and further described in ref. [109]. Microlens array
(MLA) mounted onto a solar cell using quartz etching
processes''?! and micro-lens manufacturing by lithography on
a substrate with CIGS solar cells”* are other approaches that
classify as wafer-integrated optics.

3.4.6. Spectral Splitting

Micro-scale solar cells further enable compact spectral splitting
optics capable of spatially dividing the solar spectrum and
focus the light on laterally arranged multijunction solar cells,
potentially allowing optimal spectral matching. In such an
approach, subcells can then be individually optimized without
the constraints encountered in monolithic multijunction devices
(e.g., photocurrent matching). The solar cells are grown on
different substrates and then laterally arranged using transfer
printing. This approach was discussed in the Section 3.1 for
micro CPV. Micro solar cells are shown in Figure 8B, and
an optical efficiency of 80% was experimentally validated in
refs. [87,88].

Figure 15. Waveguides manufactured using the molding of optical silicone or PMMA for micro-CPV reaching an experimental optical efficiency of 67.5%.
a,c) just concentrating. In (b) and (d) the waveguides are shown under illumination onto the input surface. Reproduced with permission.!''® Copyright

2019, Optica, Formerly OSA.
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3.4.7. Reflective

Nonimaging reflective optics have potentially higher
concentrator acceptance product (CAP) since they do not suffer
from chromatic aberration, although their manufacturing at
micro-scale is challenging. Reflective optics also claim superior
compactness and light weight, which motivated micro-CPV mod-
ules targeting space applications. A design by the Pennsylvania
State University in collaboration with NRL boasts a wide
acceptance angle of 9.5° optic, a concentration ratio of 18.4X,
and an experimental optical efficiency of over 70%.1'2%
Further improved designs using glass lenses reach an optical effi-
ciency of ~90%.[?%

3.5. Fabrication of Large-Area Optical Arrays for Micro-CPV

Large-area micro-optics manufacturing has been a standing tech-
nical challenge. In this section, manufacturing methods applicable
to micro-CPV optics will be reviewed: 1) silicone casting: a stan-
dard process for manufacturing silicone lenses on glass substrates
in the CPV industry."*! Flexible or rigid molds are used to struc-
ture the liquid silicone, which is poured onto a primed glass sub-
strate. Then the sandwich is cured at low temperatures and later
demolded and 2) hot embossing: can use rigid or flexible molds.
Even molds on a roller can be used for roller-HE. The polymer is
heated beyond the glassification temperature and structured with
the mold. This can be used for PMMA lenses or elastomer on glass
(EoG), which need an additional degasification step;'** 3)
compression-/injection-/overmolding is used for solid plastic/sili-
cone lenses, limited in size. Overmolding is a subcategory of injec-
tion molding, adding structured material to existing parts.[*’
The material is structured by injecting in viscose form (melted)
into a cavity mold and then cooled before being released;
4) compression-/precision glass molding (PGM): the material with
a similar shape as the final part is heated beyond the glassification
temperature. A metallic plate and stamp are compressed with the
viscose material in between for structuring the part. Used for
aspheric glass or PMMA lens arrays or single Fresnel
lenses;[126:127] 5) Roller UV-E: UV-curable resins are structured
by a roller mold and progressively cured. Roll-to-roll or roll-to-plate
can be used. For thin Fresnel lenses or very small bulk aspheres
with depths under 100 pm;!**®! 6) additive manufacturing: nano
3D-printing for aspheric or Fresnel lenses has been attempted.!'*”)
Nanometric drops of UV-curable materials are printed by UV cur-
ing; and 7) excimer laser ablation: very localized heat is used to
remove material. This is used for the structuring of deep small
structures like cones for optics which use TIR (DTIRCs).!'"’!
Except additive manufacturing, all other processes require a
mold for replication of the optics. Figure 16 contrasts different
mold manufacturing methods collected in ref. [56]. The technol-
ogies, which are most promising for micro-CPV optics, include:
1) ultraprecision machining (UPM); a) diamond turning: a fixed
single diamond tip is used to cut structures into a part by turning
the part on a spindle. Standard process for symmetrical struc-
tures, surface roughness (Ra) of <5 nm."*”! Used for single lens
masters, not suitable for arrays; b) diamond milling: a diamond
tool is turned to cut structures into a fixed part. For unsymmet-
rical (free-form) structures, Ra < 10 nm.["*! Can be used for lens
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Figure 16. Mold machining technologies for optics gauged by feature size
and surface quality. While not all methods listed are applicable to
micro-CPV, those relevant are discussed in the text. Reproduced with
permission.*®! Copyright 2019, MDPI.

array masters; c) fly cutting: the rotation of diamond blade is used
to intermittently structure a fixed part. Complex microstructures
are obtained by moving the blade during the cut, Ra < 10 nm.[**%
Used for Fresnel structures; 2) electric discharge machining
(EDM): a thin wire discharges electrically to remove great mate-
rial quantities. Deep structures are possible, Ra < 0.1 pm.!***
Can be used for cone like shapes such as TIR optics
(e.g., DTIRCs).

Examples of other mold manufacturing methods suited
for miniature lenses or secondary optical stages include:
1) Litographie, Galvanik, and Abformung (LIGA) or X-ray lithog-
raphy: PMMA is exposed to X-ray radiation then developed with
chemical solvents. The cavities are filled by electroplating and the
residual PMMA dissolved. Gives the possibility to structure high
aspect ratios with a Ra < 10 nm,[** 2) laser direct writing (LDW):
structuring of photoresist by laser which can then be metallized
and electroplated/formed, achievable Ra < 25 nm;["**! 3) electron-
beam lithography and writing: photoresist structuring with
low-throughput albeit with deep submicron resolution and excel-
lent a surface finish. Ra depends on depth, Ra 2-10nm can be
achieved;!"*! 4) nanoimprint lithography (NIL): limited structural
flexibility as it is based on lithography with photoresists and then
etching of silicon. Ra depends on process and mold materials, usu-
ally Ra < 10 nm;!**”1 5) ion-beam lithography: LDW but applicable
to all materials but as a much slower process, Ra < 1nm;!'*®
6) laser machining: laser ablation but can structure metal. A ver-
satile structuring approach though suffering from low surface
quality with Ra < 0.2 pm!***!

The model fabrication process may also involve a post-machining
polishing/lapping step to attain very low Ra < 1 nm.!"*%)

For large-area optical arrays, the machined mold insert is
usually not the final piece used for the molding process
due to size limitations and cost of the UPM process.
Electroforming is commonly used to replicate the machined sur-
faces and the replicas are welded together to form a large master
mold. These master molds can either be directly used for optics
fabrication or copied again using a polymer to obtain a soft mold.
Another approach is to use multiple plastic molding steps for
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making a large mold. For example, compression molding can be
used for manufacturing single lenses, which are then assembled,
metallized, and copied with electroforming resulting in a large-
area mold.

3.5.1. Silicone Casting

In conventional CPV, the technique is commonly employed for
thin silicone on glass (SoG) lens fabrication. Provided that the
lens thickness does not exceed a few millimeters."*!! Mold
inserts for silicone on glass lenses are machined using UPM
and then copied and assembled into large area molds as
described in the earlier section. Either hard nickel or soft molds
made of polyurethane are used for the casting of the final lenses.
Molding of the actual lens takes place by curing silicone on a
glass substrate in ref. [8, p. 229]. Curing usually takes place at
a temperature of ~45 °C for 4-10 h. This temperature is chosen
as it is the operating temperature of the lenses, this is done to
avoid losses caused by thermal expansion.

Both bulk aspheric and Fresnel lenses can be used for micro-
CPV.!'"*!! Even for small lenses of only a few square centimeters
in area, the volumetric absorption loss and lens deformation
caused by thermal expansion still need to be considered.
These effects were studied in ref. [141] on 200X and 500X
Fresnel and bulk aspheric SoG lenses. The authors showed that
the optical efficiency loss is only 1.3 percentage points lower for
bulk lenses and losses caused by thermal expansion are equal
between Fresnel and bulk lenses when choosing the appropriate
manufacturing temperatures.

3.5.2. Hot Embossing (HE)

The processes and materials involved in HE mold manufacturing
are similar to those used for SoG. PMMA and PC are the most
commonly used materials for hot embossing of CPV optics in
ref. [8, p. 229]. HE is appealing for its capacity of structuring large
areas in comparison to, e.g., injection molding. The manufactur-
ing cost is lower for HE as no further assembly steps are needed.
Roll-to-plate HE is also a promising solution for high-throughput
fabrication of micro-CPV optics.

Elastomer on glass (EoG) lenses can be manufactured by HE
using a standard PV-module laminator. A vacuum must be
pulled for the degasification of the solar encapsulant. These
lenses use solar encapsulants such as EVA (ethyl-vinyl-acetate)
or TPEs (thermoplastic elastomers), which are advantageous
over silicone in terms of price and thermal properties. First
prototypes have reached optical efficiencies close to SoG
lenses.!'**]

3.5.3. Injection/Compression Molding

Injection molding provides high throughput and excellent rep-
lication capabilities: very high aspect ratios, surface quality on
par with the mold, shape tolerance of 20 pm, and edge-rounding
down to 1pm have been validated in ref. [142, p. 147].
Best results are achieved with a combination of injection-
compression molding, where the mold is separated at first to
guarantee proper filling of the cavities before compression to
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form the final geometry in ref. [142, p. 148)]. This technology
also allows larger parts to be molded in ref. [143, p. 47]. The
main drawback of injection molding is the limited part size con-
strained by the injectable material volume that the feeding sys-
tem can supply (usually around one liter). Injection molding
offers lower cost than hot embossing when manufacturing sin-
gle lenses or small optical arrays,"** but added assembly costs
make injection molding economically unfavorable for large-
area optical arrays. Compression molding can circumvent this
size limitation in ref. [143, p. 46], molding larger optical arrays
and reduce assembly costs. Compression molding uses mold
designs without feeding channels and hence of lower cost.
Larger parts can be compressed, although the method is only
applicable to structures with a small aspect ratio. The molding
temperatures are lower in comparison to injection molding,
which reduces stress, mechanical deformation, and birefrin-
gence (photoelastic refractive-index variation due to internal
material stresses) in ref. [142, p. 132].

The molds for plastic molding are customarily manufactured
by UPM, but other machining mechanisms are also used as
showcased in ref. [145].

A specific injection molding technique is over molding, a pro-
cess widely used in chip on board (COB) packaging for LEDs.!**”!
In this low-temperature and pressure molding process, a mate-
rial is molded onto another part. The most common materials are
high refractive index silicones, or other materials, such as ther-
moplastic elastomers, can also be used. For micro-CPV, this
could be an attractive technology for integrating SOE on cells
or even for the manufacturing of single-staged micro-optics.
Specific processes have been developed for over molding of
optics, such as low-pressure molding which is between conven-
tional injection molding and traditional casting. This method can
be used for bulk silicone optics,"** e.g., Insolights’ first lenses
before switching to PMMA injection molding.*?! Another alter-
native is silicone transfer molding,"*®! a technology between
injection and compression, achieving larger parts than injection
molding but affording surface tolerances similar to compression
molding.

3.5.4. Compression-Modling/Precision Glass Molding (PGM)

Compression molding of glass lenses is more suitable for bulk
aspheric lenses designs than Fresnel lenses due to manufactur-
ing limitations of the PGM process. It should be noted though
that Fresnel lenses have also been prototyped.!**”! A collaboration
between Holophane S.A.S. and the IES-UPM resulted in proto-
type aspheric bulk lens arrays have demonstrated experimental
optical efficiencies over 80% at a concentration of ~180X, and
performance improvements are anticipated with further proto-
type iterations.!®!

Standard PGM, as depicted in Figure 17, uses compression
molding with molds usually manufactured by diamond milling.
A limitation is that only one side of the glass sheet can be
structured, the other side must be polished to remove surface
contaminations during the process. Surface roughness
of 10nm and shape tolerances of 25 um can be achieved in
ref. [142, p. 197]. Edge rounding can be brought down to
1-10pm for small parts such as single Fresnel lenses.!'*”!
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Figure 17. The precision glass molding process as described from the company Holophane S.A.S. a) The moldable glass is loaded onto a plate and
heated beyond the glassification temperature. b) A compression molding process is used to structure the glass, c) a short cooling phase allows for rapid
demolding. d) The last step is annealing, polishing, and cutting the excess glass. Reproduced with permission.'?®! Copyright 2022, Elsevier.

Unlike plastics, birefringence is usually not an issue in glass in
ref. [142, p. 196], and thus losses caused by refractive index non-
uniformity are very low. Due to the nature of the compression
molding process, PGM is best suited for fabricating structures
with relatively low aspect ratios. Nonetheless, the high material
quality and the low manufacturing cost qualify the PGM technol-
ogy as a viable solution for processing aspheric bulk lens arrays
for micro-CPV.

Roller molding on glass is another technology, which is
currently being developed for reducing the cost of precision
structured glass."**!

3.5.5. Roll-To-Roll, Roll-To-Plate, and Plate-To-plate

Depending on the initial and final substrates, the approach
encompasses three variants: plate-to-plate (P2P), roll-to-plate
(R2P), and roll-to-roll (R2R) (Figure 18A). P2P is usually first
matured before being transitioned to R2P and R2R when appli-
cable. The transition is motivated by massive throughput
enhancement and cost reduction facilitated by roll-based pro-
cesses compared to other embossing or injection technologies
at large volumes! (Figure 18B). Micro-CPV optics must even-
tually be assembled onto a plate, so R2R would require an

(a)

Plate-to-plate

I

Roll-to-plate

Area contact

LR A

Line contact

additional step (compared to R2P or P2P) of laminating the optic
film on a plate.'?®

R2R, R2P, and P2P optics manufacturing can utilize either ther-
mal or ultraviolet nano-imprint lithography (T-NIL and UV-NIL),
both of which are proven low-cost and high-throughput
processes for replicating micro- and nano-scale patterns including
micro-optics.'*?! For example, small Fresnel structures can be
manufactured with high-throughput using roll-to-roll/plate hot-
embossing (T-NIL) or UV-NIL, even though Fresnel designs of
primary lenses are not strictly necessary for micro-CPV given
the deeply downscaled lens depth. In both T-NIL and UV-NIL,
imprinted resins are swiftly cured on films or rigid substrates.>>!
The best results currently achieved by roll-to-roll UV-embossing
are Fresnel lenses with a concentration of over 100X!'?®
(Figure 19).

The molds for roller embossing are either very thin nickel
electroforms mounted on the roller (in T-NIL) or silicone copies
of the machined structures (UV-NIL).'"*”) Silicone is chosen for
UV-NIL because of its low cost and UV transparency.** Recent
studies have explored using UV-curable resins as a mold material
for roller T-NIL of small structures with a depth of 0.4 pm.!">"
Recently, five-axis computer numerical control (CNC) machining
was also harnessed to directly machine Fresnel structures on a
roller mold.>*'%?
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(b) ——R2R embossing

Roll-to-roll 10000

—Injection Molding
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Figure 18. a) Showing the technological evolution of massive throughput optical molding, roll-to-plate, and roll-to-roll are suitable for Fresnel lenses.
Reproduced with permission."*®! Copyright 2014, Springer. The first being better for micro-CPV as no additional laminating step would be needed.
b) Compares costs for roll-to-roll embossing and injection molding for LED optics. Reproduced with permission.*! Copyright 2019, Springer.
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Figure 19. Micro-CPV optics manufactured by roll-to-roll UV-NIL using b) a flexible mold and c) Plate UV-NIL. a) The flexible mold is seen on the roll and
d) shows a final lens on a flexible polymer substrate. Reproduced with permission.'?! Copyright2021, Optica.

High-quality CPV lenses have been demonstrated with
UV-NILin R2P and R2R by the Imdea Nanoscience in collaboration
with the IES-UPM using optical resins from the company
Film Optics Ltd and a R2R machine from the company
PTMTEC.**® The groove depth of the UV-NIL processed
Fresnel structure is limited to 50-100 pm depending on the resin
used and how the mold is manufactured. UV-NIL has also been
used to engrave antireflective coatings (ARC).">* Both the flat side
and the Fresnel surface of the lens can be imprinted with ARC
structures.">*

T-NIL (hot embossing) is often preferred over UV-NIL due to
the high price of UV-curable resins ($30kg " according to)®*!
and their unproven long-term stability under outdoor conditions.
T-NIL has yielded good results for P2P and R2P micro-lens fab-
rication.!"> R2R T-NIL is, however, challenging since the film
tension needed to structure the surface tends to deform or break
the softened polymer (PMMA) at elevated temperatures, better
results were obtained on PVC or PET films.[">®!

3.5.6. Additive Manufacturing

Micro- and nano-scale 3D printing is a versatile emerging tech-
nology for complex 3D structures with low surface roughness of
the order of nanometers."®” The readers are referred to a
review on 3D-printed micro-optics.!"*® Luximprint is a com-
pany at the forefront of the technology.*® Micro-lenses have
been demonstrated with good performance, although Fresnel
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lenses remain a fabrication challenge for 3D printing since the
dimensional accuracy and resolution of the printing process must
be further improved. The printed polymer materials are highly
transparent in their as-printed state."*”) However, discoloration
may occur when they are exposed to outdoor conditions over time,
and long-term durability remains a concern. That said, this
technology presents a viable solution for printing low-cost optical
masters for mold replication. Its unique capability of creating
complex 3D structures also enables fabrication of advanced mold
structures not be possible using conventional machining.

3.6. Synergies with Other Industries

The component size downscaling in micro-CPV paves a path with
wide opportunities toward adoption of high-throughput
manufacturing processes matured in other industries. Such syn-
ergies across different industries are a key strength of micro-CPV
for its continued development and innovations. This paper has
reviewed many of these technologies that can be potentially
applied for high-volume manufacturing of micro-CPV. In the fol-
lowing Table 6, we summarize the examples.

One of the highest contributors is the development of micro-
LED screens within the display industry.”? They face a similar
technological challenge as micro-CPV; a large number of tiny
dies which must be positioned and interconnected with
micron-level precision.*>”*! Transfer printing is one of the tech-
nologies that has already been used and proven to work for the
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Table 6. Examples of synergies with other industries for micro-CPV.
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Technology Description Industry Reference
Micro-transfer printing Solar cell placement with high throughput. Applied in Display/lighting industry: micro-LEDs for screens and [43,84]
micro-CPV illumination. Companies: X-Celeprint, Microprince
Fluid self-assembly Automatic placement and adhesion of dies on a flexible or Display/lighting industry: micro-LEDs for screens and [79]
rigid substrate. The process has been tested for micro-CPV illumination. Company: eLux
Printing of interconnects Printing of the electric circuit for interconnection of dies on Display/lighting industry: micro-LEDs for screens [44,54]
a large rigid substrate. Utilized in micro-CPV and illumination
Chip-on-board (COB) packaging Avoid wire bonding dies on a large area as the dies are Display/lighting industry: micro-LEDs for screens [44,105]
prepared on small boards. These boards are then reflow and illumination
soldered on the final large substrate. Applied in micro-CPV
Micro-optics Miniature optics can be integrated on COB. Utilized in Display/lighting industry: micro-LEDs for screens [22,44]
micro-CPV as SOE and POE and illumination
Roll-to-roll/plate optics Both roll-to-roll and to-plate can be used for high- Lighting/automotive industry: optics. Company: [55]
throughput manufacturing of Fresnel lenses or micro Film Optics
lenses. The process has been tested for CPV lenses
Precision glass molding Most suitable for fabricating non-Fresnel bulk-lenses for Lighting/automotive industry: optics. Companies: [126,162]
micro-CPV. The process has been used for micro-CPV Holophane, Isuzu Glass
prototypes
Printing and interconnection of Applied in micro-CPV for the interconnection of solar cells Telecommunications industry: RFID [54]
devices on large areas
Printing of interconnects on Flexible micro-CPV modules for car-PV, mobile chargers, Telecommunications industry: RFID [163]
flexible substrates etc.
Hot-embossing of plastics Potential uses for micro-CPV optics Medical industry: lab-on-chip devices [125]
Very precise packaging COlI (chip-on-interposer) and large-area assembly Photonics industry [44]
technologies
Waveguides Light-guiding optics such as the examples given in Table 1 Photonics industry [37,116]

placement of dies.**?) FSA is an additional die-placement tech-
nology developed for micro-LEDs,"”® which has been validated
for micro solar cells.”® The cross-pollination from the micro-
LED industry has already facilitated the development of various
micro-CPV prototypes.[**¢*7% It will further contribute to reduc-
ing the cost in assembly and manufacturing of components of
micro-CPV modules to expedite commercial deployment of
the technology. The ability to leverage existing industrial infra-
structure hands micro-CPV a critical advantage over the classical
CPV technology, as the latter relies on considerable hand labor or
dedicated tools lacking economy of scale.

4. Advanced Architectures Enabled by Micro-CPV

The market potential for CPV is fundamentally limited by the
need of high-precision two-axis tracking structures and the
inability of concentrator optics to capture diffuse radiation.
However, micro-CPV technology is particularly suited for the
adoption of novel module architectures enabling static module
mounting (via integrated planar micro-tracking) and utilizing
both direct and diffuse fractions of the incident irradiance
(via hybrid CPV/silicon PV architectures).

4.1. Integrated Tracking for Micro-CPV

Micro-scale optics enables the integration of mechanical tracking
systems with minimal movement inside the PV modules so that

Sol. RRL 2023, 7, 2300363 2300363 (22 of 30)

the modules can be installed in a fixed structure without involv-
ing external solar tracking systems. Such internal tracking systems
require a minimum of two tunable optical surfaces to focus on-
and off-axis ray sets.** Insolight proposed an optical design based
on a double convex aspheric lens and an over molded SOE, achiev-
ing a concentration ratio of 200X and a tracking range exceeding
+50°,** (Figure 20). These tracking ranges are sufficient for a
functioning tracking during the duration of the day. This concept
unlocks the residential and agrivoltaic PV markets, applications
where efficiency is valuable. Insolight achieved exceptionally large
acceptance with a biconvex aspheric lens array.??**! Other optical
architectures have also been proposed.'*”

Catadioptric designs combining aspheric refractive and reflec-
tive surfaces have also been proposed, see Figure 21. Simulation
results indicate optical efficiencies of over 90% for AOIs
(angles of incidence) between 0 and 60° and concentrations
between 500 and 1700X.'%" Price et al.*" developed a catadiop-
tric optical system, which focuses sunlight onto a middle plane
where the micro-CPV cells are placed. The cells are sandwiched
between a pair of glasses bonded with optical adhesive, and the
sheet slides between the top and bottom lenses to align the sun
focal spot at different solar incidence angles with the cells.

A radically different approach couples the incident light into a
planar waveguide. The scheme is compatible with both external
and internal tracking, in this latter case by lateral translation
between the optics and the planar waveguide. The efficiency is
limited by high absorption of the waveguide material, yet this
is a surmountable challenge in the future.”
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Figure 20. Insolight integrated tracking micro-CPV using a biconvex molded optic with very high acceptance. The solar cell plane is repositioned during
the day with actuators into the focal point of the concentrator lenses. These optics have shown high performance with an on-axis optical efficiency of 82%
and a tracking scope of 58° where 50% of the on-axis efficiency is lost. Reproduced with permission.l'”?! Copyright 2017, John Wiley & Sons, Inc.
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Figure 21. a) Catadioptric optic approach for micro-CPV as used by Glint photonics. Reproduced with permission.! Copyright 2017, Springer Nature.
Adding multiple stages (b) and different translation types (c) increases the tracking range, concentration, and optical efficiency. Reproduced with per-

mission.'®" Copyright 2019, SPIE.

To summarize the current prototypes, in Table 7, we present
an extension of Table 1, in which we defined certain parame-
ters to facilitate comparison between the technologies:
1) integrated tracking span (Tsp.n): the incidence angle at
which the optical efficiency drops to 90% of maximum
efficiency. This is equivalent to the optical acceptance angle
in the presence of tracking, resulting in expanded acceptance
angles compared to static systems. 2) Integrated tracking scope
(Tscope): the incidence angle at which the optical efficiency
drops to 50% of maximum efficiency. This parameter should
be as close as possible to 60°, which corresponds to an ideal
cosine response. 3) Integrated tracking range (Trange): this
parameter determines the angle at which the tracking system
is mechanically limited. It should be over 60° to cover the sun
trajectory in most locations. 4) Hybrid DNI/diffuse capture:
methods that include secondary low-cost silicon PV cells to
capture not only the diffuse irradiance but also DNT spillage.

Sol. RRL 2023, 7, 2300363 2300363 (23 of 30)

The latter refers to light deviated from designed optical path
due to scattering and/or misalignment of the optical system
and not focused onto the primary micro-CPV cells, which
can be harvested by the secondary silicon PV cells. A hybrid
system recovers lost rays when tracking errors occur or when
the tracking range is insufficient to cover the whole trajectory
of the sun. 5) Concentration tracking span product (CTP). For
comparison between tracked-CPV technologies, we define a
specific figure of merit, similarly to the CAP for conventional
CPV. CAP is limited by the étendue limit given by the
acceptance of optic when the system is mechanically fixed,
but a different figure is needed to account for the angular
performance of internal tracking. We hereby define CTP given
by Equation (2). For example, transmissive micro-tracked
systems have shown significantly enhanced CTPs between 1
and 9 (comparing to CAPs of up to 0.5). A CTP of ~28 was
achieved using a catadioptric (lens + back reflector) design.[*"]
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Table 7. Overview of integrated tracking micro-CPV prototypes. The parameters are collected from the references shown in the last column.

X n On-axis

[suns] [%] opt. eff. [%] @90%EffOptical [] @50%EffOptical []

Int. Tracking Span ~ CTP  Int. Tracking scope Int. Tracking Hybrid Cell Size
range [°]

Description Reference

capable [um]

660 30 93 70 24.14 80

180 29 82 44 9.32 58

300 81 - - -

127 30 82 45 7.97 65

330 26 - - - -

8.6 - 80 30 1.47 40

128 - 70 10 1.96 20

250 - 79 23 6.18 -

250 - 79 32 8.38 -

23.5 (1D) Yes -

80 No 650 3) micro cells on a sliding glass [41]
encapsulated with liquid optical grade oils
in a Cassegrain optic out of a glass top

and bottom. (Glint Photonics)

70 Yes 1000 3) micro cells on a 3-axis moving plane, [44]
overmolded silicone SOE and a biconvex
PMMA POE with high acceptance (55°).

These modules can be translucent or

hybrid. (Insolight)

POE combined with a slab waveguide,  [117,183]
concept uses combinations of exterior (2-
axis) and integrated (lateral) tracking. (UC

San Diego)

70 Yes 1000 3) micro cells on a three-axis moving [34]
plane using a ball guide which accurately
positions on the Petzval field projected by
the single-stage PMMA bi-convex optic.

(Nagaoka U.)

3) micro cells with a tilt and roll integrated  [184,185]
tracking using biconvex PMMA lenses.
This system is also hybrid, both parts the
Si-PV and 111V show efficiencies of 26% at
equal DNI and GNI Irradiance. Losses
with this concept is caused by shading.
(Panasonic Boston Lab.)

40 Yes 375 2] micro cells with aspheric silicone [36]
microcells. The lateral displacement
tracking uses actuator and a 3D guide rail

for positioning in the z-axis. (GIST)

30 Yes Not yet tested with solar cells, an aspheric 37]
injection molded lens concentrating onto

a waveguide. The lateral displacement

tracking using a worm-driven motor for

very precise positioning. (UC San Diego)
Not yet tested with solar cells. [38]
Commercially available acrylic aspheric
lens with a PMMA waveguide. Tracking
with a two-axis displacement of the
waveguide. (Texas A&M University)

Si photodetector with 2 PMMA lens arrays [186]
and a waveguide. Self-tracking using
phase-change materials (Parafin) by
melting and coupling the light. (Texas

A&M University)

CTP = VX sin(Tsp,n) 2)

Among the integrated tracking prototypes presented in
Table 7. The best overall performance is attained by Price
et al*" with a high concentration factor of 660X and a CTP
of 24. The drawback is that the catadioptric optic is not compati-
ble with integration with a hybrid system, making it unable to
capture diffuse light. The Insolight module is the closest to a
commercial product and has the potential for further increasing
the current concentration values.'**!

Sol. RRL 2023, 7, 2300363 2300363 (24 of 30)

4.2. Hybrid Micro-CPV/Silicon PV Architectures for Utilization
of Direct and Diffuse Solar Irradiance

The hybrid micro-CPV/silicon PV concept aims at increasing the
energy yield of CPV technologies by harvesting the diffuse light
not utilized by CPV with a PV backplane made of crystalline sili-
con. This concept is being explored by various research
institutes such as MIT, NRL, and Fraunhofer ISE, as well as
companies including Toyota, Panasonic, and Insolight toward
commercialization,[#4106-109,162-164]
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Figure 22. Yearly energy yield comparing a) hybrid CPV/PV to b) the standard CPV technology, in the publication more cases are compared. Reproduced

with permission.['®®! Copyright 2021, Cell Press.
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Figure 23. lllustration of the main functional benefits of micro-CPV mod-
ules compared to conventional CPV. The reduction of the solar cell size and
the optical aperture result in advantages such as shorter optical paths,
lower resistive losses and better thermal management. An additional ben-
efit is more flexibility for different interconnection schemes, these can avoid
power losses generated by misalignments between solar cells and optics.

The combined power production of this technology varies sig-
nificantly depending on the ratio of direct normal irradiance to
diffuse irradiance."® Figure 22 compares the technology to con-
ventional CPV across geographic locations around the world. The
average global yearly yield advantage to CPV is 20.4%. The same
authors further drew quantitative comparisons between the
hybrid technology and tracked/static silicon PV.[*¢%!

The hybrid approach must leverage low-cost, scalable
manufacturing methods established in the silicon PV
industry to be competitive in the market. A good example
is the Insolight hybrid micro-CPV/silicon PV module.
The manufacturing procedure entails encapsulating the

Sol. RRL 2023, 7, 2300363 2300363 (25 of 30)

interconnected Si-cells between two glass planes. On top of
the glass plane, the metal interconnects for the III-V cells are
printed and the III-V solar cells, which have been encapsulated
as a chip-on-interposer device with all backside contacts, are
attached with a conductive adhesive.[**

4.3. Reducing Cell-To-Module Power Loss Using Micro-CPV

A collection of benefits of micro-CPV modules is shown in
Figure 23, which led to an important reduction of losses of
10% from the solar cells, with efficiencies of around 45% on
an industrial scale, to final modules with efficiencies of around
35%. These losses are mainly to optical losses, thermal losses,
resistive losses, and misalignment of the optic-solar cell pair.
The first three of these can be improved by micro-CPV. For
the latter, as mentioned previously, solutions are found by syn-
ergies with other industries. How the first three are addressed is
described as follows.

These modules contain a large number of cell-optic pairs
which prompts new interconnection designs!®* taking advantage
of a combination of parallel and series interconnections. Such
designs can reduce power losses due to defects, misalignment,
optical and electrical mismatches, and/or cell power variability.
This also gives the possibility to achieve an output voltage
comparable to a conventional silicon PV module.

Thermal losses are lower for micro-CPV since heat dissipation
is efficient given the much larger perimeter-to-area ratio afforded
by the micro-PV cells. Simulations have shown that 550 pm sided
solar cells mounted on a glass board (low heat dissipation) at
1000X promise temperatures below 120 °C at open-circuit voltage
(Voc).'”) In case cooling is necessary due to extremely high
concentrations, there are options which can be applied to
micro-CPV. 1'%

The size reduction leads to shorter optical paths, as mentioned
in Section 3.4 Advanced optical approaches for micro-CPV there
are multiple ways to increase the optical efficiency. From just
reducing the optical material volume to using high-quality
materials and/or high optical performance optics.
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Misalignment between cells and optics poses an even
greater challenge in micro-CPV.P®'* The submillimeter
size leads to low mechanical tolerances (10-100 pm) so high pre-
cision manufacturing and assembly processes are mandatory, a
challenge which conventional CPV faces and only exacerbates
in micro-CPV. Self-alignment processes have been proposed
making use of surface tension of melted solder, achieving cell
positioning accuracy within 4+ 10 um.”"! Another approach
involves joint molding of POE and SOE so that their relaive posi-
tion is defined by the mold.**>% Misalignment due to differen-
tial thermal expansion of dissimilar materials is another concern,
and using the same material for the optical layer and cell plane
reduces notably this effect.*¥

In ref. [171] an extensive study reveals micro-CPV can indeed
furnish a competitive edge in curtailing the cell-to-module power
loss compared to traditional CPV. The ratio between module
efficiency and cell efficiency was calculated, which led to the
conclusion that micro-CPV reaches a ratio of 93% while in con-
ventional CPV the ratio is only around 75%.

5. Conclusions

Micro-CPV charts a roadmap to future low-cost, high-efficiency
PVs for large-scale electricity generation. The size downscaling of
micro-CPV provides benefits such as short optical path, better
thermal management, lower resistive losses, low weight, and a
compact module form factor similar to that of silicon PV.
Additional features include internal tracking and hybrid
CPV/silicon-PV, micro-CPV is well poised for space-constrained
applications such as space solar, rooftop installations, agrivol-
taics, vehicle-integrated PVs, large off-grid power systems,
mobile chargers, among others. Nonetheless, new module archi-
tectures as well as enabling manufacturing technologies are
needed to allow large-scale commercial deployment of the tech-
nology. We show that manufacturing of micro-CPV can capital-
ize on infrastructures and technical expertise from mainstream
industries like telecommunications, lighting, automotive, medi-
cal, and photonics industries for mass production and cost scal-
ing. Examples of directly transferable technologies include
parallel assembly and interconnection of small devices and
large-area scalable micro-optic fabrication. In addition, micro-
CPV allows the exploration of unconventional device architec-
tures that typically could not be adopted by classical macro-scale
CPVs toward further performance enhancement.

This review scrutinizes the state of the art of the technology,
covering advances on micro solar cell development, solar cell
assembly solutions, functional interconnection of the micro solar
cells, novel optical designs and manufacturing, the integration of
hybrid micro-CPV/silicon PV, and internal tracking within a
compact, flat module. Figure 1, Table 1 and 7 are meant to pro-
vide the reader with a comprehensive overview of the perfor-
mance of current micro-CPV modules. Micro-CPV prototype
modules with efficiencies close to 35% have already been dem-
onstrated, and modules exemplified by those manufactured by
Insolight are starting to penetrate into niche markets. It is highly
anticipated that these advances will further prove the viability and
lead to a lasting presence of the micro-CPV technology in the
global energy market.
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