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Abstract. Concentrator photovoltaics (CPV) modules are complex, heavy and bulky which hinders the
deployment of this technology. Over the past few years, the miniaturization of this technology, called micro-
CPV, promises to make more compact and less expensive modules. This article focuses on the design, fabrication
and characterization of a 350� single-stage concentrator optic made of PMMA. A matrix of 16 lenses has been
produced, and a prototype module has been fabricated and characterized outdoors, achieving an optical
efficiency of over 80%.
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1 Introduction

In recent years, solar energy has seen a drastic increase in
production and a reduction in price, thanks to the large-
scale production of silicon-based solar panels, which
dominate the photovoltaic market. Silicon technologies
are performing close to their theoretical limit, with a record
of 27.6% for a silicon cell [1] and a theoretical limit of
29.43% [2]. To increase efficiency, a shift to new
technologies is necessary. The solar cells currently
achieving the highest conversion efficiencies are multi-
junction cells based on III-V materials, with a record
efficiency of 39.5% for triple junctions [1]. This technology
produces more energy per unit area, which is necessary for
new market where space is constrained (space solar, mobile
solar charging systems, etc.) [3]. The major drawback of
multi-junction cells is the price of III-V materials, typically
two orders of magnitude more expensive than materials
used on a large scale [4]. CPV technology reduces the cost of
using III-V solar cells by concentrating light, minimizing
the amount of III-V material needed. As well as saving
costly III-V materials, concentrated light also boosts solar
cell performance, resulting in an all-technology efficiency
record of 47.6% for 4-junctions solar cell under 665� [1].
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Still, CPVmodules are complex (involving 1 [5], 2 [6] or
3 [7] stages of optics), heavy, and bulky. This increases their
manufacturing costs, as well as the costs of installing and
operating these solar panels on trackers that need to be
robust enough to accommodate the weight of the modules
[3]. In response to these limitations, a new CPV technology
has emerged in recent years called micro-CPV. The idea
behind this technology is to reduce the size of the solar cells
to below 1 mm2, and consequently, the size and volume of
the optics. Micro-CPV should thus allow the manufacture
of more compact, lighter, and less expensive concentrator
solar panels. A study conducted at NREL shows the strong
competitive potential of micro-CPV compared to tradi-
tional CPV and silicon PV systems [8].

In the literature, micro-CPV modules using two optical
stages exist, such as the Semprius module [9]. However, a
study by Panasonic [10] demonstrates the relevance of
using a single-stage optics approach for micro-CPV.
Indeed, this study shows that the non-uniformity effects
of light caused by using single-stage refractive optics are
not problematic for submillimeter cells and, therefore, for
micro-CPV technology.

Panasonic has published several articles presenting
compact micro-CPV modules with a single optical stage
made either entirely of polymethyl methacrylate (PMMA)
[6,11,12], or of PMMA on a glass substrate [10,13].
However, these articles focus on the characterization of
monsAttribution License (https://creativecommons.org/licenses/by/4.0),
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Fig. 1. Optical system diagram. The PMMA lenses are 19.9 mm-thick from the top of lenses.
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the modules and provide little information on the design,
fabrication, and characterization of this type of optics. Our
study will focus on the design, modeling, and characteriza-
tion of a compact single stage optical system for micro-
CPV made entirely of plastic PMMA.

First, the design of the optics for InGaP/InGaAs/Ge
submillimetric solar cells has been carried out using the
ZEMAX OpticStudio software (ray tracing) with different
constraints defined at the beginning of the first section. The
optics are then manufactured and characterized. In the last
phase, a micro-CPV module prototype has been fabricated
and measured outdoors. Then, a model of the optical losses
has been compared to these results to determine the losses
related to the optics for each sub-cell and for the entire cell.

2 Design and tolerancing of the optical
system

In this section, concentrating optics are designed using
ZEMAX optic studio ray tracing software. The aim is to
produce a low-cost, lightweight and compact optic.
Tolerances of the optics will also be studied to determine
if the manufacturing uncertainties (such as alignment and
optical design) remain acceptable for fabrication.

2.1 Definition of the criteria

The optics are made of plastic, more precisely PMMA,
which is a standard low-cost material for plastic optics [14].
Moreover, PMMA optics are lightweight with good optical
properties (transmittance above 90% at 500nm) [14].

Figure 1 shows a diagram of the optical system. To
obtain a compact optic, the optical system is composed of a
single optical stage and themaximum thickness of the optic
made of PMMA is set at 2 cm, in line with publications on
compact modules in the literature [6,10,11,13]. As shown in
Figure 1, the lenses are square-shaped, allowing for a
more compact lens array compared to round lenses and
creating a square light spot that matches the shape of the
solar cells.

IEC 62670 standard defined the acceptance angle as the
angle at which more than 10% of the light is lost and set the
minimum threshold at±0.4°. With the focal length now set
at around 2 cm, the geometric concentration is set at 350�
for 0.25 mm2 cells so as to obtain a f-number (focal length
divided by the diameter of the entrance pupil) between 1.5
and 2, which enables good optical efficiency (more than
80%) and an acceptance angle greater than 0.4° [14]. The
concentration being set at 350� for 0.25 mm2 cells, each
lens therefore has a surface area of 9.35� 9.35 mm2.

Since the optical system consists of a single stage
refractive optics, it is prone to chromatic aberrations.
Therefore, the lenses used are likely to cause a spread of the
focal spot depending on the wavelength, which could lead
to variations in the carrier generation regions between the
different sub-cells. This type of aberration is not a problem
if we optimise the uniformity of the light on the top cell to
avoid resistive losses in the top cell’s emitter layer [10]. To
establish a criterion for light uniformity on the top cell, the
peak to average ratio (PAR) is used. This value represents
the maximum effective concentration (CPeak) on the cell
divided by the average concentration across the cell surface
(CMean) as shown in Equation (1).

PAR ¼ CPeak

CMean
: ð1Þ

A lower PAR ratio corresponds to more uniform
illumination. However, there’s a trade-off between unifor-
mity and the acceptance angle. Highly uniform illumina-
tion means the light spot covers the entire active area at
normal incidence. When the angle of incidence increases,
the spot undergoes a lateral shift. When it reaches the edge
of the cell, any further shift causes part of the light to fall
outside the cell, reducing the collected power and therefore



Fig. 2. ZEMAX optical simulation of the illuminance of a 0.25 mm2 solar cell as a function of wavelength A) 500 nm (top cell), B)
800 nm (middle cell) and C) 1300nm (bottom cell). The scale on the right of the images corresponds to the effective concentration.
The average concentration is 350�, so from the maximum effective concentration of each sub-cell, we can calculate the PAR for each
sub-cell: top cell: 2.38, middle cell: 6.85, bottom cell: 15.6.
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narrowing the acceptance angle. In contrast, less uniform
illumination (higher PAR), where the light spot is smaller
thanthecell, leavesanunilluminatedmarginandtheedgesof
the cell. This margin accommodates spot movement under
varying incidence angles, allowing light collection over a
wider range of angles and thus increasing the acceptance
angle.Anupperboundfor thePARcanbeestimatedthrough
afirstorderapproximationof the resistiveandthe shadowing
losses. A maximum 10% power loss can then be imposed as
anupperboundwhichthendefinesaconditiononthePARat
11.5 (details in Appendix A.2).

2.2 Design of the optical system

The first step in lens design is to consider spherical
aberration. The effect of this aberration is that rays passing
along the edge of the lens do not focus on the same point as
rays passing through the center. As a result, the size of the
image spot will be enlarged, which may lead to a drop in
optical efficiency. Spherical aberrations can be cancelled
out by modifying the conicity constant, which defines the
deviation of the optical surface from a spherical shape. This
factor is therefore set at�0.46 (the calculation of this value
is available in Appendix A.1).

Figure 1 shows the optical system composed of a
19.9mm thick PMMA lens, designed to meet the criterion
of being less than 2 cm-thick, with a 1.5mm layer of
polydimethylsiloxane (PDMS) to attach the optics to the
receiver.

With the thickness of the PMMA and PDMS and the
value of the conicity constant now fixed, the curvature
radius (Rc) was set to achieve a compromise between PAR
(uniformity of the light) and acceptance angle. The Zemax
simulation using Rc=6.83mm results in a PAR of 2.38 for
the top cell which is below the PAR threshold of 11.5
needed to keep resistive losses below 10% power losses, and
an acceptance angle of±0.5° which is above the minimum
threshold of±0.4°. The chosen curvature radius therefore
meets the PAR and acceptance angle criteria.

Figure 2 shows the effective concentration distribution
on a 0.25 mm2 solar cell with the aforementionedRc values,
conicity constant, PMMA and PDMS thickness. Each
image corresponds to a different wavelength, chosen to be
the average absorption wavelength of each sub-cell: 500 nm
for the top cell, 800 nm for the middle cell and 1300 nm for
the bottom cell, from left to right respectively. On Figure 2,
it can be seen that the uniformity of the light is optimised
on the top cell. Moreover, the light spot is smaller for the
middle and the bottom cell than for the top cell. It is
important that the light spots for the middle and bottom
cells are smaller than that for the top cell due to chromatic
aberration; otherwise, we would lose light on the middle
and bottom cells.

2.3 Tolerances

Now that the design is complete, we then varied the various
parameters (Rc, conicity constant, PMMA and PDMS
thickness) set previously, while keeping the others fixed, to
estimate an approximation of the manufacturing toler-
ances for each of them. The tolerance is therefore not
combined. In order to calculate the curvature radius
tolerance, the minimum curvature radius (Rmin) is found
when 10% of the light is lost (the image spot will grow as the
radius of curvature decreases). The maximum curvature
radius (Rmax) is found when the PAR reaches 11.5 (see
Sect. 2.1). The curvature radius must necessarily be within
the interval [Rmin, Rmax] to limit both light losses (<10%)
and resistive losses (PAR < 11.5). To define a single
tolerance value, we choose themost restrictive case, i.e. min
(|Rc�Rmin|, |Rc�Rmax|) (Rc being the set values from the
previous section). The same method is used to calculate
tolerances for PMMA and PDMS thickness, and for the
conicity constant. The misalignment tolerance is calculat-
ed when 10% of the light is lost (values are summarized in
Tab. 1). This method allows for tolerance specification to a
single digit but slightly narrows the tolerance range.
Indeed, in the case of Rc, the limitation is set by Rmin
(i.emin(|Rc � Rmin|, |Rc–Rmax|)= |Rc–Rmin|), enabling to
achieve a curvature radius greater than +95mm while still
meeting the criteria. As curvature radius increases, PAR
remains below 11.5 until Rc=6.96mm and there is no loss
of light. Between Rc=6.96mm and Rc=7.15mm the PAR
exceeds 11.5 and reach a maximum of 20, causing a
maximum resistive losses of over 13% (see resistive model
in Appendix A.2). Above Rc=7.15mm the PAR falls back



Fig. 3. Picture of a PMMA matrix lenses after molding.

Table 1. Summary of the concentration optics para-
meters as well as its alignment tolerances and the
specifications studied here.

Tolerance

PMMA thickness (mm) 19.9 ± 330 mm
PDMS thickness (mm) 1.5 ± 305 mm
Curvature radius (mm) 6.83 ±95 mm
Conicity constant –0.46 ±0.051
Misalignement – ±115 mm
Acceptance angle (°) 0.5° –

PAR 2.38 –
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below 11.5, but from Rc=7.3mm light losses of over 20%
occur on the bottom cell (opposite situation to Fig. 2: the
light spot is larger for the bottom cell wavelengths than for
the top cell wavelengths). Since the bottom cell has excess
current, curvature radius up to 7.3mm allow the criteria to
be met, except in the 6.96–7.15mm range, where resistive
losses up to 3% above the criteria may occur. The tolerances
shown are given for information only, but they do have
certain limitations.They are not combined and, as explained
above (forRc), it is possible to obtain values that differ from
the tolerances and stillmeet our criteria.Table 1 summarizes
the various design parameters and their tolerances.

3 Optics characterization

Figure 3 shows a picture of a lens matrix at reception.
To check the quality of the optics made by external service
request, measurements were taken to check their thickness,
curvature radius, conicity constant and optical losses.

For the thickness measurement, a digital caliper
was used. Three different optical matrices were measured,
the results are 19.90± 0.02mm, 19.88± 0.02mm and
19.86± 0.02mm. The largest deviationmeasured in relation
to the desired value is therefore 40 mm. The thickness
tolerance calculated in the previous section was±330 mm.
The PMMA thickness complies with the design.

A confocal microscope was used to measure the
curvature radius. A fit was then made using the equation
for an aspheric lens (details of measurements and fits are
given in the Appendix A.3). The measurements and fits
were carried out on 16 lenses from 4 different optical
matrices. The results for the curvature radius are shown in
Figure 4. Most measurements are above the calculated
tolerance of Table 1. In Figure 4, for the same lens position,
the curvature radius varies little from one matrix to
another. Indeed, the standard deviation is below the
tolerance specified in Table 1 for all lenses except for three
lenses 8, 10, and 13 where the tolerance is exceeded by
37 mm, 26 mm, and 23 mm, respectively. This small variation
indicates a well-controlled and repeatable process. Since
the lens curvature deviation between one lens to another
does not depend on the distance of the lens to the center of
the plate, the significant variations in curvature radius
between lens positions are attributed to bad accuracy of the
mold rather than an uncontrolled shrink of the lens during
the molding process. This issue would therefore be solved
by fabricating a mold with a better accuracy in the context
of high volume manufacturing. Curvature greater than the
tolerances do not prevent the system from operating
correctly. In the worst case, there will be slightly more
resistive losses, as explained at the end of Section 2.3 on
certain cells and this problem can be resolved by reworking
the lens mould.

With our experimental setup, it is not possible to
accurately measure the conicity constant. Since this
parameter is the only one that cannot be verified before
the final measurement Section 6.1, any significant devia-
tion from the expected results can be attributed to it.

Once the geometry of the PMMA optic had been
characterized, optical characterizations were carried out to
determine reflection and transmission. Measurements were
taken with a Filmetrics F-10-RT equipped with a halogen
tungsten light source in the range of 375–3000 nm. Figure 5
shows the reflection and transmission measured. It can be
seen that little light is lost through reflection (≈5% of
incident light). As for transmission, we can see that little
light is lost at the absorption wavelengths of the top and
middle cells. Two broad absorption bands appear around
1200 and 1400 nm. These absorption bands are also present
in the AM1.5D spectrum (caused by humidity), so they will
cause minimal losses as they are already absorbed by the
atmosphere. Note that in Figure 5, for certain wavelengths,
the sum of transmission and reflection exceeds 1, with a
maximum of 3%. This error is due to the measurement
uncertainty of the equipment.

4 Electrical and optical modeling

A model was constructed to estimate the micro-CPV
prototype short-circuit current. This model can be used to
isolate and evaluate the system various optical losses. The
model is based on radiometric equations mainly on the
calculation of the spectral irradiance incident on the solar
cell, denoted Einc(l), as shown in Equation (2):

EincðlÞ ¼ Esource:ð1�RPMMAðlÞÞ:TPMMAðlÞ:ð1
�RPDMSðlÞÞ:TPDMSðlÞ½W=m2=nm� ð2Þ



Fig. 4. Curvature radius as a function of lenses position. Each point corresponds to the average of the measurements on 4 different
optical matrices, and the error bars represent the standard deviation between these 4 measurements. The uncertainty of measurement
is± 30mm. Each lens is identified by a number (lens position). A mark (where the PMMA was injected during molding) ensures the
same lens identification on all four matrices. The red dashed lines represent the tolerance analysis calculated in Section 2.3. The green
area corresponds to the ranges of R that meet the fixed constraints (even if the tolerance is not met), while the red area indicates the
data ranges where resistive losses reach 13% (>10% set), as explained at the end of Section 2.3.

Fig. 5. Transmission (T) and reflection (R) of PMMA. EQE of each sub-cell is also plot, the data comes from the wafer supplier
datasheet [15].
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whereEsource is the AM1.5D solar spectrum,RPMMA(l) and
RPDMS(l) are the reflection coefficients at the Air-PMMA
and PMMA-PDMS interfaces, TPMMA(l) and TPDMS(l)
are the transmittances of the PMMA and PDMS layers.

For Equation (2), several parameters are required, such
as reflection and transmission for PMMA and PDMS.
Reflection and transmission measurements of PMMA
(RPMMA and TPMMA) have been carried out and are shown
in Figure 5 in Section 3. The transmission values for the
PDMS (TPDMS) used in this study (sylgard 184) have been
found in the literature [16]. Reflection at thePMMA/PDMS
(RPDMS) interface was calculated using the optical index.

From Equation (2), the current in the cell and each sub-
cell can be calculated using the EQE presented in Figure 5.
The presented EQE in Figure 5 is obtained for an interface
with glass. In our case, the interface is with PDMS. Since
the refractive index are similar, we will assume that the
reflections at the interface are identical.



Fig. 6. Optical transmission for each interface/material for each sub-cell. These calculations were performed for the top cell between
400 nm and 700 nm, for the middle cell between 700 nm and 900 nm, and for the bottom cell between 900 nm and 1700 nm. The output
current of each sub-cell at a DNI of 1000W/m2 at 350�, with and without losses due to concentrating optics (reflection/absorption and
metallization), corresponds to the two values on the right in red.
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Figure 6 shows the optical transmission for each
interface and material that light has to pass through
before reaching the cell. The highest optical losses are due
to the PDMS absorption for the top cell and the PMMA
absorption for the bottom cell. PMMA absorption losses at
top cell and middle cell wavelengths are low. At the cell
scale, optical losses of the concentrating module are
predominantly present in the bottom cell spectrum.

The output current of each sub-cell based on the model
at a DNI of 1000W/m2 at 350�, with and without losses
due to concentrating optics, has been calculated in order to
see the optical losses impact on the monomodule perfor-
mance. The results are shown in Figure 6. Whether losses
are considered or not, the top cell has the minimal output
current. Therefore, the top cell stays the limiting sub-cell.
The greatest current loss occurs in the bottom sub-cell.
Since this sub-cell has excess current, it does not generate
any electrical loss. These losses can even be advantageous,
as they limit cell overheating due to excess current by
approaching a current matching configuration, even
though some of the heat absorbed by the PMMA still
contributes to the warming of the cell.
5 Micro-CPV module fabrication

In this section, the aim is to build a prototype module. The
manufacture of the cells, their connection and the
alignment of the optics will be discussed in this part.

5.1 Cells fabrication

A commercial wafer with InGaP/InGaAs/Ge triple-junc-
tions epitaxy has been used for the manufacture of micro
solar cells with an area of 0.25 mm2 used in this study.
Front contact is made by evaporation of Pd/Ge/Ti/Pd/Al
(50/100/50/50/1000nm) [17]. This metallization limits the
cells series resistance, thereby improving performance at
high concentrations. The cells are then electrically isolated
by plasma etching (SiCl4/Cl2/H2) [18]. This type of plasma
produces sidewalls with few defects, thus reducing perimeter
recombination losses [19]. The addition of hydrogen to the
plasma also enables passivation of the sidewalls, again
reducing perimeter recombination [18]. The rear contact
is made by evaporation over the entire surface of Ni/Au
(50/1000nm) [18]. An enhanced chemical vapor deposition
(PECVD) deposit of SiN/SiO (66/69nm) is then deposited
onthe front faceandopenedbyCF4plasmaetching toexpose
contact regions [19]. This layer acts as an anti-reflective
coating. Solar cells are then singulated (’diced’) by plasma
etching using a Bosch process [20]. This cutting method is
used because it reduces thewidth of trenches compared with
Saw-Dicing, thus saving materials when manufacturing
micro-cells [21]. The wafer used to fabricate these cells is not
optimized for concentration, so the cells will be used here as
sensors to evaluate the optical performances of the system.

5.2 Connection of cells

In this section, cell connection method is presented. It is
made on a silicon substrate where the two contacts (front
and rear) are transferred. Electrical insulation of the
substrate is ensured with a 50 nm deposition of SiO2.
The surface is then metallized by evaporation of Ti/Cu
(500/1000 nm) to create the pads where the cells are
soldered. A tin-silver-copper (Sn-Ag-Cu or SAC) paste is
then screen-printed onto Ti/Cu pads and cells are placed
on pads using a pick-and-place equipment. A reflow process
is then performed at 270 °C to melt the solder. This solder
not only provides the electrical connection to the rear face
of the cell, but also acts as a heat sink. Moreover, the effects
of capillarity during soldering will also help to recenter the
cell, allowing alignment precision of the order of a few
microns [22].With the cells now soldered and aligned on the



Fig. 7. Picture of the final prototype.
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silicon substrate, a drop of epoxy (EPO-TEK 301-2) is
deposited next to the cell. The drop wets the substrate and
the edges of the cell, creating a slight slope which connects
the front face of the cell and the substrate [23]. The electrical
connection between the front pad and the substrate is
then made with a silver paste deposited on the epoxy.

During the metallization of the substrate, alignment
marks (10 mmwide) are also deposited to help with the next
step of alignment of the optics.

5.3 Optics alignment

The aim of this section is now to align and bond the PMMA
optics to the Silicon substrate to which the cells are
connected. The first step is to place spacers that ensure a
1.5mm gap between the top of the cells and the PMMA
optics, to reach the PDMS thickness used in the
simulations (see Sect. 2.2). Positioning is carried out so
that each spacer is in the angle of the PMMA optic, which
will help with alignment. Once this stage has been
completed, the Newport SOL1A solar simulator fitted
with a Keithley 2601 EMS is used to check the current. The
optic is positioned over the receiver using an optical
microscope to achieve a first alignment between optic in
PMMA and alignment marks on the receiver. The
alignment is then adjusted to maximise the current.
Aligning with 10 mm wide marks, in addition to checking
the current to obtain the maximum enable us to readily
respect the 115 mm tolerance computed in Section 2.1. Once
the alignment is complete, the optic is adhesively attached
to the receiver at the spacers. Once the adhesive has dried,
PDMS (Sylgard 184) is poured between the receiver and
the PMMA optic and cured at room temperature.

5.4 Final prototype

Figure 7 shows a picture of the final prototype. The cells
can be seen through the edge of the PMMA block,
indicating a good quality of interface between PMMA and
PDMS. Once the prototype is completed, the PDMS
thickness can be measured. As with PMMA, a caliper is
used tomeasure the entire module fromwhich the thickness
of the PMMA optics and silicon wafer (≈200 mm with the
thickness of the weld) must be removed. The measured
thickness of the PDMS is finally 1.48mm. PDMS thickness
is therefore well controlled and in line with the tolerances
presented in Section 2.3 (1.5± 0.305mm).

6 Measurements of optical performance

6.1 Outdoor characterization

The outdoor characterization of the micro-CPV module
was carried out in the solar park of the Institut
Interdisciplinaire d’Innovation Technologique (3IT) of
the Université de Sherbrooke using an EKO-Keithley
2-axis tracker. This tracker allows to follow the sun on two
axes (azimuth and elevation) with a precision of±0.01°.
A Raspberry pi microcomputer is used to drive the EKO
tracker and a Keithley 2601B source measurement unit to
measure electrical characteristics of each individual solar
cell. Two solar cells have been measured, one positioned
under lens number 2 (cell A) and the other under lens
number 13 (cell B), corresponding to lenses with a
curvature radius close to that simulated (see Fig. 4).

The first step of outdoors measurement is to make a
current map of 900 points as a function of azimuth and
elevation. This map has two purposes, (1) To find the point
of maximum current corresponding to optimal sun/lens/
cell alignment to add an offset to the tracking to correct
potential mechanical misalignment. (2) To measure the
module acceptance angle. The measured current was
normalized by Direct Normal Irradiance (DNI [W/m2]).
The azimuth and elevation values were converted into
angle of incidence using the point of greatest current as a
reference, assuming normal incidence at the position
corresponding to the maximum normalized short-circuit
current. Since we are considering monomodules, the short
circuit current based acceptance angle is supposed to be
equal to the maximum power based acceptance angle [24].
The normalized current as a function of angle of incidence is
plotted in Figure 8. The black dotted line is the threshold
corresponding to 90% of the maximum normalized current.
On the curve, several values of angle of incidence
correspond to the 90% threshold. This can be explained
by the fact that the metallization on the cell is not
symmetrical, as can be seen in Figure 8. The shading
percentage will vary depending on the direction in which
the light spot moves, which will impact the generated
current. Considering the upper limit of the curve, which
corresponds to the case where the light shifts towards the
area without busbars (towards right on the picture Fig. 8),
we find an acceptance angle of 0.5°, as predicted by
ZEMAX simulations done in Section 2.3. On the other
hand, if the light is shifted towards the busbar (towards left
on the picture Fig. 8), which corresponds to the lower limit
of the curve, then the acceptance angle will be 0.25° (this
angle has also been checked in ZEMAX simulations,
considering metallization). The average acceptance angle is
0.38°, which is slightly below the IEC 62670 standard,
which sets the minimum acceptance angle at±0.4°. Our
acceptance angle can easily be improved by reducing the
size of the busbar [23].



Fig. 8. Normalized Isc of cell A as a function of the rays incidence angle and a picture of the front face of cells.

Fig. 9. Isc depending on DNI for 2 micro solar cells and modeled data.
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After determining the acceptance angle of the module,
the objective is to measure the short-circuit current as a
function of the DNI received by the cell to compare the
result with model presented in Section 4 and study the
optical efficiency of the module.

The module was left for several hours on May 10, 2024.
The data was then filtered using the ASTM E2527 method
described in IEC 62670-3 to plot the short-circuit current as
a function of the DNI received by the module. It imposes
restrictions on data regression, including an ambient
temperature range between 10 °C and 30 °C, direct
irradiance greater than 750W/m2, diffuse irradiance less
than 140W/m2, and data rejection in the event of DNI
deviation greater than 2% over 10min [25]. As the
measurements were carried out on a particularly cloudy
day (between 150 and 350W/m2 of diffuse irradiance), the
diffuse irradiance condition was removed (the measured
currents are therefore slightly overestimated).
Figure 9 shows the short circuit current (Isc) as a
function of the DNI. Blue and orange scatter plots
represent the outdoor measurements for each cell, the
blue and orange continuous curves correspond to the linear
fit (Pearson correlation coefficient of 0.93 and 0.94 for A
and B respectively) of the measured data. The green curve
corresponds to the modeled data described in Section 4.
Since the DNI directly impacts the delivered current, the
data in Figure 6 has been extended over a wider range of
DNI to compare it with outdoor measurements.

The model predicts current quite accurately. Indeed, an
average deviation of only 2.6%with cell A and 4.1%with cell
B can be observed. This small difference can be explained by
shading. Metallization is taken into account in the model on
the basis of the top cell illumination, as shown in Figure 2,
which corresponds to a shading loss of 6.7%. If the curvature
radius is greater than 6.83mm, then the size of the light
spot on the top cell will be reduced, which reduces shading
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losses. Moreover, the diffuse irradiance is not taken into
account in the model. The current is therefore slightly
overestimated. Taking a diffuse irradiance of 350W/m2 and
an incidence angle of 0.5°, an increase in the incident power
of 0.26% can be estimated (see Appendix A.4).

The measured current and the model are very close,
which means that there is no significant loss of light on the
cell. Therefore, all the parameters of the optical system are
well controlled and there are few form errors in the lenses,
particularly for the conicity constant, which could not be
verified in Section 3.

6.2 Optical efficiency

Now the model has been validated according to the outdoor
measurements, we used it to assess the optical efficiency of
our system. Since we are working with monomodules, we
cannot directly refer to CTM (Cell-to-Module) losses, as
there are no current mismatch losses that could range from
1% to 5% [26]. We are therefore talking about optical
efficiency here.

From current calculated in Figure 6 validated by
measurement, the optical efficiency can be calculated:

Effopt ¼
Isc;TopðwithlossesÞ

Isc;TopðwithoutlossesÞ ¼
9:74

12:06
≈ 81%: ð3Þ

In the literature, CTMs for micro-CPV modules range
from 71.4% to 86.7% [26]. Taking into account the current
mismatch losses, our module is in agreement with the
literature and the CTM could easily be increased by
replacing the PDMS (sylgard 184) to a less absorbent
PDMS or another material. By halving the losses related
to the top cell level, the optical efficiency could exceed 90%.
7 Conclusion

A compact optical system for micro-CPV has been
designed, manufactured and characterized. The simula-
tions andmodels match upwell with themeasurements. An
optical efficiency of 81% has been calculated and
experimentally validated, and it could easily be increased
by changing the PDMS layer which absorbs a lot for the top
cell wavelengths (18.09% absorbed) which are limiting the
current. PMMA absorbs strongly at bottom cell wave-
lengths (24.61% absorbed) but the top cell remains
limiting. Finally, we have shown that it is possible to
produce a high-performance and low-cost optical system.
Future work could improve the precision of the optics
molding, particularly in terms of curvature radius. New
measurements should also be made with less diffuse
irradiance, and by changing the PDMS used in this article
to a less absorbent material.
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Appendix A
Fig. A.1. Estimation of resistive losses and shadowing power losses (red curve) as a function pf the PAR. The 10% power loss is
marked by a red dashed line as a virtual guide. The finger spacing (dark curve) has been optimized for each concentration. The scheme
presents all the losses (arrows) considered in the model: Power loss in the model (light green arrow), the power loss to the metal contact
(dark green), the lateral resistance (black) and the shadowing (blue).
A.1 Calculation to define e

Equation (A.1) describes the difference in the aberrant
optical path associated with the crossing of a dioptre of
radiusR, conicity constant e and an aperture h. The optical
indexes before and after the dioptre are n and n’:

n0D ¼ h4

8
Q2

z

�
1

n0z0
� 1

nz

�
þ h4

8R3
eðn0 � nÞ: ðA:1Þ

The optical conjugation of the dioptre is described by z
and z’, which are the position of the image before and after
the dioptre.Qz is then defined as the longitudinal invariant
defined by Equation (A.2)

Qz ¼ n

�
1

R
� 1

z

�
¼ n0

�
1

R
� 1

z0

�
: ðA:2Þ

In order to cancelled spherical aberrations and therefore
the n0D in Equation (A.1) the conicity constant is set to
�0.46.
A.2 1D resistive model

Transfer Lenght Method (TLM) measurements have
been performed on state of the art multi-junction solar
cells based on a commercial epi-wafer to determine the
contact resistivity (Rcont 6.2� 10�6 ohm cm2) and the
lateral resistivity (Rlat=500 ohm square). Finally, the
finger width has been fixed to be w=4.4 mm, which is the
conventional width obtained when performing evapora-
tion and photolithography processes in our lab. For the
sake of simplicity, we considered that a modification on
the spot size induces only a variation in the light
concentration. Then Cmean has been set constant equal
the Cgeometric=350� as it corresponds to the case where
the light is perfectly transmitted through the optics
and spread on the top surface. Based on these results
and assumptions we fixed the different parameters
(Rcont, Rlat and the fingers thickness) and optimized
the spacing between the fingers for each concentration
using a simple 1D model. All the losses (contact resistive
losses Pcontact, lateral resistive losses Plateral, resistive
losses in the finger Pfinger and shadowing losses Pshadow)
have been summarized in the scheme displayed in
Figure A.1.
A.3 Radius of curvature measurement

A Keyence � VK-X1100 confocal microscope was used.
Measurements were taken at the top of the lenses with an
X20 zoom. The 16 lenses of 4 different optics were
measured. In order to remove the noise and refocus the
measured data on the vertex, a quadratic fit was
performed on all the measurements. This quadratic fit
allows to find the top of the lens with greater precision.
The radius of curvature can be then found using the



Fig. A.2. Fit performed to find the radius of curvature. The curvature radius is 6.88mm.
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equation for an aspheric lens (Eq. (A.3)).

zðrÞ ¼ r2

Rcð1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ð1þ eÞ: r2

R2
c

q
Þ

ðA:3Þ

With: r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
with the point (0,0) found with the

quadraticfit,Rc thecurvature radius, e theconicityconstant.
Figure A.2 shows the profile of a measured lens (scatter

plot in blue) and its associated aspheric fit (black curve) as
a function of radius r. The fit matches with the scatter plot
and the radius of curvature can therefore be determined
using this method. In the case of the lens shown in
Figure A.2, the curvature radius is 6.88mm. The
measurement uncertainty is 3sRc =0.03mm.
A.4 Impact of diffuse irradiance

Considering an acceptance angle of 0.5°, the percentage
of sky available to concentrate diffuse light is 0:5

180 ¼ 0:3%.
Now considering a diffuse radiation power of 350W/m2

and a concentration of 350� on a 0.25 mm2 cell, the
incident diffuse power is 0.003� 350� 350� 2.5� 10�7.
To this, we can add the diffuse radiation passing through
the sides of the lenses: 2.5� 10�7*350. The total diffuse
power reaching the cell is therefore: 1.8� 10�4. Compar-
ing this value to the power reaching the cell with a DNI of
800W/m2 (350�2.5�10�7�800), the percentage of
diffuse light is therefore: 0.26%.
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