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ABSTRACT
The reﬂection of incident sunlight prevents photovoltaic modules from reaching their full energy conversion potential.
Recently, we demonstrated signiﬁcant absorption enhancement in various solar cells by external light trapping, using
3D-printed and milled light traps. In order to facilitate direct module integration, we introduce an external light trapping
design concept tackling the reﬂection issues at the module level. In this module design, a lens array on the module cover
glass funnels the incident sunlight through small apertures in a reﬂective coating at the backside of the cover glass. This
adapted cover glass can be applied on a conventional module design. The reﬂector and the solar cells together form an
optical cavity, in which most reﬂected light is recycled by directing the reﬂected light back to the solar cell. A unique
feature of this light trapping module is its capability to simultaneously recycle the broadband reﬂection from the metal front
grid, the front interfaces, the reﬂective backside of the cell, and the white back sheet. Moreover, it allows separate integration and contacting of low and high bandgap solar cells for highly efﬁcient hybrid tandem modules that have no current
matching related losses. We show ﬁve module designs for improved light management combined with additional features
such as color and image display. We discuss the optimal harvesting of the diffuse and direct component of the sunlight. The
outlook of highly efﬁcient, colored, and even image displaying modules makes this technology an interesting candidate for
a new class of photovoltaic modules. Copyright © 2017 John Wiley & Sons, Ltd.
KEYWORDS
external light trapping; colored solar modules; light management; spectrum splitting; compound parabolic concentrator (CPC); fourterminal contacting
*Correspondence
Ruud E. I. Schropp, Nanophotonics - Physics of Devices, Debye Institute for Nanomaterials Science, Utrecht University, High Tech
Campus, building 21, 5656 AE Eindhoven, The Netherlands.
E-mail: r.e.i.schropp@uu.nl
†
Present address: Exasun, Laan van Ypenburg 122, Den Haag 2497 GC, The Netherlands
‡
Present address: Geballe Laboratory for Advanced Materials, Stanford University, 476 Lomita Mall, Stanford 94305, CA, USA
Received 2 May 2016; Revised 5 November 2016; Accepted 13 December 2016

1. INTRODUCTION TO THE LIGHT
TRAPPING MODULE
All solar modules exhibit optical reﬂection losses
preventing the power conversion efﬁciency from reaching
its full potential. For example, industrial crystalline silicon
(c-Si) based solar modules are hindered by reﬂection from
Copyright © 2017 John Wiley & Sons, Ltd.

the metal front grid (ﬁngers and bus bars), front interfaces, and incomplete ﬁll factor of the module area (“dead
area”). Furthermore, light with a wavelength close to the
band gap of the semiconductor is reﬂected out of the
module because of incomplete absorption. Therefore,
highly efﬁcient solar modules require a general light
management solution that simultaneously recycles the
553
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broadband light reﬂection from these four sources on the
module level.
There has been signiﬁcant interest in angular conﬁnement for solar energy by many authors using rugate
ﬁlters, interference ﬁlters, and light conﬁning cavities to
address the aforementioned issues [1–8]. State-of-the-art
rugate ﬁlters and interference ﬁlters enable wavelength
and angular selective transmission (and reﬂection) based
on interference due to Fresnel reﬂection in their refractive
index proﬁle. In contrast, light conﬁning cavities as proposed here are based on geometrical optics. Rugate ﬁlters
and interference ﬁlters are limited to narrowband
improvements because of their resonant origin. Moreover,
they conﬁne light within the active cell area but do not
recover light reﬂecting from the bus bars or the optically
dead area between the solar cells. In contrast, light conﬁning cavities have a broadband enhancement and are a
more comprehensive solution as they can trap the light
irrespective of its origin [9]. In recent work, we demonstrated optical conﬁnement using a universal external light
trap on nc-Si:H [10], organic [11], and c-Si solar cells [9].
The concept of optical conﬁnement by an external light
trap is illustrated in Figure 1. The parabolic mirror
focuses the incident sunlight through a small aperture.
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The light enters a reﬂective cage (or optical cavity) and
diverges from the focal point toward the solar cell located
at the bottom of the cage. Most of the light reﬂecting from
the plane with solar cells is retro-reﬂected and recycled in
this optical cavity. External light trapping can simultaneously address the reﬂection losses from the metal front
grid, the front interfaces, the reﬂective backside of the
cell, and the white back sheet in between the cells. In
contrast to conventional light trapping methods, such as
textured surfaces of the semiconductor material, external
light trapping does not result in increased surface states
or damage to the active solar cell absorber layer.
Moreover, because of the optical recycling, thinner solar
cells can be used which beneﬁt from lower Auger and
(bulk) Shockley–Read–Hall charge-carrier recombination,
which results in a higher open circuit voltage (Voc).
Thereby, the theoretical efﬁciency limit of this type of
angular restriction is signiﬁcantly higher than that of cells
without angular restriction [1,6].
In the successful initial proof-of-concept experiments
[9–11], we employed prototype optical elements that are
not well suited for module integration. It is not straightforward to directly sandwich the metalized parabolic mirrors
(or concentrators) into a conventional module. For

Figure 1. Design of an external light trap using a parabolic concentrator on top of a solar cell. Light is focused through an aperture and
is trapped within a cage. Light reﬂecting from (1) the metal grid, the (2) front interfaces, (3) white back sheet, and (4) back interfaces is
recycled. This particular design requires modiﬁcations to render it compatible with photovoltaic modules. [Colour ﬁgure can be viewed
at wileyonlinelibrary.com]
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example, the hollow parabolic concentrator (Figure 1)
needs a glass protective layer that causes additional interface reﬂection of around 8% for conventional glass. As this
considerable loss is unacceptable for module integration,
we explore alternative options.
In addition to improving the efﬁciency of photovoltaic
modules, there is also a strong interest in colored and
image displaying photovoltaic modules. Recently, colored
modules were developed by CSEM and are now developed
by Solaxess [12,13]. These modules are based on interference ﬁlters and reﬂect part of the visible light at the expense of a reduction in the energy conversion efﬁciency.
This enables white solar modules, which can for instance
be applied on buildings. Besides, image-displaying billboards that harvest solar energy were developed by
Sunpartner Technologies, Rousset, France; their power rating is limited: 90 Wp/m2 (Wysips® Cameleon) [14].
Here, we present ﬁve designs of light trapping photovoltaic modules. First, we present a basic light trapping
module (design 1). Subsequently, we illustrate several
modiﬁcations of the basic light trapping module leading
to interesting additional features that can be achieved
uniquely by this light trapping mechanism. Design 2
shows an arbitrarily colored module, and design 3 shows
a module that displays images. Design 4 shows an alternative lens design based on compound parabolic concentrators (CPCs) that can be integrated in designs 1–3.
Further, we discuss potential consequences for incoming
diffuse sunlight for this type of module. For geographic
regions with a large fraction of diffuse irradiance, we
propose design 5, which also completely absorbs the
diffuse sunlight.
Ultimately, these designs show interesting opportunities
for esthetic modules, such as colored and image displaying
modules, for potential use in building integrated photovoltaics and energy harvesting billboards.
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2. DESIGNS OF PHOTOVOLTAIC
MODULES WITH EXTERNAL LIGHT
TRAPPING
2.1. Design 1: Basic light trapping module
design
Figure 2 shows a concept of a light trapping module, in
which the external light trap is integrated in the glass of a
conventional solar module. An array of lenses is applied
on the front side of the glass. A reﬂector (e.g., a mirror
or white paint) is applied at the inner (lower) side of the
glass. The reﬂector contains openings through which the
sunlight is funneled into the cavity between the reﬂector
and the solar cell plane where the light is trapped effectively. As indicated, the four broadband sources of reﬂection are recycled, resulting in an increase of the module
efﬁciency.
This light trap design minimizes the number of additionally required layers in the solar module. The incident
light that is focused between the reﬂective areas (“the
openings”) is transmitted to the ethylene vinyl acetate
(EVA) encapsulation layer. The focal length of the lenses
should be roughly equal to the thickness of the front glass
to allow most of the incoming light to pass through the
openings at the backside of the glass. At this focal length,
the angle of incidence at which the light can propagate
through the openings is maximal. The associated acceptance angle is optimal for the module performance. For different focal lengths, a higher fraction of the light is
reﬂected outwards and therefore lost. Generally, the glass
of solar modules is between 2 and 4 mm thick. The space
between the reﬂector and the white back sheet forms a cavity (or cage) in which the light is trapped. The spacer thickness determines the divergence (i.e., width) of the beam in
the cavity and the uniformity of the cell illumination [9].

Figure 2. Design 1. Basic concept of integration of an external light trapping scheme in a photovoltaic module (not to scale). Light is
focused by lenses on the front side of the glass through openings in a reﬂector applied at the backside of the glass. The reﬂector can
be made of a metal (e.g., Ag or Al) or of white paint. The reﬂected light from (1) the metal grid, (2) the front interfaces, (3)white back
sheet, and (4) the back interfaces is trapped in the optical cavity between the reﬂector and the white back sheet. EVA, ethylene vinyl
acetate. [Colour ﬁgure can be viewed at wileyonlinelibrary.com]
Prog. Photovolt: Res. Appl. 2017; 25:553–568 © 2017 John Wiley & Sons, Ltd.
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Its thickness needs to be such that (most of) the reﬂected
light from the cell is redirected backwards by the reﬂector,
instead of escaping through an opening after the ﬁrst
reﬂection. This condition is satisﬁed when the spacer thickness is around half of that of the glass thickness. Therefore,
for a light trapping module with 3-mm thick glass, a
1.5-mm thick EVA would be sufﬁcient. The associated
Jsc loss due to the EVA is ~3.8%, while for a conventional
0.5-mm thick EVA the Jsc loss is ~2.8%, as calculated
using Tracey [15]. This parasitic absorptance can be
reduced by adding a second sheet of glass as spacer (with
EVA on top and bottom side) to obtain a sufﬁcient spacer
thickness with less parasitic absorptance.
The area of the openings with respect to the total
reﬂector area is variable. An opening fraction of ~30%
can eliminate the need for tracking as we show in
Section 3. Different geometries (e.g., rectangular, hexagonal, and circular) are allowed for the openings as shown
previously [11].
The light trapping module also enables different solar
module designs; for example, the series resistance can be
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reduced effectively using an electrical grid pattern with
larger surface coverage at the front side of the cells without
increasing the performance losses due to shadowing.
2.2. Design 2: Hybrid tandem cell
integration
In conventional tandem solar cells, two cells with different
band gaps are stacked on top of each other to harvest more
energy per photon. The integration of two cells with different band gap in the light trapping module can have several
advantages over the conventional tandem design. We present two designs to realize such tandem cell integration.
2.2.1. Design 2a: Conventional tandem.
Figure 3(a) shows a stacked monolithic tandem cell
placed at the bottom of the cavity. This design has the same
light trapping beneﬁts as those of the basic light trapping
module of the previous section. The potential gain of this
design is in the same order of magnitude as that of the
basic light trapping module.

Figure 3. Design 2. Illustration of two integrations of a (hybrid) tandem solar cell. (a) Design 2a: a “conventional” 2-terminal tandem
cell integration in an external light trap. (b) Design 2b: two physically separated, independently operating solar cells in a light trapping
module. The light ﬁrst propagates through openings in the top cell before it reaches the (wide bandgap) bottom cell (blue). A large fraction of the reﬂected light reaches the low bandgap top cell located directly below the reﬂector (red). Optionally, a reﬂective short-pass
ﬁlter can be integrated between both cells for spectrum splitting (green). This design allows for four-terminal contacting, and the
reﬂective metal layer is used both as conductor and reﬂector. [Colour ﬁgure can be viewed at wileyonlinelibrary.com]
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2.2.2. Design 2b: Spectral splitting by two facing
cells.
Previously, various light splitting concepts have been
demonstrated, and the potential of spectral splitting is
widely recognized [3,16–20]. Figure 3(b) shows an alternative and relatively simple design for spectral splitting.
In this design, the physical order of the low and high
bandgap cell is inverted compared with a conventional
tandem cell. The potential of several variations of this
concept was demonstrated by Goetzberger et al. [3]. This
design can be realized by applying a low bandgap cell
(like c-Si) at the top of the cavity and a high bandgap cell
(like a-Si or perovskite) at the bottom of the cavity. In
conventional monolithically interconnected tandem solar
cells, the incoming light travels not much more than a single pass through the high bandgap cell before it reaches
the bottom (low bandgap) solar cell. The proposed design
with two facing cells has a signiﬁcant advantage as the
light makes at least a double pass through the high
bandgap cell before it propagates outwards in the direction of the low bandgap cell (with a certain probability
of escaping through the opening). The integration of a
reﬂective optical ﬁlter can further enhance the light
management. Perforating the low bandgap cell brings
additional costs, while at the other hand, the ultimate efﬁciency limit of 46% for tandem cells is signiﬁcantly
higher than the ~33% for single solar cells [21].
2.2.3. Fabrication.
The reﬂector and low bandgap cell are processed on the
inner side of the glass sheet. Openings are made in the
reﬂector or small areas of the glass and are left uncoated
to enable the light to enter the cavity. If the top cell is cSi, a laser can be used to drill openings in it. Such a drilling
process is commonly used for c-Si metal wrap through
(MWT) solar cells [22]. Below the top cell, the space is
ﬁlled with EVA, and the high bandgap cell is located at
the bottom of the cavity.
2.2.4. Separate cell fabrication and contacting.
Another advantage of the two facing cells design
(Figure 3(b)) is the ability to separately contact the two cell
arrays by four electrical terminals, which provides more
freedom in choosing the respective band gaps of the two
cells as the need for current matching is eliminated
[18,23]. Moreover, the two individual cells can be fabricated and optimized separately, thereby circumventing
the matching of the lattice constants and integration of a
tunnel-junction as required for conventional tandem cells.
The metal reﬂector can be used both as reﬂector and electrical conductor for the top cell. There are various options
to contact the low bandgap cell stripes. For example, interconnection of the stripes can be achieved using bus bars or
(monolithic series) interconnected cell stripes [24]. Alternatively, stripes of interdigitated back contact or MWT
cells can be used that are contacted using deﬁned areas
on the reﬂector. Stripes of MWT cells can be contacted
using a copper electric contacting foil placed between the
Prog. Photovolt: Res. Appl. 2017; 25:553–568 © 2017 John Wiley & Sons, Ltd.
DOI: 10.1002/pip
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cell stripes and the reﬂector. The economic feasibility of
this tandem concept is the scope of further work; it is expected to be highly dependent on the cell costs because
the increase in expenses needs to be justiﬁed by the increase in efﬁciency.
2.2.5. Spectrum splitting.
Long wavelength light that travels through a high
bandgap bottom cell is subject to a certain degree of parasitic absorptance in the active cell material, contacting
electrodes, and/or encapsulation layers. This can be
prevented by the integration of a reﬂective optical ﬁlter
(i.e., dichroic mirror) that is transparent for short wavelengths but reﬂective for long wavelengths. The use of
such a short-pass ﬁlter can thus split the solar spectrum
and direct different spectral components to the appropriate
solar cell. This reduces the overall parasitic absorptance of
sub-bandgap photons in the high bandgap cell [25]. Such
optical ﬁlters are already used in “cool-beam halogen”
light bulbs to retro-reﬂect the infrared radiation (“heat”),
thereby improving their energy efﬁciency. Only minor
modiﬁcations of these ﬁlters are needed for the integration
in light trapping modules. The spectral selectivity of
dichroic mirrors depends on the angle of incidence.
However, ﬁlters exist of which the cutoff wavelength only
shifts ~50 nm for an angular variation of 45° [26]. These
are suitable ﬁlters for this technology. The use of optical
ﬁlters is mostly interesting when the high bandgap cell
exhibits signiﬁcant sub-bandgap absorptance. For
example, perovskite solar cells exhibit parasitic absorption
at long wavelengths, especially in the four-terminal conﬁguration with multiple (parasitically absorbing) Transparent
Conductive Oxide (TCO) layers [27,28].
2.3. Design 3: Solar panels with a color,
logo, or image
2.3.1. Colored solar panel.
Figure 4(a) shows a design of a colored module. The
top side of the reﬂector is painted with an arbitrary color.
The light that does not pass through an aperture reaches
the painted area and is reﬂected out of the module and
can be seen by an observer. The tunable angle at which a
color is observed is determined by the acceptance angle
of the concentrator in the system design. We estimate that
an angle in the order of ∼30° can result both in proper light
trapping as well as color display as discussed in Section 3.
Different colors can be displayed by applying paint on top
of the white or metallic reﬂector. In the Design and
Fabrication Considerations section, we discuss several
fabrication options for the lens array. This module design
based on lenses enables a large freedom of design, more
than that of other colored solar modules technologies based
on interference coatings [12,13].
2.3.2. Lenticular lenses.
Several types of lenses can be used for the light trapping
module. The simplest and most well-known suitable lens is
557
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Figure 4. Design 3. (a) Painting the top side of the reﬂector gives the module a color when viewed from an angle outside the acceptance angle of the concentrator. (b) View of the module from the normal direction (blue) and (c) from an oblique direction (red color). (d)
By applying a picture on the red colored areas an image can be displayed by the module. [Colour ﬁgure can be viewed at
wileyonlinelibrary.com]

the lenticular lens, which consists of an array of cylindrical
lenses. By refracting the incoming light (using a lenticular
lens array) to one of the interlaced images, lenticular postcards can show different images in different directions
[29]. These lenticular lenses have also been used for developing (glasses-free) 3D-displays [30,31]. Such a lens design can be adapted for solar modules in such a way that
light coming from the normal direction is guided toward
the opening, while light from oblique angles reaches the
colored areas and is reﬂected toward an observer. The colored solar panel looks uniformly dark (Figure 4(b)) when
seen from angles within the acceptance angle and colored
from an oblique angle larger than the acceptance angle
(Figure 4(c)).

2.3.3. Image displaying solar panel.
By replacing the colored areas by a colored pattern
(e.g., a logo or photo), images can be displayed, see
Figure 4(d). This technology resembles that of lenticular
postcards with a “ﬂip image effect.” The most convenient
design for an image displaying module is an image (at
the back of the glass on the reﬂector plane) with a pixel
size equal to that of the lenses. When the lens is a few
millimeter, each module has a resolution in the order of
hundreds by hundreds of pixels, which is sufﬁcient for
showing simple patterns and images in all directions
except for angles within the acceptance solid angle. At
large viewing angles, some aberrations of the image can
occur.
558

2.4. Design 4: Lens array of compound
parabolic concentrators
Figure 5 shows an alternative module design based on
solid glass CPCs. Light entering the CPC within the acceptance angle (θa) hits the surface of the CPCs at an angle
larger than the critical angle and is totally internally
reﬂected. An advantage of CPCs is the well-deﬁned acceptance angle enabling angular restriction. CPCs are based on
geometrical optics, and it has been shown that their size
can be as small as 20 μm [32]. Moreover, this design
prevents soiling of the module as the module has a ﬂat
front surface. We expect that an appropriate height of the
CPCs is around 1–4 mm. In order to reduce the height of
the CPC array, the use of truncated CPCs is possible [33].
2.5. Design 5: Diffuse light harvesting
module
Generally, angular restriction makes sense for harvesting direct light; however, it reduces the harvesting of diffuse light.
As a solution, we introduce a design that beneﬁts from angular restriction (e.g., light trapping) of the direct light, while at
the same time, it is also able to harvest the diffuse light.
An inevitable consequence of external light trapping is
the restriction of the acceptance solid angle of incident
photons. Photons entering the concentrator from an angle
larger than the acceptance angle are reﬂected outwards at
the reﬂective areas and do not reach the solar cell
(Figure 5(a)). In a later section, we will quantify the impact
on the module performance. The optical loss reduces the
Prog. Photovolt: Res. Appl. 2017; 25:553–568 © 2017 John Wiley & Sons, Ltd.
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Figure 5. Design 4. Illustration of a colored light trapping module based on compound parabolic concentrators (CPCs, not drawn to
scale). An array of compound parabolic concentrators is applied at the inner side of the front glass sheet. Light originating from angles
larger than the acceptance angle illuminates the areas between the exit apertures and is specularly reﬂected. The gray ray entered the
module at an angle larger than the acceptance angle (θa) and is reﬂected backwards, out of the module. A color is observed when the
module is viewed from an angle larger than θa. [Colour ﬁgure can be viewed at wileyonlinelibrary.com]

module efﬁciency, which can be solved by geometrically
separating the diffuse and direct light [34].
Figure 6 demonstrates a solution to this issue: a diffuse
light harvesting module in which both optical components
are directed to two separate cells, enabling higher module
efﬁciency. A dedicated top cell for diffuse light may be chosen such that the module operates well under low irradiance
by diffuse light, for example, a dye-sensitized solar cell
[35]. The top cell receives the diffuse light, which does
not travel through one of the apertures. This light contains
a relatively high amount of blue light because of atmospheric scattering. Although this module can outperform
conventional modules, the costs are expected to be signiﬁcantly higher because of the large solar cell area. As a rough
indication, the efﬁciency of this diffuse harvesting module

increases by ~10%rel w.r.t. a conventional module, while
the solar cell area increases by 67% (if C = 3×). The efﬁciency per solar cell area is therefore around (110/167=)
65% of that of a conventional module. This concept therefore is only economically feasible when the costs per unit
area of the additional diffuse-light absorbing cells are less
than 10% of the total balance of system costs.

3. INCOUPLING OF DIFFUSE LIGHT
FOR EXTERNAL LIGHT TRAPPING
MODULES
The demonstrated designs have a speciﬁc acceptance solid
angle, which is deﬁned by the angular directions for which

Figure 6. Design 5: Diffuse light harvesting module. By integration of a solar cell on top of the reﬂector, the diffuse light can be harvested by the top cell. [Colour ﬁgure can be viewed at wileyonlinelibrary.com]
Prog. Photovolt: Res. Appl. 2017; 25:553–568 © 2017 John Wiley & Sons, Ltd.
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the light is transmitted to the solar cell. Light originating
from the remaining part of the sky is rejected (i.e., reﬂected
outwards at the CPC to the sky). Therefore, only when the
sun is within this acceptance solid angle, the direct light
reaches the solar cell. On the other hand, the sun moves
on a well-deﬁned path of the sky for a ﬁxed geographical
location during the year. For optimal performance, the lens
design and/or the shape of the openings in the reﬂector can
be tuned to match the acceptance solid angle to the daily
and yearly path of the sun. To estimate the performance
of the external light trapping module, we analyze which
fraction of the direct and diffuse light is transmitted
through the openings in the reﬂector (Figure 2). In this section, we discuss the use of solar tracking, the acceptance
solid angle of concentrators, and the path of the sun, and
ﬁnally, we introduce a lens design with an acceptance solid
angle matched to the path of the sun.
In nature, many plants (e.g., sunﬂowers) orient their
ﬂowers and leaves toward the sun to collect more light,
which is called heliotropism. In concentrated photovoltaics
(CPV), the sun is tracked by aligning the concentrator axis
toward the position of the sun. The concentration factor (C)
for CPV is generally in the order of 100-2000×, and thus
signiﬁcantly higher than we suggest to use for the light
trapping module (2-10×, as deﬁned by C = Alens/Aopening).
The beneﬁt of such low concentration factors is that the
acceptance angle is relatively large.
3.1. Solar tracking versus static light
trapping module
Currently, solar tracking is rarely deployed in nonconcentrated photovoltaics. Using single or double axis,
tracking the amount of collected sunlight generally
increases by 15–20% and 25–40%, respectively [36].
Tracking systems are mostly used in utility-scale solar
panel arrays [37]. As tracking the sun brings additional
cost, it is of interest to design a static (ﬁxed mount) module
that accepts most of the incoming light. Here, we analyze
some potential static designs for the light trapping module.
For each geographical location, the path of the sun covers
only a small geometric area of the sky. Therefore, it is
relevant to see whether it is possible to design a (static)
concentrator that only collects the light from the part of
the sky in which the sun moves. The incoupling of direct
light is determined by the acceptance solid angle of the
concentrator.
3.2. Acceptance angle and concentration
factor
Each type of concentrator has a speciﬁc acceptance solid
angle as determined by its shape [38]. An ideal concentrator, such as a CPC, gives the maximal theoretically possible concentration factor for light entering within a certain
acceptance angle (θa). The acceptance angle is measured
with respect to the concentrator axis (Figure 5). The total
acceptance angle is thus 2  θa. For an ideal linear
560

concentrator (also known as parabolic trough or 2D geometry), the concentration factor (C) is related to the acceptance angle (θa) and the refractive index of the glass
(nglass) according to the following equation [33]:
C ð2DÞ ¼

nglass
sinðθa Þ

(1)

Light is accepted when its projected angle (the angle as
projected on a cross section of the CPC) is smaller than θa;
otherwise, it is rejected. In the next section, we show the
corresponding polar plot.
In contrast, for an ideal (rotationally symmetric) 3D
concentrator, the angle of light with respect to the normal
of the concentrator must be smaller than θa to be accepted.
The concentration factor of an ideal 3D concentrator is
given by

C ð3DÞ ¼


nglass 2
sinðθa Þ

(2)

The associated acceptance solid angle for a vertically
orientated ideal 3D concentrator is a directional cone.
Refractive lenses have different transmission characteristics as compared with ideal concentrators. For non-ideal
concentrators like lenses, there is no well-deﬁned acceptance angle; instead, there is a transmission curve.
Incident rays having an angle smaller than a certain angle
θ1 (w.r.t. the optical axis of the lens) are 100% accepted
(neglecting interface losses). The value of θ1 depends on
the system design (e.g., lens and aperture). For angles
larger than θ1, the rays will be partially transmitted
through the aperture.

3.3. Path of the sun and acceptance of
direct sunlight
Figure 7(a) shows a polar plot with the yearly path of the
sun, as seen from a location on the equator. The marked
angles indicate the angle to the zenith (the zenith marks
the point in the sky directly above an observer). The position of the sun is calculated using the local time, equation
of time, and some correction factors [39–41].
Figure 7(b) and (c) shows the yearly path of the sun for
a geographic location with a latitude of 30° north (Figure 7
(b)) and 52° north (Figure 7(c)), respectively. The tilt
angles given in the caption are close to the typical optimal
module tilt angles for conventional ﬁxed modules and have
not been optimized for external light trapping modules. To
determine the optimal acceptance solid angle for maximum
energy yield of the light trapping module, a yearly angular
irradiance map is essential. This yearly irradiance map
includes several effects like scattering by clouds and the
angular dependent solar intensity (as determined by the
atmospheric path length).
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Figure 7. Polar plot of the path of the sun during 1 year for a geographic location (a) on the equator, (b) a latitude of 30° north (e.g.,
Cairo, Egypt), and (c) 52° north (e.g., Utrecht, the Netherlands). The (non-optimized) tilt angles are respectively, horizontal, 24° south
and 40° South. The concentric rings indicate the zenith angle of the sun and its compass direction. During the summer and winter solstice, the sun moves along the thin top and bottom most curve, respectively. The bold red curve marks the boundary of the acceptance solid angle for a static module with a linear concentrator with an acceptance (half-)angle of 30°. When the sun is within this
angular range, the sunlight is accepted; outside, it is rejected. [Colour ﬁgure can be viewed at wileyonlinelibrary.com]
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3.4. Matching of the path of the sun and
acceptance region
Most of the direct sunlight can be accepted using a linear
concentrator which is oriented along the east–west direction. The tilt of the earth axis with respect to its orbital
plane is ∼23.45°; this angle is important for choice of the
acceptance solid angle of the lens. Because of this tilt,
the path of the sun varies during the year. At the equator,
the axial tilt equals the zenith angle at noon during the
summer solstice (20–22 June) and winter solstice (21–23
December). By using an ideal concentrator with an acceptance angle larger than the tilt angle, the direct sunlight can
be completely harvested during every day at noon throughout the year. The bold red curve in Figure 7(a) illustrates
this acceptance by showing the outer boundary of the
acceptance solid angle for a horizontally orientated module
with a linear CPC with an acceptance angle of 30°. When
the (angular) position of the sun is within this red shaded
area, the light is accepted completely; otherwise, it is
rejected. Although the overlap of this linear concentrator
is perfect most of the day, at the hours just after sunrise
and just before sunset the overlap is poor for most days.
Alternative concentrator designs could improve this
matching. A concentrator with an acceptance angle that is
much smaller than 30° would reject a signiﬁcant fraction
of the direct sunlight. Therefore, this result suggests that
the optimal acceptance angle (at the equator) is in the order
of around ~30°. This acceptance angle corresponds to a
concentration factor of C = 3× for a glass (n = 1.5) CPC
(Eq. 1).
For a location on the equator during the equinox (sun on
east–west line), the direct light of the sun is accepted from
sunrise (east) to sunset (west). For other days of the year,
there is a small cut-off just after sunrise and just before
sunset. However, this is only a small fraction of the
daytime, and moreover, the intensity at low elevation
(sun close to horizon) on the solar module is low because
of the long path length through the atmosphere as well as
the decrease of the effective intensity on the module due
to an area projection of the incidence angle (θi) according
to I = Isun  cos(θi) [42].
Non-ideal concentrators, like the refractive lenses in
some of our designs, do not have a well-deﬁned acceptance
angle (Section 3). As a consequence of their transmission
curve, there are certain angular directions from which the
light is partially accepted. Therefore, there is no welldeﬁned border of the acceptance solid angle; instead, there
is a gradual (transmission) transition.
For locations at a latitude of 30° and 52° north (Figure 7
(b),(c)), the matching of the path of the sun and the acceptance solid angle is less optimal for the lenticular lens
design. Further optimization is thus required of the lens
design (and associated acceptance solid angle and module
orientation) using accurate angular dependent irradiance
models [43,44].
The introduced concepts are particularly interesting for
the sun facing side of gable roofs in countries with
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moderate latitude. By modifying the acceptance solid angle
by tuning the design (e.g., shifting the position of the
openings w.r.t. the lens array), there is also potential for
vertical façades of buildings, especially for the sun facing
side of the building (i.e., facing south on the northern
hemisphere).

4. ACCEPTANCE OF DIFFUSE AND
DIRECT LIGHT
The power conversion efﬁciency of design 1–4 is sensitive
to the fraction of diffuse sunlight. It is noted that the brightness of the colored solar modules is also determined by this
fraction, this aspect is not further discussed here. To analyze the absorptance of module design 1, the transmittance
of diffuse light by the concentrator needs to be determined.
For isotropically distributed incident diffuse light, a fraction C1 is transmitted by the CPC, and the remaining part
is rejected [45,46]. A C = 2× concentrator thus transmits
50% of the diffuse light. The fraction of diffusely incident
photons is determined by the geographic location of the
module. Regions with a high time-average of clear sky
conditions are favorable for external light trapping.
Moreover, it is advantageous to have a geographic location
with a short (averaged) optical path length through the
atmosphere to reduce Rayleigh scattering to minimize
diffuse irradiance.
For areas around the equator, the fraction of diffuse
incoming photons is relatively low. For example, for
Tamanrasset (Algeria), the diffuse irradiance is ∼10%[47]
of which a fraction 1  C1 is rejected by the CPC. So when
a C = 3× concentrator is used at this location, 6.7%

¼ 0:1 1  C1
of the total (diffuse and direct) light is
rejected. For other geographic areas with more diffuse
light, this loss can be too large for a net improvement of
the module efﬁciency. For these high diffuse irradiance
regions, design 5 can be used to capture both the direct
and diffuse light.
4.1. Optimal acceptance angle
A remaining question is whether an optimal concentration
factor for a given fraction of diffuse light can be determined. To address this question, we ﬁrst assume that the
direct light is completely accepted. This is possible using
a static module at low concentration factors as discussed
before or, if needed, by tracking the sun. When the concentration factor is changed, both the trapping performance (of
both diffuse and direct accepted light) and the fraction of
accepted diffuse sunlight are affected. Light in the trap
moves back and forth between the cell and the reﬂector.
During each pass, there is a certain probability for the light
to be absorbed or to escape via the openings. As previously
derived from the associated geometrical series [10], the
(integrated) absorptance of the cell in a light trap under
direct illumination is given by
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Asc

1  Rsc 1  C 1 Rreflector

(3)

with Atrap the total absorptance of the module with trap, Tc
the transmittance of the concentrator with concentration
factor C, Asc and Rsc(=1  Asc) the absorptance and reﬂectance of the solar cell, respectively (without trap), and
Rreﬂector the reﬂectance of the reﬂector. Previously, we
analyzed the effect of Tc and Rreﬂector on the device performance; both need to be as high as possible for maximal
performance [11]. Additionally, the parasitic loss due to
absorptance by the encapsulant can be included by
substituting Tc → TcTenc and Rreflector →Rreflector T 2enc with
Tenc the transmittansce of light through the encapsulant
during a single pass.
This equation can be adapted to include both the direct
and diffuse component. As a ﬁrst order approximation, we
assume that the diffuse light is isotropically distributed. In
reality, however, the intensity (and spectrum) of diffuse
light on a cloudless sky decreases (to ﬁrst order) with
increase of the zenith angle as the path length through the
atmosphere increases with the zenith angle. Accurate
models and/or local measurements of the angular dependent irradiance are needed to improve the accuracy of Eq.
(3) [43,44,48,49]. The potential impact of non-uniform illumination on the cell performance as well as several solutions to re-homogenize the light has been discussed
previously [9,50]. For the designs presented here, the intensity variations are mild, and therefore, no severe impact
on cell performance is expected [51]. A fraction fd of the
intensity of the incoming light is assumed to be diffused;
the remaining intensity (1  fd) is direct. A fraction C1 of
the diffuse light is accepted. In that case, Eq. (3) becomes
Atrap



1
Asc

¼ 1  f d þ f d Tc
(4)
C
1  Rsc 1  C 1 Rreflector

Because of the underlying assumptions of this adapted
model, such as isotropically distributed diffuse light,
(quasi-)randomization of light in the cage, and complete
acceptance of the direct light, this equation only gives a
rough estimate of the total yearly absorptance of an external light trapping module in the ﬁeld [9]. For a lenticular
lens array, Eq. (4) slightly overestimates the contribution
(i.e., acceptance) of the direct light as this component is
not always accepted (Figure 7). The contribution of diffuse
light is expected to be underestimated as the fraction of diffuse light from angles close to the sun (which are mostly
within the acceptance solid angle of the concentrator) is
relatively high. This model can be improved by making it
spectrally dependent. This requires the use of a representative spectrum for the direct and diffuse light and thus
highly depends on the geographical location.
Figure 8a and b shows the total absorptance (Atrap) of
the diffuse, direct, and total irradiance as a function of
the concentration factor (C) for a solar module having a
spectrally weighted average absorptance (Asc) of 0.5 and
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0.87 for above bandgap light, respectively. This ﬁgure
was obtained by calculating the individual components of
Eq. (4), assuming Rreﬂector = 1.
An absorptance of Asc = 0.5 is unrealistically low but
gives an impression of how the absorptance of photons
with wavelengths close to the band gap can improve. The
value Asc = 0.87 represents a typical effective absorptance
of the plane with solar cells at normal incidence. This
absorptance value can be calculated as unity minus the
reﬂection from the solar cell, the white back sheet between
the solar cells and the surface coverage by the electrical
grid on the cell [9]. The four different lines of the same
color indicate four different fractions of diffuse irradiance
(fd). Sun tracking is not required when the acceptance
angle is larger than ~30°, corresponding to concentration
factor of C < ~3×, as discussed earlier.
Figure 8(a) shows the total absorptance for a solar cell
that has an absorptance of 0.5 without integration of an
external light trap. The total cell absorptance, the sum of
diffuse and direct light, increases when fd < 0.5. With
increasing C, a smaller fraction of the diffuse light is
accepted, while the absorptance of the direct light increases
because of improved light trapping. As a net result of the
external light trapping, the total absorptance shows a
monotonic increase or decrease with increasing C; so no
optimum concentration factor can be determined.
Figure 8(b) shows that it is more challenging to realize
signiﬁcant absorptance improvement for a (more realistic)
cell with an absorptance of Asc = 0.87. For a module with
such cells, an efﬁciency gain is obtained when fd < 0.1.
Hence, under the present assumptions, we conclude that
the basic light trapping module is expected to perform
better than conventional modules in geographical regions
with a diffuse irradiance of around 10% and lower, like
in Algeria and Egypt [47]. If the diffuse light is more
intensely distributed closely to the position of the sun, a
larger fraction of the diffuse light originates from within
the acceptance solid angle, leading to improved module
performance.
To appreciate the light trapping module, we provide
rough estimates of its potential. As a rule of thumb for
direct light, the presented light trapping module (with
concentrators with C = 3×) reduces the overall reﬂectance
by a factor 3 [9]. When conventional cells are used in
design 1 or design 4, a reﬂectance reduction from ~15%
(for conventional modules) to ~5% is expected for most
of the direct light. A fraction of ~1/3 of the diffuse light
reaches the bottom cell and is absorbed. Besides their
advantage of being colored, these designs might beneﬁt
even more from using thin solar cells with less bulk recombination resulting in a higher Voc.
For design 5, the absorption of direct light is similar, but
in this case also, most of the diffuse light is harvested. Diffuse light reaching the top cell travels through the cell as in
a conventional module with ~85% absorption. Diffuse
light reaching the bottom cell is trapped, and effectively,
~95% is absorbed. For this design, the direct light of the
sun on moments when the sun is outside the angular
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Figure 8. Plots of the absorptance by an external light trapping module for the direct and diffuse components of sunlight as a function
of the concentration factor for (a) a module with solar cells having an absorptance of Asc = 0.5 and (b) an absorptance of Asc = 0.87.
Shown is the absorptance for isotropically distributed diffuse light (red), direct light (dashed, green), and total light (thick, blue). The
curves are shown for various fractions of the diffuse light (fd = 0.05, 0.1, 0.2, 0.5). [Colour ﬁgure can be viewed at wileyonlinelibrary.
com]

acceptance solid angle (e.g., see sunset and sunrise in
Figure 7) is not rejected but reaches the top cell. Again,
an even bigger gain can be expected when the cell thickness is reduced as this leads to a gain in Voc.

5. DESIGN AND FABRICATION
CONSIDERATIONS
5.1. Design of Lens Array
There are several options for the conﬁguration of the lenses
in an array [11]. For example, one can use square or hexagonal arrays or rows of lenses. The shape of the lens determines
the geometrical area of the sky (or the angular space) from
which the sunlight is accepted (and the complementary area
where light is rejected and reﬂected out of the module).
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The lens array can be fabricated by shaping the front
glass or by applying a polymer coating on top of the glass.
A liquid polymer layer can be molded in the right shape
using a stamp, after which the polymer solidiﬁes. The
optimal shape of the lens depends on several conditions,
including the thickness of the glass, the tolerable curvature
of the glass or polymer cover layer (preventing accumulation of dust and strong Fresnel reﬂectance), and the
preferred acceptance solid angle, which is directly related
to the concentration factor and light trapping efﬁciency
according to Eqs (2) and (4). If the lens has a focal length
similar to its diameter, the optimal lateral dimension of the
lenses in the same order of magnitude as the thickness of
the glass (2 to 5 mm). The associated dimension of the
openings in the reﬂector is in the order of 1 to 2.5 mm.
To limit the aspect ratio of the lenses, Fresnel lenses can
be used.
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5.2. Commonly available lenses
There are many commercially applied lens designs that can
be adapted for light trapping modules [52–55]. Microlens
arrays are commonly used in Complementary Metal-Oxide
Semiconductor (CMOS) imaging and wavefront sensors
[56]. However, they are not expected to be optimal for
the light trapping module because of their relative low
transmittance, relative long focal length (f), and low numerical aperture (NA). Small lenses are commonly used
in optical cameras, and there is much development of small
lenses for camera integration in mobile phones. The technology developed for fabricating these lenses can be
employed for the fabrication of the lens array of the external light trapping module. Hollow CPC could be used
when dust accumulation is prevented. Alternatively, dielectric CPCs are expected to be more interesting as they
offer a higher degree of light trapping (e.g., concentration
factor) for a ﬁxed acceptance angle than hollow CPCs.
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5.4. Poly(methyl methacrylate) window
layer
Instead of applying lenses on top of a glass sheet, a
polymer based window sheet can be used. For example,
Evonik offers Poly(methyl methacrylate) Fresnel lenses
for solar applications that can be made by thermoforming
[60]. Fresnel lenses are also suited for the light trapping
module.
5.5. Reﬂector
The reﬂector can be fabricated from a metal with high
specular reﬂectance or a diffusely reﬂecting white paint
(e.g., TiO2). The diffuse or specular reﬂectivity can have
important consequences on the homogeneity of the cell
illumination and the light trapping efﬁciency [9]. A reﬂectivity of >90% is desired and is technically feasible.
5.6. Large area fabrication

5.3. Ultra-precision glass pressing for lens
The transmittance of the lens (or CPC) array plays a
crucial role in the device performance, as indicated by
Tc in Eq. (3). The lens/CPC array can be fabricated from
several materials by various fabrication processes. For
example, ultra-precision glass pressing (also known as
precision glass molding), is a commonly used process
used for fabricating lenses in, for example, photo cameras. The costs of a mold process are much lower than
the costs of mechanically processed (e.g., by diamond
turning) glass. This process is commonly used for the
fabrication of automotive headlight lenses. In this process, ﬁre-polished preforms are molded in their ﬁnal
shape such that the surface quality of the preform is preserved. A commonly used mold material is SCHOTT
B270 (Mainz, Germany) superwite, which has an internal
transmission of close to 100%. The only reﬂection losses
occur at the interfaces and can be minimized using antireﬂection coatings. A lens swith an AR-coating still
bends the light in the same way as a lens without an
AR-coating, so this improves the optical efﬁciency of
the lens. The manufacturing cost of this process is not
expected to become sufﬁciently low for PV application;
however, the process can be highly suited to fabricate a
prototype. Several companies offer CPCs fabricated by
ultra-precision glass pressing at relatively low cost
[57,58]. The transmittance of these solid glass CPCs is
sufﬁciently high for light trapping modules; their transmittance is mainly determined by the reﬂectance from
the top and bottom interfaces. Alternatively, the polymer
Zeonex®, which is used in many optical instruments, can
be an interesting option; it provides the design freedom
of molded plastic and the optical properties of glass.
The knowledge of concentrators that was developed for
CPV[59] can be used for the relatively low concentration
factors used in the light trapping module.
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Mass production of external light traps can, for example,
be realized through injection molding. Generally, the precision molds that are used as a master in injection molding
processes are fabricated by milling and diamond turning.
These highly precise parts are rather expensive (hundreds
of thousands of dollars), but as each mold can be used to
fabricate millions of items, the costs per item are still relatively low compared with other fabrication techniques. The
accuracy of the mold is of utmost importance as this
determines the accuracy of the ﬁnal parts.

6. OUTLOOK
6.1. Need for stable high bandgap cell
The main beneﬁts provided by the external light trapping
module for tandem integration are the four-terminal
contacting, separate cell fabrication, and improved light
management. These signiﬁcant advantages can render the
external light trapping module as the superior technology
for modules with tandem cells. Essential to the success of
such tandem cells is the availability of a stable, low-cost,
high bandgap solar cell. Recently, a high bandgap GaInP
cell and a c-Si cell were mechanically stacked resulting
in an efﬁciency of 29.8% [61]. Alternatively, there is a
large potential for high bandgap cells based on perovskite
materials [62,63].
6.2. Inter-cell spacing
Some solar modules manufacturers (e.g., Trina Solar[64])
increase the inter-cell spacing to enlarge the module area
and reduce the cost per Wp. This concept works for
modules having a dedicated white back sheet: light
reﬂecting on this white back sheet is (laterally) redirected
toward a neighboring cell via internal light trapping in
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the glass. This improves the power output of the module
and reduce the cost per Wp. Note: although increasing the
inter-cell spacing slightly reduces the module efﬁciency,
it effectively increases the module area (and power)
without requiring additional (costly) solar cells. Similarly,
the light trapping module can beneﬁt from increased cell
spacing, as this results in larger module area and higher
total power output of the module (compared with a
conventional module), while effectively only adding the
costs of additional glass.

7. CONCLUSIONS
We introduced and discussed ﬁve design concepts for
external light trapping on solar modules with novel
features. The broadband optical conﬁnement offered by
the external light trap enables a higher power conversion
efﬁciency. The light trapping module can be effective for
most types of solar cells, and it also enables using thinner
solar cells with less bulk recombination. The hybrid
tandem cell concept allows for simple integration of
physically separated solar cells. Besides the light trapping
capabilities of the module, we presented modiﬁed modules
that can display a color and even images. In white modules
based on interference coatings the solar cell receives a reduced amount of light and its efﬁciency drops by ∼40%
relatively [65]. Our colored external light trapping modules
can be expected to result in signiﬁcantly lower efﬁciency
loss because of the splitting of the direct and diffuse light.
A fraction of ~13 of the diffuse light is reﬂected out of the
module. This is expected to result in a net optical loss in
the order of 7–35% of the total sunlight depending on the
geographic location. Moreover, we presented a ﬁrst design
of a lens tailored to the path of the sun, avoiding the need
of sun tracking. The illustrated design 5 collects and
(partly) traps both the diffuse and direct sunlight component, which can be particularly interesting for geographic
regions with a high fraction of diffuse irradiance. This design brings down the reﬂectance of direct light by a factor
of ~3, while concurrently the diffuse light is also harvested
and even partly trapped. We showed that external light
trapping offers a simple and effective overall light management solution. The possibility of highly efﬁcient, colored,
and image displaying modules makes this technology an
interesting candidate for a new generation of photovoltaic
modules.
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