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Multi-element lenslet array for 
efficient solar collection at extreme 
angles of incidence
Rakan E. Alsaigh1 ✉, Ralf Bauer2 & Martin P. J. Lavery1 ✉

Photovoltaics (PV) are a versatile and compact route to harness solar power. One critical challenge with 
current PV is preserving the optimal panel orientation angle with respect to the sun for efficient energy 
conversion. We experimentally demonstrate a bespoke multi-element lenslet array that allows for an 
increased power collection over a wide field of view by increasing the effective optical interaction length 
by up to 13 times specifically at large angles of incidence. This design can potentially be retrofitted 
onto already deployed amorphous silicon solar panels to yield an increased daily power generation by a 
factor of 1.36 for solar equivalent illumination. We 3D printed an optical proof of concept multi-element 
lenslet array to confirm an increase in power density for optical rays incident between 40 and 80 
degrees. Our design indicates a novel optical approach that could potentially enable increased efficient 
solar collection in extreme operating conditions such as on the body of planes or the side of buildings.

Novel optical elements are an interesting and powerful route to address and resolve many engineering challenges. 
Recent advances in 3D printing technologies have revolutionised the manufacturing of such novel designs and 
enabled many solutions that cannot be achieved otherwise1,2. One area of interest is that of solar photovoltaics 
(PV)3,4, where the efficient collection of light over a large set of input angles is important. Unfortunately, only 
a fraction of solar energy can be efficiently collected by photovoltaic systems due to the physical constraints of 
optical back-reflections and optical interaction length (i.e. the effective optical path length within the PV absorber 
layer) over a wide range of acceptance angles. This limits the photon-to-electrical conversion in the absorbing 
layer within the semiconductor material5–7. The limited acceptance angle of PV is a key hindrance in its applica-
tion for powering many mobile devices, autonomous drones and spacecrafts, as well as building-integration and 
domestic rooftops where complex tracking systems are not sustainable.

Traditionally, the angle-dependent efficiency constraints in PV have been tackled through the use of mechan-
ical tracking systems that are expensive, require continual maintenance and an electrical monitoring system for 
autonomous operation. Static systems offer a clear advantage over mechanical systems in terms of maintenance, 
fault tolerance and installation. Many of the currently most promising researched passive optical solutions for 
this challenge require fundamental changes to industry manufacturing processes, which include light trapping 
techniques8, surface coating9 or surface integration of novel components10. However, given the maturity of PV 
production, substantial changes to manufacturing techniques are not ideal.

Optical coatings are commonly used in the fabrication of photovoltaic cells11–14. These cells are typically coated 
with multilayer antireflection (AR) materials to minimise the interfacial reflections of solar radiation for the 
entire solar spectrum14. Although advanced AR coating can substantially reduce optical losses for incident light, 
the performance of solar PV reduces significantly beyond 50°5,6. This is due to the increased angular reflection 
loss and short optical interaction length at extreme angles, which limit incident photons from effectively reaching 
the PV cells and hence reducing the effective electrical photovoltaic generation over a wide range of angles. Light 
trapping (i.e. the increase in the number of bounces of light within the PV absorber layer) is commonly used to 
increase photovoltaic generation by increasing the optical interaction length within the PV cell15–24. However, 
these solutions often have low efficiency at high angles of incidence25–27. Incorporating novel optical elements 
that can be added on-top of already manufactured solar PV surfaces to further promote light trapping over a wide 
field of view could significantly increase solar conversion efficiency (i.e. power conversion efficiency (PCE), which 
is the percentage of optical power that is converted into electrical power by the PV) at high angles of incidence.
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In this paper, we outline the use of a novel multi-element lenslet array (MELA) that can be readily retrofitted 
onto solar PV surfaces to increase their solar conversion efficiency through the promotion of light trapping, spe-
cifically at high angle of incidence. The MELA comprises a grid of small aperture hemispherical lenses bonded 
with their curved faces touching, see Fig. 1, forming a simple easily manufacturable additional layer for PV pan-
els. Rays entering one lens in the upper array layer are redirected and spread over a cluster of lenses in the second 
layer that subsequently redirects the rays within the solar cell to be close to angles that promote light trapping. 
Such angles are defined as the angles at which a ray would transmit to the PV absorber layer with minimum 
reflections and then achieve multiple bounces within that absorber layer through total internal reflection. The 
critical angle for these rays is equal or above 21°–37°, depending on the material, structure, encapsulation and 
coating of the device. The MELA increases the solar conversion efficiency by increasing the optical interaction 
length within the solar panel by redirecting rays to induce total internal reflections. System modelling shows 
that the MELA design increases the total optical interaction length within the panel by a factor of 13 times over 
wavelengths of 450–1050 nm, which leads to an increase in power collection of 1.36 over incident angles ranging 
from 0°–80° that replicates a full day of solar collection. Experimental tests were performed with a 3D printed 
prototype lenslet array, see Fig. 2, bonded to a commercially available solar panel (Sanyo, AM-1815CA), which 
can be readily retrofitted to new or already deployed solar panels. The experimental MELA increased power gen-
erated by the PV cell by a factor of 1.038 over a full day at equatorial latitudes. Rays incident at the lenslet array 
with angles of 80° are collected with an enhancement factor of between 50 and 250 depending on latitude. This 
potentially allows solar collection to be used in extreme operating condition, where MELA increases the conver-
sation efficiency from 4.6% to over 8% at angels of incidence beyond 50°. We expect these increases to potentially 
allow more efficient use of solar PV in extreme operating conditions such as on the body of planes or the side of 
buildings.

Results
Optical element design. We take a novel approach to the design of light trapping optical structures by 
implementing a multilayer hemispheric lenslet array to maintain efficient optical performance for normally inci-
dent rays, yet promote increased efficiency for light incident at high angles of incidence. An ideal optical system 
for efficient solar collection would redirect input rays from any arbitrary input angle to a single propagation direc-
tion that leads to optimal energy conversion within the photovoltaic panel. However, conservation of étendue 
prevents this from happening28. Combing two hemispheric lens, with their curved faces touching, will produce 
wide field of view optical systems such as those proposed by Rezaei et al.29 Such optical structures have not been 
used in combination with solar PV for the collection of rays from a large set of input directions. In our optical 
system, two lenslet array layers, where each lenslet has an aperture size (2 mm) and short focal length (2 mm), 
are positioned and optically bonded with their curved faces touching, as shown in Fig. 1. These lenslet arrays are 
placed shorter than one focal length away from each other, which means after propagation through both layers, 
normally incident rays are spread over a wide angle in a similar manner to defocus from a misaligned imaging 
system. Additionally, light illuminating the system at high incidence angles are spread due to deflections that 
occur by the off-center illumination of a lens, Fig. 1(c). Each of these forms of optical deflection promote light 
trapping within the PV and lead to an increased conversion efficiency for light illuminating the optical system.

Figure 1. Ultra-wide angle multi-element lenslet array (MELA). (a) Schematic illustration of the system 
arrangement and dimensions, with the MELA integrated on-top of an amorphous Si PV panel. The MELA 
consists of two face-to-face layers of 2 mm diameter hemispheric lenslet arrays that sit on a 2 mm thick base. (b) 
Illustration of system with simulated rays entering the top lenslet array at an incident angle of 0° and spreading 
rays close to 50° to promote light trapping in the PV cell. The angle of the transmitted rays is largely dependent 
on the position at which the incident rays hit the top hemispheric lens. (c) Illustration of simulated rays entering 
the top layer at incident angle of 60° and transmitting through the opposite lens or collected by a neighbouring 
lens at angles close up to 50°.
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Using Comsol Multiphysics, we modelled the increase in optical light trapping arising from the expected addi-
tion of the MELA, see Fig. 3. This model employed our MELA design on top of a PV absorber layer with 1 mm 
depth. A 1000 W/m2 illumination was released into the total input aperture of the MELA and the angles of the 
rays reaching the back surface of the absorber layer with sufficient optical power were computed. The expected 
path lengths of each ray were then derived through geometrical analysis of the angle of incidence and ray position 
to fully assess the trapping of these rays within the PV cell. The accumulative path length was then computed for 
wavelengths between 450–1050 nm, sampled at steps of 50 nm, and over incident angles of 0°–80° in a step of 1° 
for rays with a power density equivalent to or greater than 4.39 mW/m2, as shown in Fig. 3(a). This power thresh-
old was calculated by determining the minimum power per unit mm required for successful electrical conversion 
in a standard amorphous Silicon solar cell with a band gap energy of 1.8 eV, doping density of 1 × 1020 per cm3 
and maximum light trapping gain of up to 5030. Upon analysing a wide range of commercially available amor-
phous silicon panels, we used a simulated panel with expected power conversion efficiency of 4.46%, see Table S1 
in supplementary material. In this simulation, we assume the material of the MELA to be Zeonex E48R polymer, 
as this polymer has similar refractive indices as the 3D printing material used in our experiments (n = 1.5403)31. 
Our calculations also assume a constant attenuation of the signal along and within the PV, and do not consider 
any rays that are below the band gap energy. We note that such path length calculations could change depending 
on the PV internal structure. However, this is variable between commercial panels and assuming an optical guid-
ing to be the best approximation for our particular calculation.

Further, we directly compare our MELA to a 1 mm flat optical layer and randomly textured diffuser surface 
that is widely reported structure to achieve light trapping in solar cells17,21,32, where the refractive index used is 
also equivalent to our 3D printing material. The expected accumulative path length within the PV cell is calcu-
lated for the MELA, flat plate and diffuser plate, shown in Fig. 3(b). We also compute the light trapping of the 
MELA and the diffuser plate with respect to the flat plate, as shown in Fig. 3(c). These models assume that the PV 
surface is bonded to the transmitting surface of the elements, and the absorber layer is 1 mm within the PV. These 
results confirmed that our MELA increases the path length of rays at all incident angles with significant increases 
for angles above 30°, leading to an efficient conversion at extreme angles. Computing the expected power increase 
over a full day of operation with a conversion efficiency of 4.46%, model predicts the MELA will provide a mul-
tiplicative gain factor for 1.361 for a PV panel with 4 PV cells with an area of 211.7 mm2. The simulated diffuser 
would lead to a gain factor of 1.069. These increased path length and light trapping are expected to yield a gain in 
conversion efficiency of over 8% at high angles using our MELA for an amorphous Si solar panel with a standard 
efficiency of 4.46%, as shown in Fig. 3(d). It should be noted that such gains are for amorphous silicon and could 
vary based on the specific efficiency of the panel being used. These simulations show a considerable increase in 
path length specifically at angles above 30°, hence increasing the performance of solar collection at extreme angles 
of incidence towards the sun.

The two-layer multi-element construction of the lenslet array allows for rays entering one lens on the top layer 
to be collected by a cluster of lenses in the second layer. To specifically map the ray propagation, we limit the area 
that rays are incident to a simplified version of our optical system. With this system, we consider one single lenslet 
in the top layer and separate this into two specific areas of the aperture, the central 1/3rd of the lenslet (inner aper-
ture) and an outer annulus that covers the remainder of the lens aperture (outer apertures), Fig. 4(a,b,d). These 
results illustrate an increase in the illuminated area of the active PV surface as light propagates from one layer 
to the next, Fig. 4(b,d). The spread can be calculated by measuring the power in defined regions at the bottom 
surface of the MELA, Fig. 4(c,e). The angular spread after the second lenslet means many of the rays will now 
be totally internally reflected and will be trapped, hence increasing the effective path length within the PV. Our 

Figure 2. 3D printed multi-element lenslet array (MELA). (a) Image of our 3D printed optical element. 
(b) Illustration of the experimental set-up, showing a fiber-coupled stabilised broadband light source (LS) 
illuminating a 18cm-diameter beam at the MELA’s plane. The optical element is on-top of an amorphous Si 
solar panel that is back-attached to a tilt-adjustable rotational mount driven by a stepper motor (SMRM) that 
provides the longitudinal and latitudinal angles.
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simulation shows that the average angle of all the rays transmitting through our MELA is 29.4° over incident 
angles of 0°–80° with a standard deviation of 19.5°, in contrast to average angle of only 18.6° with a standard 
deviation of 11.4° for a flat plate. Beyond light trapping, diffusion of optical rays has also been previously reported 
to minimise losses from PV internal electrical contacts and minimise local saturation effects within the panel, as 
detailed by the refs. 33–35, therefore potentially further increasing conversion efficiency.

Prototype fabrication. Due to the novel nature of the optical lenslet array, the prototype lens was manu-
factured through the use of micron-resolution high-precision stereolithographic 3D printing. Recent advances 
in 3D printer technology have enabled the formation of clear photo-polymerised samples, which have been 
demonstrated in various applications36–39. The printing of these materials combined with specific post-processing 
procedures has improved the surfaces roughness to the nanometer scale1,36. We produced optical quality lenslet 
arrays using a widely available 3D printer combined with several stages of post-processing, see Fig. 5. Each of our 
hemispheric lenslet arrays was printed separately and subsequently bonded with medium-viscosity UV-curable 
index-matched fluid, providing a transparent boundary layer joining the curved faces, see Fig. 1. The 29.05 × 
24.3 mm optical element was then directly fitted to a standard commercial amorphous silicon solar panel using 
index-matching fluid to minimise intermediate reflection losses of light at the boundary between our lenslet array 
and the solar panel. The active area of this panel was also size-matched to be 29.05 × 24.3 mm with a light absorb-
ing tape to be equivalent to the optical element aperture. Further, we tested the heat resilience of these plastics in 
direct solar illumination at ambient temperatures of over 50° Celsius and observed no noticeable damage to the 
3D printed materials.

The transmission loss associated with the 3D prints was determined by using the broadband white light 
source. Using a spectrometer, the overall optical loss for our MELA was measured to be 20.7%. To determine the 
contribution for absorptive losses versus back reflective losses, we measured the loss from flat surfaced 3D printed 
boxes of varying thicknesses, as detailed in the supplementary material. Based on these experimental measure-
ments, we calculated the plastic absorptive loss to be approximately 1.3% per mm, which likely occurs due to 

Figure 3. Path length and light trapping gains. (a) Optical path length increase for rays transmitted through 
our MELA as a function of both wavelength and incident angle, yielding a consistent performance along 
different wavelengths. (b) The increase in optical path length is simulated for rays that would reach a PV 
cell after being transmitted through a flat plate, diffuser plate and compared to our MELA. Our MELA can 
significantly increase the path length of rays incident at high angles, and outperforms a flat plate and randomly 
textured diffuser plate for all incident angles. This increase in path length is due to the ability of our MELA to 
spread incident rays from a wide range of input angle in a controlled manner that is within the PV acceptance 
window and effectively prolongs their optical interaction length. (c) Gain factors in the trapping of light for our 
MELA and diffuser plate over a flat plate, where the plate is used here as the normalising factor. (d) Efficiency 
gains with angle arising from the promotion of light trapping in an a-Si solar panel with a standard efficiency of 
4.46%.
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the internal plastic layering, and reflective losses per optical surface of approximately 4.3%, see supplementary 
material. Our measured loss shows a slight improvement compared to previous research that employs similar 
approaches to 3D printing optics37,40.

Figure 5 illustrates the steps taken to 3D print and post-process the lenslet arrays. A stereolithography (SLA) 
3D printer was used to fabricate the lenslet array from a liquid resin using a λ = 405 nm high power laser in a 
layer-by-layer photopolymerisation process at a layer thickness of 50 µm. Due to the nature of SLA printing 
that forms solid elements from liquid material, the lenslet arrays were cleaned in 90% isopropyl alcohol (IPA) 
to remove accumulated uncured resin and other residues from the surface. The clean surface was coated with 
UV-curable index-matching material to smoothen the surface and enhance its transparency. The lenslet arrays 
were tip-bonded and cured using a λ = 405 nm UV light to form the optical element.

Experimental performance. To experimentally investigate the feasibility of our prototype design, we 
measured the short circuit current density (Jsc) and the open circuit voltage (Voc) across an “off-the-shelf ” amor-
phous silicon solar panel (Sanyo, AM-1815CA), over a wide range of illumination angles using a fiber-coupled 
stabilised white light source as solar model. This particular cell was selected due to its lack of internal light trap-
ping structures, allowing us to confirm the behaviour of our novel light trapping layer. As this is a commercial 
solar panel, calculation of the theoretical power conversion efficiency could not be determined directly from 
the manufactures datasheet. To remove the requirement for an accurate determination of the panel efficiency 
calculation, all our presented data of short circuit current densities and open circuit voltages using the MELA 
are compared to experimentally measured baseline values for voltage and current. The same illumination source 
was used for the collection of all experimental results. Utilising a stepper motor-driven rotation mount, a range of 
solar illumination angles were tested over the range −80° to 80° in the longitudinal axis, where a further mechan-
ical rotation mount was used to allow for tilt of the solar panel for latitudinal alignment. We used a 400 µm core 
optical fiber (Thorlabs, M28L01) with around 19.5 cm propagation distance to the solar panel, yielding a uniform 
illumination with around 18 cm beam waist at the solar panel plane that covers the full collection aperture and 
mimics solar radiation, as shown in Fig. 2(b). Further, we tested the beam focusing of our illuminating beam 

Figure 4. A simplified ray diagram, with a reduced illumination array, to illustrate the optical propagation 
through the multilayer lenslet. (a) Illustration defining two distinct illumination areas used in this simplified 
ray diagram. (b) Illustration of a ray-traced simulation for rays entering a 0.67 mm region at the centre of the 
aperture (inner) of a single lenslet on the top optical surface for incident angles of 0°, 40° and 80°. This area 
approximately corresponds to physically bonded area joining the two lenslet elements, therefore ray that are 
incident at small angles are predominately propagate undeflected. Rays at higher incident angles, 40° and 80° 
here, are distributed over a larger area leading to increased path length (light trapping) in the bonded solar cell. 
(d) Light entering an outer annulus of the single lenslet with an inner radius of 0.67 mm and an outer radius of 
1.33 mm, shows considerable deflection of the rays. (b,d) The power arriving at specific regions can be modelled 
for angle between 0 and 8°0 in 1° steps.
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using a plano-convex lens at the solar panel plane and observed a spot that is consistent with the focusing of the 
solar illumination.

Our white light source (Thorlabs, SLS201L) provides a black body radiation with an optical power that leads to 
panel saturation, at 40 W/m2 at a temperature of 2796 K. We fully characterised the performance of the solar panel 
using our light source prior to the MELA integration, where a part of each side of the panel was covered with light 
absorbing tape at the boundary between cells to fit with the size constraints in our manufacturing process and 
prevent unintended bleed of light into any adjacent regions. This reduction altered the active area to 705.9 mm2 
from 2535.7 mm2 to match the size of our 3D printed MELA. The device characterisation was done over the full 
range of possible angles of incidence, where Jsc and Voc measurements were taken in 1° of longitudinal steps at a 
fixed latitude tilt of 0° with a measurement time of 2 seconds at each step, see Supplementary Fig. S1. Based on 
these measurements the power density produced by the panel was also calculated, see Supplementary Fig. S1. The 
fluctuations in the measured current and voltage were found to be small with a cumulative standard deviation 
between the samples of 2.134 nA and 6.937 mV, respectively. Subsequently, a measurement over the identical 
longitudinal sweep is taken using the same panel with our lenslet array bonded to the surface, see Supplementary 
Fig. S1. The multiplicative gain factors measured in the power density for the addition of our lenslet array over the 
flat solar panel are shown in Fig. 6. It is important to note that these experimental increases were measured for a 
commercial amorphous Si solar panel under standard conditions and could change depending on various factors, 
including panel technology, fill factor and temperature of the panel that could affect the overall performance of 
the device41.

The daily changes in sun position are only one of the issues that limit the efficiency of solar technologies. Over 
the course of the year the suns latitude in the sky changes, leading to a secondary angle dependent efficiency 
change. Even more importantly, any mobile platforms that intend to use solar power (planes, drones, etc.) will 
never have a guaranteed solar alignment. To test the applicability of our system for such applications we altered 
the effective latitude by varying the adjustable mount angle with respect to the incoming light. For a selection of 
five fixed latitude angles, a further scan over the longitudinal range discussed earlier was taken, where the Jsc and 
Voc were measured and the power density was calculated prior and post MELA integration to the PV panel, see 
Supplementary Figs. S2–S6. The power increases for the addition of the MELA are shown in Fig. 6. We measured 
an increase factor in full day power of 1.038 ± 0.002, 1.028 ± 0.002, 1.097 ± 0.001, 1.394 ± 0.001, 1.768 ± 0.001 
and 4.783 ± 0.002 at latitude angles of 0°, 20°, 40°, 60°, 70° and 80°, respectively. We note that these electrical 
power gains are functions of both the Jsc and Voc, which vary linearly and logarithmically with the optical intensity 
respectively depending on the solar panel material, illumination levels and conversion efficiency42. A summary 
comparison of cumulative experimental values of Jsc, Voc, power density and power enhancement factor for a 
range of latitude input angles is shown in Table 1.

The power enhancement factors presented in Fig. 6 show increases in the overall power produced by the panel 
at angles above 50°, with insignificant losses at normal incidence, when our 3D printed MELA is bonded to the 
solar panel. Even though our prototype MELA has shown an optical loss, this loss does not map directly into 
electrical power loss due to the previously described current and voltage dependencies on optical intensity. The 

Figure 5. 3D printed optical element post-processing procedures. (a) Stereolithographic 3D printer to fabricate 
the lenslet array. (b) Image of out-of-printer lenslet arrays looks transparent due to accumulated resin on 
the surface. (c) Wash machine filled with Isopropyl alcohol (IPA) to clean the samples. (d) Image of cleaned 
lenslet arrays as they look translucent due to surface roughness that was previously covered by resin before the 
cleaning. (e) Surface coating with index-matched material to smoothen the surface and makes it transparent. (f) 
Post-coating image of transparent lenslet arrays. (g) Lenslet arrays are tip-bonded together to form the optical 
element. The alignment of the two arrays was performed through mechanical alignment of the four corners 
of the two bases that the lenses sit on to guarantee the accuracy of the lenses, without particularly stringent 
alignment requirements. This is due to both arrays having the same shape and size, and dimensions. We 
measured the tolerance of our alignment to be 60 µm and our simulated system confirms a minimal impact on 
performance for up to 100 µm in misalignment.
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proportionality between the optical power and the power density produced by our PV panel was experimentally 
characterised using neutral density (ND) filters, see Supplementary Fig. S7. At our experimental power levels 
this characterisation indicates that the reduction in the optical power by 20.57% results in a 12.23% loss in the 
measured electrical power. From the simulation, it is expected that the addition of our MELA yields a 5 times gain 
in light trapping and increases the optical efficiency by 23% (i.e. the percentage of optical power absorbed by the 
PV). These increases are expected to mitigate the optical losses that might occur when our element is used at low 
angles of incidence. When considering losses and the power performance of our a-Si solar panel, our simulation 
would lead to a full day power increases factor of 1.086, where we expect the difference in full day performance 
is arising from the surface roughness of the 3D printed optical element. One could mitigate these losses through 
the use of anti-reflection coated optical surfaces and use of a higher precision 3D printer or injection moulded 
plastics.

Conclusion
We have developed a novel multi-element lenslet array (MELA) that can be used to increase efficiency of solar 
collection at angles beyond those of traditional optical systems. This MELA employs controlled scattering to 
provide an increase in the usable optical power incident on the solar panel, increase the effective optical interac-
tion length and promote light trapping. Balancing each of these features in a lenslet array form provides a novel 
method for designing non-imaging optical systems for optical collection. The optical improvements achieved 
through the combination of these features were demonstrated in our simulation model, and experimentally con-
firmed with electrical measurements using an a-Si solar panel. Our simulation models have shown an increase 

Figure 6. Experimental power increase factors for various tilt angles. Multiplicative increase factors in the 
power density produced by an off-the-shelf amorphous silicon solar panel (Sanyo, AM-1815CA) for the 
addition of our 3D printed MELA over the flat panel, at panel latitudinal tilt angles of 0°, 20°, 40°, 60°, 70° and 
80°, as a function of incident longitudinal angles ranging from ±80°. Due to the variation in the lower power 
threshold of different solar panels, these gains are dependent on the product of the Jsc and Voc and might vary 
depending on the solar panel itself.

Latitude 
Angle (°)

Jsc (µA/
cm2) Voc (V)

Power 
Density 
(µW/cm2)

Power increase 
factor

0°
4.078 136.45 4.104

1.038 ± 0.002
4.279 143.26 4.262

20°
4.043 135.89 3.985

1.028 ± 0.002
4.206 141.21 4.098

40°
3.734 127.15 3.457

1.097 ± 0.001
4.047 136.31 3.794

60°
2.693 94.89 1.945

1.394 ± 0.001
3.388 117.07 2.713

70°
1.781 64.67 0.880

1.768 ± 0.001
2.487 93.31 1.556

80°
0.762 27.81 0.160

4.783 ± 0.002
1.793 66.55 0.769

Table 1. Cumulative experimental measurements of short circuit current density (Jsc), open circuit voltage (Voc) 
and power density for the amorphous silicon solar panel (Bold) and with the addition of the MELA (italic) over 
longitudinal angles of ±80° for latitudinal angles of 0°, 20°, 40°, 60°, 70° and 80°. Based on the cumulative power 
density, the power increase factor is calculated for the addition of the MELA over the flat panel.
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in optical path length and light trapping by bonding our MELA onto a PV cell. Since these increases are directly 
proportional to the short circuit current density produced by the panel35, the gains in our experimental measure-
ments are due to the higher light absorption achieved by the trapping of light. The slight difference between the 
simulated gain and actual measured performance is expected to be arising from the losses of the prototype 3D 
prints. Although our light trapping approach does not outperform the world-record holding devices that use inte-
grated textured pyramid structures43,44, our approach introduces a very compelling route for additive layer light 
trapping technologies that could be used to upgrade older technologies or potentially provide alternative routes 
to manufacturing panels containing light trapping technologies. Furthermore, we expect this principle could be 
optimised for further increases in conversion efficiency. Lenslet arrays that can efficiently collect light over a large 
range of incidence angels could be used for aerial vehicles that have no fixed angular relationship with the sun, 
such as planes and permanently airborne drones like those used for enabling future generation telecommunica-
tion networks45. Given the hemispherical nature of the lenslet array design, industrial processes such as injection 
moulding could be used to allow for mass production of this prototype.

Received: 6 August 2019; Accepted: 21 April 2020;
Published: xx xx xxxx

References
 1. Vaidya, N. & Solgaard, O. 3D printed optics with nanometer scale surface roughness. Nat. Microsyst. Nanoeng 4, 18 (2018).
 2. Vyatskikh, A. et al. Additive manufacturing of 3D nano-architected metals. Nat. Commun 9, 593 (2018).
 3. Breyer, C. et al. On the role of solar photovoltaics in global energy transition scenarios. Prog. Photovolt: Res. App 25, 727–745 (2017).
 4. Wiesenfarth, M., Philipps, S., Bett, A., Horowitz, K. & Kurtz, S. Current status of concentrator photovoltaic (CPV) technology. 

(Fraunhofer ISE and National Renewable Energy Laboratory (NREL), CPV Rep. 1.3, TP-6A20-63916, 2017).
 5. Martin, N. & Ruiz, J. M. Calculation of the PV modules angular losses under field conditions by means of an analytical model. Sol. 

Energy Mater Sol. Cells 70, 25–38 (2001).
 6. Stein, J. S. PV performance modeling methods and practices results from the 4th PV performance modeling collaborative workshop. 

(International Energy Agency, B. Farnung, Editor, Rep. IEA-PVPS T13-06:2017, 2017).
 7. Tanabe, K. A review of ultrahigh efficiency III-V semiconductor compound solar cells: Multijunction tandem, lower dimensional, 

photonic up/down conversion and plasmonic nanometallic structures. Energies. 2, 504–530 (2009).
 8. Chen, F. H., Pathreeker, S., Kaur, J. & Hosein, I. D. Increasing light capture in silicon solar cells with encapsulants incorporating air 

prisms to reduce metallic contact losses. Opt. Express. 24, A1419–A1430 (2016).
 9. Leem, J. W., Yu, J. S., Jun, D.-H., Heo, J. & Park, W.-K. Efficiency improvement of III–V GaAs solar cells using biomimetic TiO2 

subwavelength structures with wide-angle and broadband antireflection properties. Sol. Energy Mater Sol. Cells 127, 43–49 (2014).
 10. Tseng, J. K., Chen, Y. J., Pan, C. T., Wu, T. T. & Chung, M. H. Application of optical film with micro-lens array on a solar concentrator. 

Solar Energy. 85, 2167–2178 (2011).
 11. Chee, K. W. A., Tang, Z., Lü, H. & Huang, F. Anti-reflective structures for photovoltaics: Numerical and experimental design. Energy 

Reports 4, 266–273 (2018).
 12. Voroshilov, P. M., Simovski, C. R., Belov, P. A. & Shalin, A. S. Light-trapping and antireflective coatings for amorphous Si-based thin 

film solar cells. Journal of Applied Physics 117, 203101 (2015).
 13. Chen, M. et al. Design of optical path for wide-angle gradient-index antireflection coatings. Applied Optics 46, 26 (2007).
 14. Kuo, M.-L. et al. Realization of a near perfect antireflection coating for silicon solar energy utilization. Optics Letters 33, 21 (2008).
 15. Cho, C., Jeong, S. & Lee, J.-Y. Optical study of thin-film photovoltaic cells with apparent optical path length. J. Opt. 18, 094001 

(2016).
 16. Callahan, D. M., Munday, J. N. & Atwater, H. A. Solar Cell Light Trapping beyond the Ray Optic Limit. Nano Lett. 12, 214–218 

(2012).
 17. Hua, B., Lin, Q., Zhang, Q. & Fan, Z. Efficient photon management with nanostructures for photovoltaics. Nanoscale 5, 6627–6640 

(2013).
 18. Campbell, P. & Green, M. A. Light trapping properties of pyramidally textured surfaces. J. Appl. Phys. 62, 243–9 (1987).
 19. Ko, D.-H. et al. Light-trapping nano-structures in organic photovoltaic cells. J. Mater. Chem. 21, 16293–16303 (2011).
 20. Green, M. A. Lambertian light trapping in textured solar cells and light-emitting diodes: analytical solutions. Prog. Photovoltaics 10, 

235–41 (2002).
 21. Cho, C. et al. Random and V-groove texturing for efficient light trapping in organic photovoltaic cells. Sol. Energy Mater. Sol. Cells 

115, 36–41 (2013).
 22. Cho, C. et al. Toward perfect light trapping in thin-film photovoltaic cells: full utilization of the dual characteristics of light. Adv. Opt. 

Mater. 3, 1697–702 (2015).
 23. Xu, Y. & Munday, J. N. Light trapping in a polymer solar cell by tailored quantum dot emission. Optics Express 22, A259–A267 

(2014).
 24. Morawiec, S., Mendes, M. J., Priolo, F. & Crupi, I. Plasmonic nanostructures for light trapping in thin-film solar cells. Materials 

Science in Semiconductor Processing 92, 10–18 (2019).
 25. Tvingstedt, K., Zilio, S. D., Inganäs, O. & Tormen, M. Trapping light with micro lenses in thin film organic photovoltaic cells. Optics 

Express 16, 21608–21615 (2008).
 26. Tang, Z., Tress, W. & Inganäs, O. Light trapping in thin film organic solar cells. Materials Today 17, 389–396 (2014).
 27. Ulbrich, C. et al. Directional selectivity and ultra-light-trapping in solar cells. Phys Status Solidi A 205(12), 2831–2843 (2008).
 28. Chaves, J. Introduction to Nonimaging Optics (CRC Press, ed. 2, 2017).
 29. Rezaei, M., Nia, I. H., Bonakdar, A. & Mohseni, H. Simple telecentric submillimeter lens with near-diffraction-limited performance 

across an 80 degree field of view. App. Opt 55, 8752–8756 (2016).
 30. Gray, J. L. The Physics of the Solar Cell. in Handbook of Photovoltaic Science and Engineering, edited by A. Luque and S. Hegedus 

(Wiley), Chap. 3 (2003).
 31. Sultanova, N., Kasarova, S. & Nikolov, I. Dispersion properties of optical polymers. Acta Physica Polonica A 116, 585–587 (2009).
 32. Smeets, M. et al. Angular dependence of light trapping in nanophotonic thin-film solar cells. Optics Express 23, A1575–A1588 

(2015).
 33. Schumann, M. F. et al. Cloaked contact grids on solar cells by coordinate transformations: designs and prototypes. Optica 2, 850–853 

(2015).
 34. Jeng, M.-J. et al. Improving Efficiency of Multicrystalline Silicon and CIGS Solar Cells by Incorporating Metal Nanoparticles. 

Materials (Basel) 8, 6761–6771 (2015).
 35. Kim, J. S. et al. Geometric light trapping with a V-trap for efficient organic solar cells. Optics Express 21, A305 (2013).
 36. Chen, X. et al. High‐speed 3D printing of millimeter‐size customized aspheric imaging lenses with sub 7 nm surface roughness. Adv. 

Mater. 30, 1705683 (2018).

https://doi.org/10.1038/s41598-020-65437-8


9SCIENTIFIC REPORTS |         (2020) 10:8741  | https://doi.org/10.1038/s41598-020-65437-8

www.nature.com/scientificreportswww.nature.com/scientificreports/

 37. Price, J. S., Sheng, X., Meulblok, B. M., Rogers, J. A. & Giebink, N. C. Wide-angle planar microtracking for quasi-static microcell 
concentrating photovoltaics. Nat. Commun. 6, 6223 (2015).

 38. Bhattacharjee, N., Urrios, A., Kang, S. & Folch, A. The upcoming 3D-printing revolution in microfluidics. Lab Chip. 16, 1720 (2016).
 39. Amin, R. et al. 3D-printed microfluidic devices. Biofabrication. 8, 022001 (2016).
 40. Gawedzinski, J., Pawlowski, M. E. & Tkaczyk, T. S. Quantitative evaluation of performance of 3D printed lenses. Opt. Eng. 56, 

084110 (2017).
 41. Riesen, Y., Stuckelberger, M., Haug, F.-J., Ballif, C. & Wyrsch, N. Temperature dependence of hydrogenated amorphous silicon solar 

cell performances. J. Appl. Phys. 119, 044505 (2016).
 42. Chegaar, M. et al. Effect of illumination intensity on solar cells parameters. Energy Procedia 36, 722–729 (2013).
 43. Yoshikawa, K. et al. Silicon heterojunction solar cell with interdigitated back contacts for a photoconversion efficiency over 26%. 

Nature Energy 2, 17032 (2017).
 44. Green, M. A. et al. Solar cell efficiency tables (version 54). Prog. Photovolt. Res. Appl 27, 565–575 (2019).
 45. Lavery, M. P. J. et al. Tackling Africa’s digital divide. Nature Photonics 12, 249–252 (2018).

Acknowledgements
The authors would like to thank Dr. Johannes Courtial and Prof. Nikolaj Gadegaard for useful conversations. The 
work was carried out through the  financial support of Engineering and Physical Sciences Research Council grant 
number N032853/1, Scholarship by Ministry of Education of Saudi Arabia, Saudi Arabian Cultural Bureau in 
London, Royal Academy of Engineering Research Fellowship Scheme, and Royal Academy Engineering Frontiers 
of Engineering for Development.

Author contributions
R.E.A. and M.P.J.L. carried out the manufacturing, design, simulation, data analysis and testing of the optical 
components. R.B. performed the optical modelling. The concept was devised by M.P.J.L. and further developed in 
collaboration with R.B. and R.E.A. The manuscript was prepared jointly by all authors.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-65437-8.
Correspondence and requests for materials should be addressed to R.E.A. or M.P.J.L.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020

https://doi.org/10.1038/s41598-020-65437-8
https://doi.org/10.1038/s41598-020-65437-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Multi-element lenslet array for efficient solar collection at extreme angles of incidence
	Results
	Optical element design. 
	Prototype fabrication. 
	Experimental performance. 

	Conclusion
	Acknowledgements
	Figure 1 Ultra-wide angle multi-element lenslet array (MELA).
	Figure 2 3D printed multi-element lenslet array (MELA).
	Figure 3 Path length and light trapping gains.
	Figure 4 A simplified ray diagram, with a reduced illumination array, to illustrate the optical propagation through the multilayer lenslet.
	Figure 5 3D printed optical element post-processing procedures.
	Figure 6 Experimental power increase factors for various tilt angles.
	Table 1 Cumulative experimental measurements of short circuit current density (Jsc), open circuit voltage (Voc) and power density for the amorphous silicon solar panel (Bold) and with the addition of the MELA (italic) over longitudinal angles of ±80° for 


