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         Abstract— We are presenting a new strategy to 

concentrate diffused light in free space based on luminophore 

doped waveguides with nanophotonic surface control. The 

efficiency of traditional luminescent solar concentrators (LSCs) 

has been limited due to loss mechanisms associated with every 

single component of the process, such as the luminophore 

quantum yield, reabsorption/emission rates, waveguide parasitic 

absorption, and unwanted escape. Here, we are proposing a 

paradigm shift to mitigate this issue: Instead of trapping light in 

waveguides, waveguides are designed to allow for escape under a 

specific escape cone. 

Keywords—diffused light, nanophotonics, luminescent solar 

concentrators 

I. INTRODUCTION  

Unlocking the full potential of solar based energy generation 

across the whole world requires the efficient use of diffused sun 

light, i.e., light that is composed of photons propagating in 

random directions created through the scattering and reflection 

on rough surfaces and diffuser materials such as clouds. In 

particular, regularly overcast countries receive significant 

amounts of their solar energy in the form of diffused irradiance. 

As one representative example, at a weather station close to 

Utrecht, the Netherlands, 55% of the incident irradiance energy 

was coming from diffused irradiance in 2017 [1]. Diffused light 

differs significantly from direct sun light with respect to 

incident angle and spectrum. However, solar modules are 

optimized for standardized irradiance, mostly containing direct 

sun light, and their performance strongly depends on the 

incident spectrum and angle. This issue was recognized and 

alternative solar absorber materials and geometries have been 

proposed for its mitigation. One way to accept and direct 

diffuse light towards an absorber is the use of luminescent solar 

concentrators (LSCs). The principle of an LSC is shown in Fig. 

1a: luminophores embedded within a waveguide absorb broad 

band light with Ea > E0 and emit red-shifted light with Ee < E0, 

whereas Ea-Ee corresponds to the Stokes shift and Ea > E0> Ee. 

The light is trapped inside the waveguide if its angle of 

propagation is greater than the angle for total internal reflection. 

In practical LSCs, surface coatings prevent escape of emitted 

photons [2]. Such LSCs reach inherent limits and challenges, as 

the detectors need to be compatible with the LSC geometry and 

materials. Furthermore, these systems are prone to losses as 

they require light being trapped in waveguides over long 

distances, which in real systems is always linked to optical 

losses. So far, experimentally achieved concentration has 

stayed way below the thermodynamic limits. The reason for this 

poor performance are loss mechanisms associated with every 

single component of the balance, such as the luminophore 

quantum yield, reabsorption/emission rates, waveguide 

parasitic absorption, and unwanted escape. The longer the 

photons are trapped in the waveguide, the more these loss 

mechanisms come into play. Here, we are suggesting a 

paradigm shift: we design nanophotonic systems that act as 

free-space diffused light collimators and concentrators. Instead 

of keeping light inside a microscale waveguide, the light is 

emitted under a defined angle and concentrated onto the 

photodiode. Through this technology, the solar cell does not 

suffer from design compromises such as very small size and 

large edge area required for example in edge-lining device 

architectures. Furthermore, quantum losses associated with 

light trapping will be reduced. To achieve this the surfaces of 

luminophore doped waveguides will be designed to allow for 

escape under a narrow desired escape cone such as presented in 

Fig. 1b. This collimated, lower étendue light can subsequently 

be concentrated with conventional free-space optics or be 

redirected towards solar modules.  

 

Fig. 1. a) Schematic of a waveguide with embedded luminophores showing 
acceptance and escape cones for a waveguide with higher refractive index than 
the surroundings. b) Desired waveguide surface properties for free-space 
collimation. 
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Surface 1 has to be designed such that it accepts all photons 

with Ea > E0 but emits photons with Ee < E0 only under a narrow 

escape cone around up to Θ0. Due to Lorentz reciprocity this 

requirement can be translated into the following statement: the 

surface needs to show zero reflectivity for Ea > E0 and perfect 

reflectivity for Ee < E0 for all angles apart from the cone around 

up to Θ0. This requirement is plotted in Figure 2 for λ0=900 nm 

and Θ0=20⁰. 

 

Fig. 2. Desired reflection properties for surface 1. 

II. DETAILED BALANCE MODEL 

To illustrate the working principle, let’s first assume the most 

ideal case in which no parasitic escape outside of the escape 

cone can occur and where all photons with angle within the 

escape cone will escape. Furthermore, the rear surface (surface 

2) is an ideal Lambertian reflector, i.e. the probability of 

reflection at surface 2 (PR2) is equal to 1 and the direction of 

reflected light is randomized. In the following, the math is 

developed for an effectively two-dimensional case, 

corresponding to the situation depicted in Fig. 4b. It follows for 

the probability of reflection on surface 1 (PR1): 

 

 

 

 

 

With reflectivity of surface 1 (𝑅1 ) : 𝑅1(𝜆0, 𝜃 ∉ ∆𝜃)=1 and 

𝑅1(𝜆0, ∆𝜃)=0 as shown in Fig. 2. 

 

From the probability of reflection, it can be calculated how 

often photons that are emitted by the luminophores will reflect 

on surface 1 (𝑛𝑅1) and on surface 2 (𝑛𝑅2) on average: 

 

𝑛𝑅1 = 𝑃𝑅1 + 𝑃𝑅1
2 + 𝑃𝑅1

3 + ⋯ + 𝑃𝑅1
𝑛 =  

1

1−𝑃𝑅1
− 1 =  

𝜋

∆𝜃
− 1, 

 𝑛𝑅2 = 𝑛𝑅1 + 1 =
𝜋

∆𝜃
 

 

The concentration of photons within the waveguide 𝐶𝑤𝑔 

relative to the concentration of incoming photons is equal to the 

sum of the number of reflections on both surfaces plus 1. In 

other words, it is equal to the incoming concentration plus all 

the components that are added due to reflection: 

𝐶𝑤𝑔 = 1 + 𝑛𝑅2 + 𝑛𝑅1 =
2𝜋

∆𝜃
 

 

This equation is also true for the simple example of one perfect 

mirror on surface 2 and no interface at all on surface 1. In this 

case all photons would be reflected and the concentration would 

just be incoming plus reflected, which, with a perfect mirror, is 

twice the incoming concentration.  

If no escape is allowed for angles 𝜃 ∉ ∆𝜃, then it follows for 

the free-space concentration within the escape cone 𝐶𝑓𝑠: 

𝐶𝑓𝑠 =
1

2
𝐶𝑤𝑔 =

𝜋

∆𝜃
 

 

If now we include that parasitic escape outside of the desired 

escape cone Δθ is possible and occurs with a probability 𝑃e and 

furthermore, we include that parasitic reflection within the 

escape cone can occur and leads to the probability 𝑃∆𝜃  of 

escape within the escape cone, then the angle dependent free-

space concentration becomes: 

 

𝐶𝑓𝑠(𝜃) =
1

2
(1 − 𝑅(𝜃)) (

1

1−𝑃𝑅1𝑃𝑅2
+

1

𝑃𝑅1−𝑃𝑅2𝑃𝑅1
2 −

1

𝑃𝑅1
). 

 

Whereas: 

𝑃𝑅1 =  𝑃e+𝑃∆𝜃 

 

This equation also includes the possibility of a non-ideal 

reflector on surface 2 leading to an overall probability of 

reflection on surface 2 of 𝑃𝑅2.  

To observe conservation laws, in steady-state, the free-space 

concentration 𝐶𝑓𝑠(𝜃)  integrated over all angles 𝜃  needs to 

equal the incoming photon concentration minus all losses. The 

total number of photons is not changed, only their angle 

distribution is modified. 

III. NANOPHOTONIC SURFACE CONTROL  

Nanophotonic control of the reflection and transmission 

properties of a surface can be achieved by employing plasmonic 

or dielectric nanosctructures. For now, we focus on dielectric 

thin film structures such as schematically presented in Fig. 3. 

Figure 3a shows a thin film layer structure that would lead to 

an escape cone with spherical symmetry [3] and Fig. 3b shows 

a structure with an additional 1-dimensional grating that would 

lead to an emission cone with extruded pie slice geometry.  

 

Fig. 3. Schematic of nanophotonic structure and resulting escape cone for a) 
a dielectric thin film stack and b) a dielectric thin film stack with 1-dimensional 
grating.  
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Inspired by E. Kosten et al. [3], we simulated the angle and 

wavelength dependent reflection of a surface with alternating 

refractive index and the result is presented in Fig. 4.  

The structure in Fig. 4 was designed to perform for an escape 
cone around 0⁰ at λ0=800 nm. A dielectric film stack with 
alternating high and low refractive index layers was simulated. 
Starting from the air interface, a low index (1.62)  layer of 54.67 
nm thickness is followed up with a high refractive index (2.5) 
layer of 121.11 nm thickness. After that, eighteen layers of 
alternating low (1.5) and high (2.5) refractive index layers of 
respectively 239.78 nm and 54.67 nm complete the structure. 
While this structure provides properties close to the desired 
properties presented in Fig. 2, it will be further optimized to 
yield close to 0 reflection for high-energy incoming photons and 
close to 100% reflection for red-shifted photons outside of the 
emission cone. Optimal reflection properties are crucial to 
achieve high free-space concentration.  

 

Fig. 4. Angle and wavelength dependent reflection simulated for dielectric 

thin film layer stack.  

IV. CONCLUSION 

We have presented a novel way to achieve free-space 

collimation and concentration of diffused light. This approach 

has great potential for a significant leap in solar power yield. 

While solar panels themselves are already close to their 

performance limits, little attention has been paid to the 

surroundings so far, although it has been shown that the 

wavelength and angle dependent albedo has significant impact 

on solar power output [1, 4]. Taking the surroundings into 

account offers two major benefits: 1) Solar power can be 

generated at a lower price and 2) more solar power can be 

generated under diffused light conditions without sacrificing 

the performance under direct solar irradiance. Directing light 

towards the solar modules does not only enhance the power 

output but also offers the possibility to replace modules by 

photonic materials and therefore, create power plants that 

generate more power with less panels. This principle is 

particularly interesting for buildings with large flat rooftops 

such as big commercial buildings (hardware stores, logistic 

centers,…). The presented study is a first step towards high-

performance nanophotonic surrounding control.  
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