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Abstract 

Luminescent solar concentrators (LSC) are a key type of photovoltaic technology 

which features structural simplicity, angle independence, high defect tolerance and design 

flexibility. Since the concept of LSC was first introduced in the 1970s, LSCs have been 

envisioned to reduce the cost of deployed solar arrays, to enable seamless installation onto 

buildings with enhanced aesthetics, and more recently to glazing systems to improve the 

overall on-site energy utilization efficiency. Widespread solar adoption requires LSCs to 
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simultaneously achieve high photovoltaic performance and excellent aesthetic quality. 

With most research efforts focusing on efficiency improvements, the significance of LSC 

aesthetics has been understated. In particular, escaped photoluminescence has the potential 

to strongly impact visual aesthetics in several different ways and has been particularly 

overlooked. In this work, we define and analyze key figures of merit for LSC aesthetics by 

incorporating the impact of the photoluminescence. Additionally, a new metric analogous 

to haze, termed the “average visible luminescent haze”, is defined to describe the visual 

impact of the escaped photoluminescence on human perception. The main mechanisms of 

photoluminescence utilized in LSC design, including down-shifting, up-conversion and 

quantum-cutting are systematically assessed within this framework. In identifying these 

key aspects, this perspective can help guide future research in semitransparent, colorful, 

and transparent LSC designs. 

 

1. Introduction 

An effective strategy to enhance the potential of solar energy collection is to 

seamlessly integrate photovoltaic (PV) devices onto  the surfaces of our built environment, 

converting them into power-generating sources. Consequently, such deployment 

simultaneously enables on-site renewable energy generation and reduces electricity loss in 

transmission and distribution. This approach also expands viable applications to the 

architectural envelop (rooftops, facades and sidings), electric vehicles, greenhouses, and 

mobile electronics, etc. [1] To adequately fulfill the promise of these potential PV adoption 

opportunities, comprehensive understanding beyond photovoltaic performance is required 



in additional factors such as scalability, reliability, affordability, and most importantly, 

aesthetic quality. [2] Luminescent solar concentrators (LSC) were introduced to be a cost-

effective alternative to conventional solar cells. They continue to have great promise in 

building-integrated photovoltaics (BIPV) and other relevant applications. [3,4]  

The working principle of LSCs is shown in Figure 1. Luminophores embedded in 

a transparent LSC waveguide harvest incident solar irradiance and re-emit at different 

wavelengths in all directions. [4,5] The re-emitted photons are predominantly trapped 

within the waveguide and directed towards the edges by total internal reflection, and then 

converted into electricity by attached PV cells. Since the flux is optically shifted to the 

edge-mounted PVs, the whole solar collection area is free of electrode patterning and 

busbars, significantly simplifying the device architecture. In the past decade, rapid 

development in nanostructured and excitonic materials provides various luminophore 

species including quantum dots, [6–14] nanoclusters, [15–17] rare-earth ion 

complexes, [18,19] and organic dyes, [20–23] offering greater versatility and design 

freedom.  

Much of the recent LSC research has been aimed at improving performance and 

scalability of LSCs by improving the photoluminescence quantum yield (QY), [20,22,23] 

waveguide optics, [24,25] solar spectral harvesting, [6,8,17,26,27] surface losses, [9,28] 

voltage losses, [29–31] and reabsorption loss. [6,10,34,11–14,16,19,32,33] However, 

many of the factors that impact aesthetics are often overlooked despite these factors being 

the most critical to market adoptability for many applications. In this work, we develop a 

framework to understand the impact of aesthetics in LSC design based on the absorptance, 



transmittance, reflectance, and photoluminescence. We first identify the key figures of 

merit for aesthetic quality of transparent solar technologies. Then photoluminescence is 

incorporated to evaluate the corresponding impact on these key parameters. A new design 

parameter, the average visible luminescent haze, is defined to more precisely describe and 

quantify the visual perception induced by the escaped photoluminescence. Finally, we 

apply this framework to various LSC luminophores based on down-shifting, up-conversion, 

and quantum-cutting mechanisms.  

 

2. Optical Model  

2.1 Figures of Merit and Criteria for Aesthetic Quality 

Transparent solar cells allow part or all of the visible photons to pass through the 

PV device to create visible transparency and harvest either part of the visible spectrum that 

is not transmitted or the invisible portion (ultraviolet (UV) and near-infrared (NIR)) 

photons to generate electric power. Additionally, LSCs with purposeful coloration can be 

enabled by tuning the corresponding absorption, transmission, reflection, and emission 

spectra, which offer an approach to design the appearance and diversify the aesthetics of 

the applied surfaces. [1,2,35,36] Typically, the aesthetics of transparent photovoltaics 

(TPV) are quantitatively evaluated by using three key figures of merit: average visible 

transmittance (AVT⊥), color rendering index (CRI) and CIELAB color coordinates (a*, 

b*). [1,24,37] The AVT⊥ is used to evaluate the overall visible transparency (weighted by 

the photopic response) of a given TPV device and is widely utilized in the window industry. 



CRI and (a*, b*) can be utilized to quantify the rendered color fidelity and indicate relative 

color of the light transmitted or reflected by the device as test light source with respect to 

a reference illumination source, and both are utilized in the lighting and window 

industries. [24,37,38] Color purity (i.e., color saturation) is used to quantify the degree of 

a tinted color on the CIE 1931 (i.e., CIEXYZ) chromaticity diagram, which quantitatively 

evaluate the degree of closeness of the tinted color compared to the dominant 

monochromatic color. In the CIE 1931 chromaticity diagram, monochromatic colors are 

located along the perimeter of the chromatic diagram, which is also referred as spectral 

locus. The (x, y) coordinates of AM 1.5G (0.332, 0.344), CIE standard illuminated D65 

(0.313, 0.329) and equal energy point (1/3, 1/3) are also included in the CIE 1931 plot: the 

corrected color temperature (CCT) of the AM 1.5G and D65 are ~5513 K and ~6504 K 

along the proximity of Planckian locus, respectively, which are both very close to the equal 

energy point. AM 1.5G energy flux (with the unit of [~W m-2nm-1]) is the standard input 

power intensity widely adopted by solar industry, whereas D65 is a unitless spectrum 

profile based on blackbody radiation curve at ~6500 K that is commonly used as the 

standard illuminant to represent daylight illumination in both lighting and window 

industries. As TPV technologies develop, photovoltaic performance and aesthetic quality 

become equally important for practical deployment, requiring the mergence of the PV and 

CIE standards. In TPV deployment, these devices are illuminated by an incident solar 

spectrum simultaneously dictate both the power conversion efficiency (PCE) and 

aesthetics. Therefore, it is only logic to apply one unified spectrum standard with the unit 

of power per area only for all measurements and both purposes. [24,37,39] In comparison, 

AVT⊥s of various transmittance profiles are calculated based on both AM 1.5G and D65 



spectra, the absolute discrepancies are generally below 1% unless the transmission is 

severely tinted. Nonetheless, we provide the optical properties based on D65 for reference 

(See Supplemental Information Note 1 and Note 4 for detail). 

To design transparent photovoltaics (TPV) that simultaneously maximize the light 

harvesting (PCE) and optimize the corresponding visual appearance, it is necessary to 

define the proper visible spectral range by considering the three key aesthetic parameters. 

Since the air-mass 1.5 global (AM 1.5G) under 1 sun intensity (1000 Wm-2) has been 

widely adopted as the test standard for incident solar irradiation in PV characterization 

since the 1970s, [37,40,41] we use AM 1.5G as the reference spectrum (reference 

illumination source) for the calculation of all the aesthetic parameters (i.e., AM 1.5G alone 

as the input test light source yields an AVT⊥ of 100%, a CRI of 100 and the (a*, b*) at the 

origin (0, 0)). Idealized step-function transmittance profiles with varying cutoffs are 

utilized to confirm the practical visible range (VIS) for TPVs. Previously, the visible range 

had been defined for the purposes of optimizing TPVs with minimal visual impact as 435 

– 675 nm based on CRI > 95 only. [5,17,23,24,37] Here we consider and assess the color 

metrics of both CRI and (a*, b*) in depth. We first survey 50 of the top mass-market 

architectural low-E glass products (see Supplemental Information Note 2 for the statistics) 

to determine the industry targets for the majority of transparent window products. From 

this analysis we find that CRI ≥ 85, and -7 < a* < 0, -3 < b* < 7 are key levels for widespread 

product deployment where the (a*, b*) become the key constraining factor over the CRI. 

As shown in Figure 2A and B, transmitting photons in the range of 430 – 675 nm with no 

light absorption provides a CRI of 96.70 and (a*, b*) of (-3.95, 6.37), adequately meeting 

these requirements while maximizing the solar harvesting in the invisible range. We note 



that the transmissive range is only slightly changed from 435 nm to 430 nm on the blue/UV 

side so that the corresponding b* value slightly decreases from 9.17 to 6.37 and falls within 

the acceptable range. When the long-wavelength cutoff is fixed at 675 nm, redshifting the 

short-wavelength cutoff from 430 nm quickly decreases CRI and rapidly increases b* in 

the positive direction, resulting in perceptible yellow/orange tinting; similarly, with fixed 

short-wavelength cutoff at 430 nm, blue-shifting the long-wavelength cutoff from 675 nm 

into VIS also quickly decreases CRI, and rapidly decreases a* < 0, resulting in blue tinting. 

Thus, any further reduction in this defined VIS range imparts substantial visual impact on 

the corresponding TPVs (see Supplemental Information Note 1 for tabulated data). 

Additionally, we note that blueshifting the UV/VIS cutoff from 430 nm to 420 nm while 

maintaining the NIR cutoff at 675 nm results in the (a*, b*) of (-1.80, 1.87), moving much 

closer to the CIELAB origin with a slightly higher CRI of 97.5 for the highest aesthetic 

demands. Any absorption or reflection peak located within the defined VIS range of 430 – 

675 nm, particularly near the photopic response (V(λ)) peak as shown in Figure 2A, results 

in significant colored tinting, which dramatically reduces AVT⊥ and CRI values and moves 

(a*, b*) far from the origin.  

2.2 Transparent Applications 

The aesthetics of an LSC or any TPV device can be observed from both the 

transmitted and the reflected sides. Thus, the total transmitted or reflected spectrum 

determines the aesthetics of each side. Intuitively, the key figures of merit for aesthetic 

quality in glass industry or conventional TPVs can be readily transferred to the evaluation 

of LSC aesthetics. However, the escaped photoluminescence can cause significant visual 



impact on the LSC aesthetics. For simple waveguides with isotropic emitters and typical 

index of refraction (~1.5), ~25.5% of the total emitted photoluminescence photon flux 

(PLTotal(λ)) escapes from the emission cone (θC) from both sides of the LSC waveguide as 

illustrated in Figure 1. [4,5] The escaped photoluminescence (PLBack(λ) or PLFront(λ), 

~12.75% of PLTotal(λ) on each side) combined with the transmitted or reflected solar 

spectrum (AM 1.5G(λ)∙T(λ) or AM 1.5G(λ)∙R(λ)) determines the total photon flux on each 

side. While anisotropic emitters (e.g., dichroic dyes) can reduce the escaped PL, it is not 

able to completely eliminate escaped PL. [42] If the photoluminescence (PL(λ)) resides 

within the VIS range, then the escaped photoluminescence becomes visually prominent 

and appears as if it were a “colorful haze”. 

Based on the defined VIS range, the idealized step-function absorption profiles in 

the invisible spectral ranges are determined, the same normalized emission profile is 

manually shifted to create photoluminescence as a function of wavelength (PL(λ) in blue, 

cyan, green, orange, red and NIR) as shown in Figure 3A. [4,5] We note PL(λ) is the 

photoluminescence spectral profile normalized by its peak value, which is used for 

schematic purpose, whereas PLTotal(λ), PLFront(λ) and PLBack(λ) are the absolute 

photoluminescence photon fluxes, which share the same unit with AM 1.5G photon flux 

[~number of photons m-2nm-1s-1] and therefore are directly used as input photon fluxes for 

the calculation of various color metrics. Varying degrees of visible absorption are included. 

To isolate the impact from the photoluminescence only, we fix any visible absorption 

profile to be flat across the entire VIS to create color-neutral transmission. Appendix I 

provides the detailed calculation of total absorptance (A(λ)), reflectance (R(λ)) and 

transmittance spectra (T(λ)). The multiplication factor (m) is defined as the number of 



emitted photons per absorbed photon, and the total impact is then assessed based on down-

shifting (m = 1), up-conversion (m = 0.5), and quantum-cutting (m = 2) photoluminescence 

mechanisms described below, respectively.  

For indoor aesthetics, it is assumed that the window is the primary light source 

during the day of a given room as shown in Figure 1. Thus, the visible PLBack(λ) impacts 

the rendered color fidelity of the transmitted sunlight and creates luminescent haze. Such 

haze can be observed as if the window is “glowing” in the color of the photoluminescence. 

A similar effect, but with differing magnitude, is expected for the outdoor aesthetics from 

PLFront(λ) that will impact the exterior appearance of the building. To comprehensively 

assess the aesthetics of LSC devices, these PL spectra are used to correct the AM 

1.5G(λ)∙T(λ) and AM 1.5G(λ)∙R(λ) input spectra (i.e., test light sources) to calculate the 

rendered color with respect to the standard AM 1.5G spectrum (i.e., reference illumination 

source) on each side. Modified color rendering indexes (CRIT and CRIR) and CIELAB color 

coordinates ((a*, b*)T and (a*, b*)R) are used to quantify the rendered colors on each side. 

The detailed CRI and (a*, b*) calculation approaches have been described elsewhere with 

available spreadsheet calculators already provided. [24,37] We note that the calculation of 

average visible transmittance (AVT⊥) remains the same, which is still reported as the 

integration of the T(λ) measured at normal incidence and weighted against the photopic 

response (V(λ)) of the human eye. [37] 

For window products, scattering (in the bulk or on the surfaces of the glass sheet 

due to microscopic imperfections or textures during fabrication process) can cause haze 

that reduces optical quality and the transmission of optical information. Scattering haze is 



defined as the ratio of the transmitted light that is diffuse to the total transmitted light (the 

sum of specular transmittance and diffusive transmittance). [43,44] In the case of  

photoluminescence, we incorporate V(λ) into the definition of a new parameter, the average 

visible luminescent haze (AVLHT and AVLHR for the transmitted and reflected sides, 

respectively, see Appendix II for detailed calculation), to quantify the glowing haze of 

escaped photoluminescence for human perception.  

2.3 Colorful Applications  

Comprehensive tunability in A(λ), T(λ), R(λ) and PL(λ) can be effectively utilized 

and combined to purposefully create colored surfaces. In these cases, there color is 

imparted by transmission and reflection, as well as escaped PL. To demonstrate such design, 

we further modify the idealized step-function absorption profiles in VIS and combine them 

with the VIS DS photoluminescence to purposefully create various transmitted and 

reflected colors (See Supplemental Information Note 5 for detail). The same DS 

photoluminescence profiles shown in Figure 3A are paired with these VIS absorption 

profiles, and the corresponding results of purposeful coloration are calculated with the 

same method as described in the prior section. 

 

3. Photoluminescence Mechanisms  

Down-shifting (DS), shown in Figure 3B, occurs when absorption of high energy 

photons leads to photoluminescence with longer wavelengths via fluorescence or 

phosphorescence with a maximum QY of 100%. In this model, the QYs of all the DS 



processes are assumed to be 100%. To ensure energy conservation in all the A(λ) and PL(λ) 

combinations, we only allow the absorbed photons with wavelengths shorter than the 

emission peak wavelengths to contribute to the DS photoluminescence, therefore, the total 

emitted energy (sum of the escaped from the front and back of the waveguide and the 

trapped within the waveguide) is always lower than the total absorbed energy participating 

in DS photoluminescence process. A typical example of how the DS PLBack(λ) and PLFront(λ) 

impact on the total transmitted and reflected spectra is shown in Figure 3C. With 20% 

neutral VIS single-pass absorptance (A1 = 20%, see Appendix I for detail), the transmitted 

and reflected solar spectra (AM 1.5G(λ)∙T(λ) and AM 1.5G(λ)∙R(λ)) are both determined, 

and the varying PLBack(λ) and PLFront(λ) as a function of emission wavelengths are then 

superimposed onto the transmitted and reflected solar spectra as the combined spectra AM 

1.5G(λ)∙T(λ)+PLBack(λ) and AM 1.5G(λ)∙R(λ)+PLFront(λ) on the transmitted and reflected 

sides, respectively.  

Another mechanism that can be conceptually utilized to enhance LSC performance 

is up-conversion (UC). UC takes multiple low-energy photons below the energy bandgap 

of the edge-mounted PV cells and converts them into a lower number of high-energy 

photons that can be converted to electricity in the PV cell. This mechanism effectively 

expands the solar spectral coverage achievable over conventional DS process. [26,45,46] 

Currently, there are two main approaches to enable up-conversion. In lanthanide-based 

upconverters, the absorbed photon energy is transferred from the co-doped lanthanide 

sensitizers (e.g., Yb3+) to emitters (e.g., Er3+) with spectral overlap, however, this approach 

usually suffers from narrow solar spectrum coverage and inferior QYs, which is unsuitable 

for photovoltaic applications. Another up-conversion approach is triplet-triplet annihilation 



up-conversion (TTA-UC). This mechanism tends to be more suitable for photovoltaic 

applications due to relatively higher optical absorption and QYs. [47–49] Figure 3D shows 

the energy transfer process of TTA-UC. Sensitizer molecules are excited from ground state 

(S0S) to excited state (S1S) by absorbing low-energy photons, then the excited sensitizer 

passes to a long-lived triplet state (T1S) via intersystem crossing (ISC). Subsequently, the 

excited energy transfers from sensitizer triplet state (T1S) to emitter triplet state (T1E), and 

triplet-triplet annihilation (TTA) occurs between two emitters in close proximity to form a 

higher-energy singlet state (S1E) that emits one up-converted high-energy photon. [26] By 

assuming ideal QYs of various UC processes of 50%, the idealized absorptance and 

emission profiles are shown in Figure 3F: the PL(λ) peaks (blue, cyan, green, orange, red 

and NIR) shown in Figure 3A are also used for UC emission, and spectral range between 

675 nm (VIS/NIR border) and up to twice of the corresponding emission peak wavelengths 

(i.e., two low-energy photons are up-converted into one high-energy photon) can be 

potentially utilized for UC harvesting. In all these UC processes we confirm that the total 

absorbed NIR energy is higher than the total up-converted and emitted energy so that the 

energy conservation is always satisfied. 

Quantum-cutting (QC) is a process that effectively enhances DS. In this case, one 

high-energy photon is absorbed and split into multiple low-energy photons. [50–54] The 

energy diagram for QC process is shown in Figure 3E. Upon absorbing one high-energy 

photon, the excited singlet state (S1) undergoes intersystem crossing to dopant states, where 

the QC process takes place and subsequently emits two low-energy photons. This spectral 

conversion approach enables effective utilization of high-energy UV photons in LSC 

application, and the step-function absorptance and emission profiles for QC process with 



ideal QY of 200% is also plotted in Figure 3F. All the UV photons below 430 nm is split 

into multiple deeper NIR photons with a massive down-shift across the VIS range. Notably, 

because the VIS/NIR cutoff is at 675nm, quantum-cutting NIR photons results in emission 

past 1350 nm, and it is very challenging to spectrally match such a deep IR emission with 

high efficiency edge-mounted PV cells. QC with emission in the visible range requires the 

absorbed UV light with photon energy over 3.7 eV (< 338 nm), and the corresponding high 

energy UV photons flux (< 0.4% of the total AM 1.5G photon flux) is negligible for 

electrical power generation. Therefore, these two cases are not considered in this work. 

Similar to the DS process, the combined spectra AM 1.5G(λ)∙T(λ)+PLBack(λ) and 

AM 1.5G(λ)∙R(λ)+PLFront(λ) resulting from the UC and QC mechanisms are also used to 

calculate the rendered color metrics affected by the escaped photoluminescence on each 

side. To date, DS is the most widely adopted photoluminescence mechanism in LSC design 

with near unity QYs. Demonstrations of TTA-UC [27,55,56] and QC 

mechanisms [50,52,53] in LSC systems have also been reported in literature, but TTA-UC 

is still far from ideal due to its relatively low up-conversion efficiency. [46,48] In contrast, 

near 200% QYs have been shown for QC mechanism despite less ideal absorption/emission 

profiles. [50,51,53]  

 

4. Results  

4.1 Transparent Applications 



Figure 4 shows the impact of DS photoluminescence on neutral-colored LSC 

aesthetics as a function of various degrees of visible contribution. Architectural glass 

typically requires AVT⊥s above 50%, which still allows design opportunities and flexibility 

to effectively harvest some visible photons for TPV power generation. [1] The AVT⊥ 

linearly decreases as VIS contribution (A1) increases. However, as visible absorption 

contribution increases, the overall intensities of PLBack(λ) and PLFront(λ) also increase, 

which can significantly affect the combined spectra and aesthetics on both sides (indoor 

and outdoor) of the LSCs.  

In both the lighting and window industries, the color rendering can be categorized 

by the corresponding CRI ranges, typically, 95-100 is “excellent”, 90-95 is “good”, 85-90 

is “acceptable”, and < 85 is “poor” for neutral-colored requirements which are indicated 

with different shades of color in Figure 4A and D. As more incident photons are harvested 

and down-shifted into the visible photoluminescence, the corresponding CRIT and CRIR 

values drop accordingly. On the transmitted side, the CRITs degrade with all visible PL 

colors but still remain within or above the acceptable range as long as the visible 

contribution (A1) is below 50%. On the reflected side, however, all the CRIRs immediately 

degrade to an unacceptable range even without any visible absorption contribution. We 

also see the impact of PLBack(λ) and PLFront(λ) on (a*, b*) in Figure 4B and E, respectively. 

The increasing VIS photon contribution can quickly move the (a*, b*) away from the origin 

(0, 0) towards the corresponding colors of the visible photoluminescence, driving the 

corresponding color tinting out of the acceptable ranges on each side. On the transmitted 

side, we see that the aesthetics are outside the acceptable window for every emission color 

except the ones with PL(λ) in the blue for A1 < 50%, and PL(λ) in the red for A1 < 40%. On 



the reflected side, only LSCs with PL(λ) in the red and A1 < 10% fall within the acceptable 

range.  

Conventionally, the threshold value for scattering haze is limited to < 1% for high 

quality architectural window glass (haze over 0.5-1% creates an uncomfortable “cloudiness” 

to the observers and therefore becomes unacceptable for high quality glazing systems.). 

The impact of glowing haze caused by escaped photoluminescence is also assessed, and 

the resulting AVLHTs and AVLHRs are plotted in logarithmic scale in Figure 4C and F, 

respectively. For all the PL colors, the AVLHTs and AVLHRs monotonously increase as 

more visible photons are harvested and contribute into the DS PL. The threshold 

requirement of 1% is also set for both AVLHT and AVLHR of LSCs with DS mechanisms 

as shown in Figure 4C and F, respectively. On the transmitted side, photoluminescence in 

cyan, green and orange can cause strong glowing haze even with no VIS contribution, and 

photoluminescence in blue and red is acceptable with very limited VIS contribution < 20 - 

30%. On the reflected side, all visible photoluminescence results in corresponding AVLHR 

values over 1% regardless of the VIS contribution.  

Figure 5 summarizes the aesthetic parameters of LSCs with TTA-UC and QC 

mechanisms as a function of PL(λ) peak wavelength. To isolate the impact from the TTA-

UC and QC photoluminescence only, no VIS contribution is included in these assessments. 

As shown in Figure 5A and D, all up-converted emission in VIS range results in reduced 

CRITs on the transmitted side. On the reflected side, the corresponding CRIRs are impacted 

even more strongly from the visible PLFront(λ), and all are unsuitable for window 

applications. Particularly, UC emission in the red results in CRIR as low as 19.4. 



Accordingly, the (a*, b*) coordinates of the LSCs with visible UC emission are strongly 

tinted by the colors of the visible photoluminescence on both sides as shown in Figure 5B 

and E and all are outside of the acceptable range. Additionally, the “glowing” effect would 

be very prominent to observers on both sides of the LSCs with all the corresponding 

AVLHTs and AVLHRs well above the threshold value of 1%. In particular, PLFront(λ) in green 

results in AVLHR as high as ~70% due to the close spectral match of V(λ) and PL(λ).    

4.2 Colorful Applications 

Absorption and emission peaks in VIS should be avoided in LSC designs where 

there is a preference/requirement of color neutrality. [1,5,16,17,20,23,25] However, 

coloration can be desirable in particular LSC applications. [57–59] On the transmitted side 

as shown in Figure 6, the transmitted photon fluxes (AM 1.5G(λ)∙T(λ)) are strongly tinted 

in blue, cyan, green, orange, and red, respectively. As incident photons are harvested and 

down-shifted into visible photoluminescence, the escaped photoluminescence (PLBack(λ)) 

exhibits impact on combined transmitted photon flux (AM 1.5G(λ)∙T(λ)+PLBack(λ)), 

shifting the (x, y)T coordinates of the transmitted colors and simultaneously impacting the 

corresponding color purities depending on the photoluminescence wavelength. 

Photoluminescence could thus reinforce, shift, or deteriorate transmissive or reflective 

color. Since the AM 1.5G(λ)∙T(λ) is significantly stronger compared to the PLBack(λ), the 

shift in (x, y)T is moderate as shown in Figure 6B, but the change in color purity can still 

be up to ~0.2-0.25 (See Supplemental Information Note 6 for tabulated data). The resulting 

(x, y)T coordinates of all the transmitted colors stay close to the spectral locus, suggesting 

relatively high color purities regardless of the impact of VIS photoluminescence colors. 



Although the transmitted color is dominated by the transmittance spectrum (i.e., the 

corresponding VIS absorption profile), the impact from the escaped photoluminescence is 

not negligible. Whereas the colors of reflected photon fluxes are less tinted, and the 

PLFront(λ) fluxes are comparable to AM 1.5G(λ)∙R(λ) fluxes, and as a result, the colors of 

PLFront(λ) can substantially affect the overall colors of combined photon fluxes (AM 

1.5G(λ)∙R(λ)+PLFront(λ)) driving the (a*, b*)R towards the corresponding colors of the 

visible photoluminescence as shown in Figure 7B to F. Therefore, the impact from PL 

should similarly not be overlooked for these types of colorful LSCs.  

 

5. Discussion 

5.1 Transparent Applications 

Significant effort and attention in LSC research have been focusing on improving 

luminophore QYs and suppressing reabsorption loss, however, it is also important to 

consider the various contributions to LSC aesthetics. As emitters are optimized and 

gradually approach theoretical limits for QY (100%, 50% and 200% for DS, UC, and QC 

mechanisms, respectively) and absorption/harvesting range, photoluminescence will 

continuously grow more impactful on all the key aspects of LSC aesthetics. This is 

particularly true when the PL(λ) locates in the VIS. In most cases, the impact on the (a*, 

b*) is unacceptable and is unacceptable in nearly all cases when considering luminescent 

haze (as shown in Figure 4 and 5). In contrast, the impact on CRIT, CRIR, (a*, b*)T and (a*, 

b*)R becomes negligible (even with high levels of visible contribution) as the DS 



photoluminescence is redshifted into NIR range. Additionally, glowing haze (AVLHT and 

AVLHR) caused by NIR photoluminescence is also typically well below 0.5% (but depends 

on how much tail emission there is into the VIS). This effectively helps to maintain the 

high imaging fidelity and aesthetics on both sides. For DS photoluminescence, all incident 

photons with wavelengths shorter than the emission wavelengths can potentially contribute 

to the photovoltaic conversion, which results in the increasing peak height of the 

superimposed PLBack(λ) and PLFront(λ) as photoluminescence wavelength redshifts as 

shown in Figure 3C. With the same degree of AVT⊥, LSCs with NIR photoluminescence 

not only minimize the visual impact, but always maximize the utilization of the VIS 

contribution. Similarly, the UC process with NIR emission and the QC process deeper in 

the NIR can also effectively ensure that these LSC devices meet all aesthetic requirements 

for the highest demand window applications. As shown in Figure 4, the corresponding 

CRIs exhibit the highest quality, the (a*, b*) coordinates reside very close to the origin, 

and the AVLHs are magnitudes below the threshold values on both sides of the LSC devices. 

Similar to the DS process, as the PL(λ) redshifts, the usable solar spectrum for UC process 

also expands increasingly in the NIR and IR as shown in Figure 3F, e.g., photons as deep 

as ~1500 nm can potentially be utilized for the UC with NIR emission. In contrast, for UV-

only selective harvesting TLSCs, the absorption cutoff is limited to < 430 nm to avoid 

yellow tints. The total photon flux at wavelengths < 430 nm is only ~3.7% of the AM 1.5G 

photon flux, therefore, the potential of these configuration seems limited. However, there 

are several strategies to effectively enhance the photovoltaic performance of UV-only 

TLSCs: 1) The UV contribution can be potentially doubled by quantum-cutting one high 

energy UV photon into two NIR photons, where the corresponding NIR emission 



wavelengths typically match the peak external quantum efficiency of the commercially 

available edge-mounted PV (EQEPV), such as Si, GaAs, CIGS PVs, increasing the UV-

only efficiency limits up to 5.6%. Such massive down-shift across the VIS range is also 

advantageous for scaling to the practical size over l m; [5,50–54] 2) Provided narrow 

emission profile and negligible overlapping with the UV absorption, the edge-mounted PV 

with large bandgap (up to ~2.88 eV) can be paired with a UV/blue emission profile (~435-

440 nm) to minimize the voltage loss of the LSC-PV system, yielding a maximum PCE up 

to ~6.9%. [5] In this UV-only selective configuration, the total energy flux at wavelengths 

< 430 nm is ~8.2% of the AM 1.5G energy flux (rather than photon flux), which ultimately 

determines the potential PCE limits; [5,35,60,61] 3) With optical isolation, the UV-only 

TLSC can be used as the top component and combined with other selective-harvesting LSC 

components to form multi-band LSC-PV systems, [6–8,17,62,63] which can 

simultaneously enhance the solar spectral coverage and protect other LSC components 

from high energy photo-degradation. It is important to note that some of these limitations 

can be partially mitigated by increasing the waveguide trapping efficiency (𝜂𝑇𝑟𝑎𝑝). In 

theory, this can be improved to near 100% with combined anti-reflection coatings and 

distributed Bragg reflectors with tunable stop bands. In this case, the visual impact of 

photoluminescence would be effectively minimized or even eliminated for all 

photoluminescence mechanisms. However, such waveguiding enhancement can only be 

enabled when these optical designs are simultaneously applied onto both sides of the 

waveguide, and the stop bands need to spectrally match the PL (λ) wavelengths. If the PL 

(λ) and the corresponding stop bands reside within the VIS range (at normal or oblique 

incidence), the device will be strongly tinted from the corresponding T(λ) and R(λ) spectra 



as opposed to the PL spectra (a poor tradeoff), still exhibiting low color fidelity on both 

sides. While such an approach can potentially mitigate the impact of photoluminescence 

on the aesthetics, it comes at a substantial financial cost that would likely negate some or 

all of the low-cost advantage of an LSC approach. Similarly, the use of higher refractive 

index waveguides (i.e., glass) can simultaneously reduce waveguiding losses and 

photoluminescence impacting on the aesthetics, but also with the similar cost tradeoffs 

since high refractive index windows are not commonly/commercially available at large 

scales.  

5.2 Colorful Applications 

In certain applications, surfaces with purposeful coloration are desired, and VIS 

luminescent haze can be incorporated to enhance such visual impact or expand the color 

tunability range. Herein, the VIS luminescence haze is deemed as a benefit rather than a 

detriment. [64,65] Figure 4B and E, Figure 5 B and E, Figure 6B and Figure 7B to F show 

the expanded color tunability enabled by photoluminescence (in DS, UC, and QC) on the 

transmitted and reflected side, respectively. Notably, for LSCs with coloration from VIS 

absorption, if the AM 1.5G(λ)∙R(λ) and PLFront(λ) profiles are designed to overlap with each 

other, the preferred reflected colors can be further enhanced by the escaped VIS 

photoluminescence as shown in Figure 7B to F. Furthermore, the combination of various 

coloration mechanisms (selective absorption, reflective coating, and VIS 

photoluminescence) offers diverse approaches to modify the surface appearance (either the 

entire panel or partial surface coverage) instead of electrical power production, for example, 

the artistic potential of the LSCs can be exploited by utilizing different luminophores with 



various absorption and emission profiles as paints on transparent waveguides as canvases. 

Intricate patterns, special signage or even artistic creation can be applied, where 

luminescence can offer a unique visual perception or improved color saturation. [57–

59,64,65]  

 

6. Conclusions 

Luminescent solar concentrators provide promising opportunities for widespread 

solar adoption due to their structural simplicity, ease of fabrication, design flexibility, and 

selective harvesting tunability. However, the significance of LSC aesthetics is often 

underestimated or ignored even though these metrics are often the key thresholds for 

practical applications. In this perspective, we first identify the key figures of merit for 

aesthetic quality of semitransparent and transparent LSC devices, and then we develop an 

optical model to quantitatively evaluate the rendered color fidelity and glowing haze of 

LSC system by incorporating the impact of escaped photoluminescence. The aesthetics of 

LSCs with various photoluminescence mechanisms, including down-shifting, up-

conversion, and quantum-cutting processes, are systematically analyzed, and future 

strategies to simultaneously improve the photovoltaic performance and aesthetic quality of 

LSCs are proposed. For LSC applications with the requirements of minimum visual impact 

from escaped photoluminescence, the optimal approach is to shift the PL into NIR, which 

is also beneficial to minimize the overlap between absorption and emission profiles, 

suppressing the corresponding reabsorption loss. Quantitative analysis based on the optical 

model demonstrates the value of such an approach. As emitter materials with various 



photoluminescence mechanisms develop and the corresponding photoluminescence QYs 

improve, the consideration and optimization of the overall LSC photovoltaic performance 

and visual impact will start to emerge. Therefore, the goal of this work is to provide a 

roadmap for LSC development with aesthetic consideration in advance, so that the research 

can push LSC technologies more commercially appealing in both PV performance and 

aesthetic quality in the future, rather than the opposite way. Purposeful coloration enabled 

by visible-absorbing and emitting luminophores in LSC design is also quantitatively 

discussed. Visible photoluminescence could effectively reinforce, shift, or deteriorate the 

color rendering effects on both the transmitted and reflected sides of the LSCs. Ultimately, 

we expect this work can help guide researchers in developing comprehensive consideration 

of all the crucial aesthetic aspects in LSC design for a market-adoptable pathway. 
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Appendix I Relationship between Idealized Absorptance, Transmittance and 

Reflectance for Single-Pane Module  

When the single-pane see-through photovoltaics (PV) is illuminated by incident 

solar irradiance, the light beam experiences multiple reflection and transmission events at 

the two air/PV interfaces. As shown in Figure 8, the sum of the total reflected intensity 

and total transmitted intensity determines the total reflectance (R) and transmittance (T) of 

the see-through PV device, respectively. Here we derive the relationship between overall 

absorptance (A), transmittance, and reflectance for a single-pane module where the 

absorbing material is uniformly dispersed throughout the waveguide media. 

With refractive index, n = 1.5 of the see-through PV, the reflectance at the air/front 

surface interface (Rf) is: 

𝑅𝑓 = (
𝑛 − 1

𝑛 + 1
)
2

= 0.04 

According to the Beer-Lamber law, when incident light beam transmits through a uniform 

attenuating medium with absorptivity (α), the single-pass transmittance (T1) with an optical 

path length of d can be expressed as the ratio of transmitted light beam intensity (It) to the 

incident light beam intensity (I0) as: 

𝑇1 =
𝐼𝑡
𝐼0
= exp⁡(−𝛼 ∙ 𝑑) 

Therefore, the single-pass absorptance starting from within the media (A1) is: 

𝐴1 = 1 − 𝑇1 = 1 − exp⁡(−𝛼 ∙ 𝑑) 



For a single-pane see-through PV with multiple reflection and transmission events, the 

light beam intensity of each reflection and transmission event can be expressed as: 

1st-order:  

𝐼𝑟1 = 𝐼0 ∙ 𝑅𝑓 

𝐼𝑎1 = 𝐼0 ∙ (1 − 𝑅𝑓) ∙ 𝐴1 

𝐼𝑡1 = 𝐼0 ∙ (1 − 𝑅𝑓) ∙ (1 − 𝐴1) ∙ (1 − 𝑅𝑓) = 𝐼0 ∙ (1 − 𝑅𝑓)
2
∙ (1 − 𝐴1) 

2nd-order: 

𝐼𝑟2 = 𝐼0 ∙ (1 − 𝑅𝑓) ∙ (1 − 𝐴1) ∙ 𝑅𝑓 ∙ (1 − 𝐴1) ∙ (1 − 𝑅𝑓) = 𝐼0 ∙ 𝑅𝑓 ∙ (1 − 𝑅𝑓)
2
∙ (1 − 𝐴1)

2 

𝐼𝑎2 = 𝐼0 ∙ (1 − 𝑅𝑓) ∙ (1 − 𝐴1) ∙ 𝑅𝑓 ∙ 𝐴1 + 𝐼0 ∙ (1 − 𝑅𝑓) ∙ (1 − 𝐴1) ∙ 𝑅𝑓 ∙ (1 − 𝐴1) ∙ 𝑅𝑓 ∙ 𝐴1

= 𝐼0 ∙ (1 − 𝑅𝑓) ∙ 𝐴1 ∙ [𝑅𝑓 ∙ (1 − 𝐴1)] + 𝐼0 ∙ (1 − 𝑅𝑓) ∙ 𝐴1

∙ [𝑅𝑓 ∙ (1 − 𝐴1)]
2
 

𝐼𝑡2 = 𝐼0 ∙ (1 − 𝑅𝑓) ∙ (1 − 𝐴1) ∙ 𝑅𝑓 ∙ (1 − 𝐴1) ∙ 𝑅𝑓 ∙ (1 − 𝐴1) ∙ (1 − 𝑅𝑓)

= 𝐼0 ∙ (1 − 𝑅𝑓)
2
∙ 𝑅𝑓

2 ∙ (1 − 𝐴1)
3 = 𝐼𝑡1 ∙ 𝑅𝑓

2 ∙ (1 − 𝐴1)
2 

3rd-order: 

𝐼𝑟3 = 𝐼0 ∙ (1 − 𝑅𝑓) ∙ (1 − 𝐴1) ∙ 𝑅𝑓 ∙ (1 − 𝐴1) ∙ 𝑅𝑓 ∙ (1 − 𝐴1) ∙ 𝑅𝑓 ∙ (1 − 𝐴1) ∙ (1 − 𝑅𝑓)

= 𝐼0 ∙ (1 − 𝑅𝑓)
2
∙ 𝑅𝑓

3 ∙ (1 − 𝐴1)
4 = 𝐼𝑟2 ∙ 𝑅𝑓

2 ∙ (1 − 𝐴1)
2 



𝐼𝑎3 = 𝐼0 ∙ (1 − 𝑅𝑓) ∙ (1 − 𝐴1) ∙ 𝑅𝑓 ∙ (1 − 𝐴1) ∙ 𝑅𝑓 ∙ (1 − 𝐴1) ∙ 𝑅𝑓 ∙ 𝐴1 + 𝐼0 ∙ (1 − 𝑅𝑓)

∙ (1 − 𝐴1) ∙ 𝑅𝑓 ∙ (1 − 𝐴1) ∙ 𝑅𝑓 ∙ (1 − 𝐴1) ∙ 𝑅𝑓 ∙ (1 − 𝐴1) ∙ 𝑅𝑓 ∙ 𝐴1

= 𝐼0 ∙ (1 − 𝑅𝑓) ∙ 𝐴1 ∙ [𝑅𝑓 ∙ (1 − 𝐴1)]
3
+ 𝐼0 ∙ (1 − 𝑅𝑓) ∙ 𝐴1

∙ [𝑅𝑓 ∙ (1 − 𝐴1)]
4
 

𝐼𝑡3 = 𝐼0 ∙ (1 − 𝑅𝑓) ∙ (1 − 𝐴1) ∙ 𝑅𝑓 ∙ (1 − 𝐴1) ∙ 𝑅𝑓 ∙ (1 − 𝐴1) ∙ 𝑅𝑓 ∙ (1 − 𝐴1) ∙ 𝑅𝑓

∙ (1 − 𝐴1) ∙ (1 − 𝑅𝑓) = 𝐼0 ∙ (1 − 𝑅𝑓)
2
∙ 𝑅𝑓

4 ∙ (1 − 𝐴1)
5

= 𝐼𝑡2 ∙ 𝑅𝑓
2 ∙ (1 − 𝐴1)

2 

4th-order: 

𝐼𝑟4 = 𝐼0 ∙ (1 − 𝑅𝑓) ∙ (1 − 𝐴1) ∙ 𝑅𝑓 ∙ (1 − 𝐴1) ∙ 𝑅𝑓 ∙ (1 − 𝐴1) ∙ 𝑅𝑓 ∙ (1 − 𝐴1) ∙ 𝑅𝑓

∙ (1 − 𝐴1) ∙ 𝑅𝑓 ∙ (1 − 𝐴1) ∙ (1 − 𝑅𝑓) = 𝐼0 ∙ (1 − 𝑅𝑓)
2
∙ 𝑅𝑓

5 ∙ (1 − 𝐴1)
6

= 𝐼𝑟3 ∙ 𝑅𝑓
2 ∙ (1 − 𝐴1)

2 

𝐼𝑎4 = 𝐼0 ∙ (1 − 𝑅𝑓) ∙ (1 − 𝐴1) ∙ 𝑅𝑓 ∙ (1 − 𝐴1) ∙ 𝑅𝑓 ∙ (1 − 𝐴1) ∙ 𝑅𝑓 ∙ (1 − 𝐴1) ∙ 𝑅𝑓

∙ (1 − 𝐴1) ∙ 𝑅𝑓 ∙ 𝐴1 + 𝐼0 ∙ (1 − 𝑅𝑓) ∙ (1 − 𝐴1) ∙ 𝑅𝑓 ∙ (1 − 𝐴1) ∙ 𝑅𝑓

∙ (1 − 𝐴1) ∙ 𝑅𝑓 ∙ (1 − 𝐴1) ∙ 𝑅𝑓 ∙ (1 − 𝐴1) ∙ 𝑅𝑓 ∙ (1 − 𝐴1) ∙ 𝑅𝑓 ∙ 𝐴1

= 𝐼0 ∙ (1 − 𝑅𝑓) ∙ 𝐴1 ∙ [𝑅𝑓 ∙ (1 − 𝐴1)]
5
+ 𝐼0 ∙ (1 − 𝑅𝑓) ∙ 𝐴1

∙ [𝑅𝑓 ∙ (1 − 𝐴1)]
6
 

𝐼𝑡4 = 𝐼0 ∙ (1 − 𝑅𝑓) ∙ (1 − 𝐴1) ∙ 𝑅𝑓 ∙ (1 − 𝐴1) ∙ 𝑅𝑓 ∙ (1 − 𝐴1) ∙ 𝑅𝑓 ∙ (1 − 𝐴1) ∙ 𝑅𝑓

∙ (1 − 𝐴1) ∙ 𝑅𝑓 ∙ (1 − 𝐴1) ∙ 𝑅𝑓 ∙ (1 − 𝐴1) ∙ (1 − 𝑅𝑓)

= 𝐼0 ∙ (1 − 𝑅𝑓)
2
∙ 𝑅𝑓

6 ∙ (1 − 𝐴1)
7 = 𝐼𝑡3 ∙ 𝑅𝑓

2 ∙ (1 − 𝐴1)
2 



∙∙∙ 

nth-order: 

𝐼𝑟𝑛 = 𝐼𝑟𝑛−1 ∙ 𝑅𝑓
2 ∙ (1 − 𝐴1)

2 

𝐼𝑡𝑛 = 𝐼𝑡𝑛−1 ∙ 𝑅𝑓
2 ∙ (1 − 𝐴1)

2 

Both Ir and It are geometric sequences with common ratio of 𝑅𝑓
2 ∙ (1 − 𝐴1)

2 < 1. It is noted 

that the R geometric sequence starts from the 2nd-order. The total reflectance and 

transmittance as the sum of the geometric sequences can therefore be calculated: 

∑𝐼𝑟𝑖

∞

𝑖=1

= 𝐼0 ∙ 𝑅𝑓 + 𝐼0 ∙ 𝑅𝑓 ∙ (1 − 𝑅𝑓)
2
∙ (1 − 𝐴1)

2 + 𝐼0 ∙ 𝑅𝑓 ∙ (1 − 𝑅𝑓)
2
∙ (1 − 𝐴1)

2

∙ [𝑅𝑓
2 ∙ (1 − 𝐴1)

2] + 𝐼0 ∙ 𝑅𝑓 ∙ (1 − 𝑅𝑓)
2
∙ (1 − 𝐴1)

2 ∙ [𝑅𝑓
2 ∙ (1 − 𝐴1)

2]
2

+ 𝐼0 ∙ 𝑅𝑓 ∙ (1 − 𝑅𝑓)
2
∙ (1 − 𝐴1)

2 ∙ [𝑅𝑓
2 ∙ (1 − 𝐴1)

2]
3
+⋯ 

𝑅 =
∑ 𝐼𝑟𝑖
∞
𝑖=1

𝐼0
= 𝑅𝑓 +

𝑅𝑓 ∙ (1 − 𝑅𝑓)
2
∙ (1 − 𝐴1)

2

1 − 𝑅𝑓
2 ∙ (1 − 𝐴1)2

 

Similarly, 

∑𝐼𝑡𝑖

∞

𝑖=1

= 𝐼0 ∙ (1 − 𝑅𝑓)
2
∙ (1 − 𝐴1) + 𝐼0 ∙ (1 − 𝑅𝑓)

2
∙ (1 − 𝐴1) ∙ [𝑅𝑓

2 ∙ (1 − 𝐴1)
2] + 𝐼0

∙ (1 − 𝑅𝑓)
2
∙ (1 − 𝐴1) ∙ [𝑅𝑓

2 ∙ (1 − 𝐴1)
2]
2
+ 𝐼0 ∙ (1 − 𝑅𝑓)

2
∙ (1 − 𝐴1)

∙ [𝑅𝑓
2 ∙ (1 − 𝐴1)

2]
3
+⋯ 



𝑇 =
∑ 𝐼𝑡𝑖
∞
𝑖=1

𝐼0
=
(1 − 𝑅𝑓)

2
∙ (1 − 𝐴1)

1 − 𝑅𝑓
2 ∙ (1 − 𝐴1)2

 

Ia is also a geometric sequence with a different common ratio of 𝑅𝑓 ∙ (1 − 𝐴1), and the total 

absorptance can be calculated as: 

∑𝐼𝑎𝑖

∞

𝑖=1

= 𝐼0 ∙ (1 − 𝑅𝑓) ∙ 𝐴1 + 𝐼0 ∙ (1 − 𝑅𝑓) ∙ 𝐴1 ∙ [𝑅𝑓 ∙ (1 − 𝐴1)] + 𝐼0 ∙ (1 − 𝑅𝑓) ∙ 𝐴1

∙ [𝑅𝑓 ∙ (1 − 𝐴1)]
2
+ 𝐼0 ∙ (1 − 𝑅𝑓) ∙ 𝐴1 ∙ [𝑅𝑓 ∙ (1 − 𝐴1)]

3
+ 𝐼0 ∙ (1 − 𝑅𝑓)

∙ 𝐴1 ∙ [𝑅𝑓 ∙ (1 − 𝐴1)]
4
+ 𝐼0 ∙ (1 − 𝑅𝑓) ∙ 𝐴1 ∙ [𝑅𝑓 ∙ (1 − 𝐴1)]

5
+ 𝐼0

∙ (1 − 𝑅𝑓) ∙ 𝐴1 ∙ [𝑅𝑓 ∙ (1 − 𝐴1)]
6
+⋯ 

𝐴 =
∑ 𝐼𝑎𝑖
∞
𝑖=1

𝐼0
=

(1 − 𝑅𝑓) ∙ 𝐴1

1 − 𝑅𝑓 ∙ (1 − 𝐴1)
 

To confirm 𝐴 + 𝑇 + 𝑅 = 1, the consistency derivation is shown below: 



𝐴 + 𝑇 + 𝑅

= [
(1 − 𝑅𝑓) ∙ 𝐴1

1 − 𝑅𝑓 ∙ (1 − 𝐴1)
] + [

(1 − 𝑅𝑓)
2
∙ (1 − 𝐴1)

1 − 𝑅𝑓
2 ∙ (1 − 𝐴1)2

] + [𝑅𝑓 +
𝑅𝑓 ∙ (1 − 𝑅𝑓)

2
∙ (1 − 𝐴1)

2

1 − 𝑅𝑓
2 ∙ (1 − 𝐴1)2

]

=
(1 − 𝑅𝑓) ∙ 𝐴1 ∙ [1 + 𝑅𝑓 ∙ (1 − 𝐴1)] + (1 − 𝑅𝑓)

2
∙ (1 − 𝐴1) + 𝑅𝑓 ∙ (1 − 𝑅𝑓)

2
∙ (1 − 𝐴1)

2

1 − 𝑅𝑓
2 ∙ (1 − 𝐴1)2

+ 𝑅𝑓

=
(1 − 𝑅𝑓) ∙ 𝐴1 ∙ [1 + 𝑅𝑓 ∙ (1 − 𝐴1)] + (1 − 𝑅𝑓)

2
∙ (1 − 𝐴1) ∙ [1 + 𝑅𝑓 ∙ (1 − 𝐴1)]

1 − 𝑅𝑓
2 ∙ (1 − 𝐴1)2

+ 𝑅𝑓

=
(1 − 𝑅𝑓) ∙ [1 + 𝑅𝑓 ∙ (1 − 𝐴1)] ∙ [𝐴1 + (1 − 𝑅𝑓) ∙ (1 − 𝐴1)]

1 − 𝑅𝑓
2 ∙ (1 − 𝐴1)2

+ 𝑅𝑓

=
(1 − 𝑅𝑓) ∙ [1 + 𝑅𝑓 ∙ (1 − 𝐴1)] ∙ [𝐴1 + 1 − 𝑅𝑓 − 𝐴1 + 𝑅𝑓 ∙ 𝐴1]

1 − 𝑅𝑓
2 ∙ (1 − 𝐴1)2

+ 𝑅𝑓

=
(1 − 𝑅𝑓) ∙ [1 + 𝑅𝑓 ∙ (1 − 𝐴1)] ∙ [1 − 𝑅𝑓 + 𝑅𝑓 ∙ 𝐴1]

1 − 𝑅𝑓
2 ∙ (1 − 𝐴1)2

+ 𝑅𝑓

=
(1 − 𝑅𝑓) ∙ [1 + 𝑅𝑓 ∙ (1 − 𝐴1)] ∙ [1 − 𝑅𝑓 ∙ (1 − 𝐴1)]

1 − 𝑅𝑓
2 ∙ (1 − 𝐴1)2

+ 𝑅𝑓

=
(1 − 𝑅𝑓) ∙ [1 − 𝑅𝑓

2 ∙ (1 − 𝐴1)
2] + 𝑅𝑓 ∙ [1 − 𝑅𝑓

2 ∙ (1 − 𝐴1)
2]

1 − 𝑅𝑓
2 ∙ (1 − 𝐴1)

2

=
(1 − 𝑅𝑓 + 𝑅𝑓) ∙ [1 − 𝑅𝑓

2 ∙ (1 − 𝐴1)
2]

1 − 𝑅𝑓
2 ∙ (1 − 𝐴1)2

=
1 − 𝑅𝑓

2 ∙ (1 − 𝐴1)
2

1 − 𝑅𝑓
2 ∙ (1 − 𝐴1)2

= 1 

In our optical model, different A1 values in visible range (430 - 675 nm) are input 

(e.g., A1 = 0, 0.1, 0.2∙∙∙) to create various idealized step-function absorptance profile (A) as 

shown in Figure 3A: for example, with A1 = 0.2 in visible range, the calculated R = 0.064, 

T = 0.738, and A = 0.198; and with A1 = 1 outside of visible range (< 430 nm and > 675 

nm), R = 0.04, T = 0, and A = 0.96. 



Appendix II Average Visible Luminescent Haze Definition  

In an LSC system with simple waveguide and isotropic emitters as shown in Figure 

9, the incident light beam is transmitted and reflected only in normal direction, which 

determines the corresponding average visible transmittance (AVT⊥) and the average visible 

reflectance (AVR⊥), respectively. Whereas the un-trapped photoluminescence escapes from 

both sides of the waveguide in all directions, which determines the corresponding average 

visible luminescent haze (AVLHT and AVLHR). 

In window and plastic industry, the scattering haze is defined as the ratio of the 

transmitted light that is scattered to the total transmitted light (the sum of specular 

transmittance and diffusive transmittance). [43,44] The definition of scattering haze is 

therefore referenced to quantify the glowing haze. On the transmitted side: 

𝐴𝑉𝑇⊥ =
∫𝐴𝑀⁡1.5𝐺(𝜆) ∙ 𝑇(𝜆) ∙ 𝑉(𝜆)𝑑𝜆

∫𝐴𝑀⁡1.5𝐺(𝜆) ∙ 𝑉(𝜆)𝑑𝜆
 

𝐴𝑉𝑇𝐺𝑙𝑜𝑤𝑖𝑛𝑔 =
∫𝑃𝐿𝐵𝑎𝑐𝑘(𝜆) ∙ 𝑉(𝜆)𝑑𝜆

∫𝐴𝑀⁡1.5𝐺(𝜆) ∙ 𝑉(𝜆)𝑑𝜆
 

where T(λ) is the transmittance spectrum directly measured by the double-beam 

spectrometer (with no blank sample on the reference side) and PLBack(λ) is the absolute 

escaped photoluminescence photon flux on the transmitted (back) side of the waveguide 

that is a function of the waveguide trapping efficiency (𝜂𝑇𝑟𝑎𝑝 ) and the absolute total 

photoluminescence photon flux (PLTotal(λ)) as: 

𝑃𝐿𝐵𝑎𝑐𝑘(𝜆) = 0.5 × (1 − 𝜂𝑇𝑟𝑎𝑝) ∙ 𝑃𝐿
𝑇𝑜𝑡𝑎𝑙(𝜆) = 0.5 × (1 − √1 − 1/𝑛𝑆𝑢𝑏2) ∙ 𝑃𝐿

𝑇𝑜𝑡𝑎𝑙(𝜆) . 

Multiplying the factor of 0.5 accounts for each side, and the product of 0.5 × (1 −



√1 − 1/𝑛𝑆𝑢𝑏
2)  is ~12.7%. The corresponding AVLHT is then defined based on the 

traditional definition of haze as the fraction of diffuse component to the sum of specular 

and diffusive components as: 

𝐴𝑉𝐿𝐻𝑇 =
𝐴𝑉𝑇𝐺𝑙𝑜𝑤𝑖𝑛𝑔

𝐴𝑉𝑇⊥ + 𝐴𝑉𝑇𝐺𝑙𝑜𝑤𝑖𝑛𝑔
 

Similarly, on the reflected side: 

𝐴𝑉𝑅⊥ =
∫𝐴𝑀⁡1.5𝐺(𝜆) ∙ 𝑅(𝜆) ∙ 𝑉(𝜆)𝑑𝜆

∫𝐴𝑀⁡1.5𝐺(𝜆) ∙ 𝑉(𝜆)𝑑𝜆
 

𝐴𝑉𝑅𝐺𝑙𝑜𝑤𝑖𝑛𝑔 =
∫𝑃𝐿𝐹𝑟𝑜𝑛𝑡(𝜆) ∙ 𝑉(𝜆)𝑑𝜆

∫𝐴𝑀⁡1.5𝐺(𝜆) ∙ 𝑉(𝜆)𝑑𝜆
= 𝐴𝑉𝑇𝐺𝑙𝑜𝑤𝑖𝑛𝑔 

Where, R(λ) is the reflectance spectrum, which can also be directly measured by the double-

beam spectrometer. Then the corresponding AVLHR is defined as: 

𝐴𝑉𝐿𝐻𝑅 =
𝐴𝑉𝑅𝐺𝑙𝑜𝑤𝑖𝑛𝑔

𝐴𝑉𝑅⊥ + 𝐴𝑉𝑅𝐺𝑙𝑜𝑤𝑖𝑛𝑔
 

  



Figures 

 

Figure 1. Schematic showing the impact of escaped photoluminescence on the aesthetics 

of luminescent solar concentrator (LSC) systems. The incident sunlight beam is transmitted 

and reflected only in the normal direction (in light yellow), whereas the un-trapped 

photoluminescence escapes from both waveguide surfaces in all directions (in red) which 

creates a “glowing” effect to observers on both sides. Therefore, the transmitted solar 

spectrum combined with the escaped photoluminescence spectrum (AM 

1.5G(λ)∙T(λ)+PLBack(λ)) determines the aesthetic parameters of the LSC on the transmitted 

side (i.e., indoor), and the reflected solar spectrum combined with the escaped 

photoluminescence spectrum (AM 1.5G(λ)∙R(λ)+PLFront(λ)) determines the aesthetic 

parameters of the LSC on the reflected side (i.e., outdoor). 



 

Figure 2. (A) Color rendering index (CRIT, red triangle) and average visible transmittance 

(AVT⊥, black triangle) of the TPVs as a function of short and long idealized visible 

transmission wavelength cutoff shown in the insets. The photopic response (V(λ)) is also 

included as the background. AM 1.5G solar spectrum is used as the reference light source, 

which results in a CRIT value of 100. (B) CIELAB color coordinates (a*, b*)T as a function 

of short and long idealized visible transmission wavelength cutoff shown in the insets. The 

acceptable (a*, b*)T range based on mass-market architectural glass products is plotted as 

the dashed box: -7 < a* < 0 and -3 < b* < 7, and the reference spectrum AM 1.5G is at the 

origin (0, 0). With comprehensive consideration of both color metrics, the visible range is 

therefore defined as 430 – 675 nm, which results in CRIT of 96.70 and (a*, b*) of (-3.95, 

6.37) (indicated as grey diamonds in (A) and (B)), a more strict definition of visible range, 

420 – 675 nm, results in CRIT of 97.51 and (a*, b*) of (-1.80, 1.87) (indicated as grey 

squares in (A) and (B)). 



 

Figure 3. (A) Schematic of idealized absorption and emission characteristics with step-

function absorptance profiles with various degrees of visible contribution between 430 – 

675 nm are drawn. The emission profile is manually shifted to create photoluminescence 

as a function of wavelength (PL(λ) in blue, cyan, green, orange, red and near-infrared (NIR)) 

in the optical model. (B) Jablonski energy diagram of down-shifting photoluminescence 

process. (C) An example to show the impact of escaped down-shifting photoluminescence 

on the combined spectra on transmitted and reflected sides of an LSC system with 20% 

visible neutral single-pass absorptance (A1). AM 1.5G photon flux is also included as 

background for comparison. Jablonski energy diagrams of (D) Triplet-triplet annihilation 

up-conversion (TTA-UC) and (E) Quantum-cutting (QC) photoluminescence processes. (F) 

Idealized absorption and emission characteristics of spectral conversion approaches in LSC 

design: UV photons are quantum-cut with emission in NIR; the usable IR range expands 

as the up-converted emission wavelength redshifts (PL(λ) manually shifted from blue to 

NIR). Note that the product of the corresponding absolute absorptance heights (A) and the 

multiplication factors (m) is used as the right axis (A × m) to signify these spectral 

conversion mechanisms. 



 

Figure 4. The impact of escaped down-shifting (DS) photoluminescence in different 

emission wavelengths on (A) CRIT and AVT⊥, (B) (a*, b*)T, (C) average visible 

luminescent haze (AVLHT), (D) CRIR, (E) (a*, b*)R and (F) AVLHR  as a function of degree 

of A1. Note: 1) different shades of background colors in (A) and (D) indicate various CRI 

grades of transparent window glasses on each side: 95-100 for “excellent” (in white), 90-

95 for “good” (in light gray), 85-90 for “acceptable” (in dark gray), and below 85 for “poor” 

(in red); 2) dashed boxes in (B) and (E) indicate the acceptable (a*, b*) ranges: for (a*, 

b*)T, -7 < a* < 0 and -3 < b* < 7; and for (a*, b*)R, -6 < a* < 5 and -14 < b* < 4, which is 

based on the survey of many commercially available architectural glass products (see 

Supplemental Information Note 2 for detail); 3) the threshold value is 1% for AVLH on 

both sides, AVLH range above 1% in red shade suggests strong visual impact from glowing 

haze due to escaped visible photoluminescence, which is unacceptable for window 

applications; AVLH range between 0.5% and 1% in grey, is less favorable for high quality 

glazing systems. All the data shown in Figure 4 are also tabulated in Supplemental 

Information Note 3. 



 

Figure 5. The impact of escaped photoluminescence from up-conversion (UC) and 

quantum-cutting (QC) processes on (A) CRIT, (B) (a*, b*)T, (C) AVLHT, (D) CRIR, (E) (a*, 

b*)R and (F) AVLHR as a function of emission wavelength. All the data shown in Figure 5 

are also tabulated in Supplemental Information Note 3. 

 

 

 

 

 



 

Figure 6. (A) Idealized step-function transmittance profiles of LSCs with various 

purposeful coloration. (B) The impact of various escaped photoluminescence from DS 

process in different emission wavelengths on various transmitted colors. Note: 1) the edge 

colors of the down-triangle legends represent the transmitted colors, and the fill colors of 

triangle legends represent the photoluminescence colors; 2) CIE 1931 color chromaticity 

diagram is suitable to illustrate the high color purities of the transmitted colors under the 

impact of various escaped photoluminescence. As the example shown in (B), the color 

purity (i.e., color saturation) of the transmitted color is the distance in the chromaticity 

diagram between the (x, y)T color coordinate point of the test source and the coordinate of 

the equal energy point of (1/3, 1/3) as a, divided by the distance between the equal energy 

point and the dominant color wavelength point (xd, yd) as a+b. Therefore, the color purity 

of (x, y)T is thus calculated as =
𝑎

𝑎+𝑏
=

√(𝑥−1/3)2+(𝑦−1/3)2

√(𝑥𝑑−1/3)
2+(𝑦𝑑−1/3)

2
. All the data shown in Figure 

6 are also tabulated in Supplemental Information Note 6. 

 



 

Figure 7. (A) Idealized step-function reflected profiles of LSCs with various purposeful 

coloration. (B) The impact of various escaped photoluminescence from DS process in 

different emission wavelengths on (B) reflected blue color, (C) reflected cyan color, (D) 

reflected green color, (E) reflected orange color and (F) reflected red color. Note: the edge 

colors of the up-triangle legends represent the reflected colors, and the fill colors of triangle 

legends represent the photoluminescence colors. All the data shown in Figure 7 are also 

tabulated in Supplemental Information Note 6. 

 



 

Figure 8. (Appendix I) Schematic showing the incident light beam (I0) experiences 

multiple reflection and transmission events when it interacts with a single-pane see-through 

PV device. 

 

 

Figure 9. (Appendix II) Schematic showing the transmitted and reflected light (orange 

arrows) and the escaped photoluminescence (red arrows).  

 


