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SUMMARY

Fair and meaningful device per-
formance comparison among
luminescent solar concentrator-
photovoltaic (LSC-PV) reports
cannot be realized without a gen-
eral consensus on reporting stan-
dards in LSC-PV research. There-
fore, it is imperative to adopt
standardized characterization
protocols for these emerging
types of PV devices that are
consistent with other PV devices.
This commentary highlights
several common limitations in
LSC literature and summarizes
the best practices moving for-
ward to harmonize with standard
PV reporting, considering the
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greater nuances present with
LSC-PV. Based on these prac-
tices, a checklist of actionable
items is provided to help stan-
dardize the characterization/re-
porting protocols and offer a set
of baseline expectations for au-
thors, reviewers, and editors.
The general consensus combined
with the checklist will ultimately
guide LSC-PV research towards
reliable and meaningful ad-
vances.
Luminescent solar concentrators/col-

lectors (LSCs) were initially introduced

to reduce the use of expensive photo-

voltaic (PV) materials in large-scale
ed by Elsevier Inc.
solar deployments. LSCs have demon-

strated a number of benefits in optical

and power generation applications

including high defect tolerance, angle

independence, scalability with low

manufacturing cost, improved spectral

control, potential for varied aesthetics,

and high visible transparency. Due to

their structural simplicity, LSCs have

been widely investigated by re-

searchers across a broad spectrum of

disciplines, including chemistry, electri-

cal engineering, materials science, op-

tics, and physics. This diversity of back-

grounds is one of the greatest

strengths of the LSC field. However,

there is still no general consensus on

reporting standards, i.e., a standard-

ized set of parameters and protocols

that would allow for meaningful device

performance comparison. It is thus crit-

ical and urgent that baseline metrics of

the luminescent solar concentrator-

photovoltaic (LSC-PV) system mirror

those established for the photovoltaic

(PV) field to enable meaningful data

comparisons between laboratories

and between LSC-PV devices and other

electrical power-producing PV technol-

ogies, as previously done with LSC

devices for alternative (non-PV) appli-

cation spaces.
A schematic of an LSC-PV is shown

in Figure 1A: an LSC device absorbs,

converts, and concentrates/collects

incident solar light by means of

photoluminescence (PL) of an emitting

material embedded in, or coated

onto, a transparent lightguide. When

used to generate electrical power,

LSCs are coupled with PV devices

to obtain an integrated system (LSC-

PV) that converts incoming light

into electricity, with an extra photon

absorption/re-emission step compared

to conventional PV cells. As such,

the complete LSC-PV system should

be treated as an integrated PV

device with the same figures of

merits for PV performance. The power
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Figure 1. Various LSC-PV designs and the corresponding PV performance

(A) Schematic of an LSC-PV system. The lightguide front surface area (ALSC) and total edge area (AEdge) are highlighted with red and blue dashed lines,

respectively. Note that the PV cells are only mounted onto the right and left lightguide edges for illustrative purpose; in real-world applications, the

entire lightguide edge area would typically be mounted with PV cells for maximum output electrical power.

(B) Typical absorption (A, solid, in orange) and emission spectra (PL, dashed, in red) of luminophores for LSC-PVs with the external quantum efficiency

spectrum (solid and dashed, in black) of the edge-mounted and micro-segmented PV cells (EQEPV). The AM 1.5G photon flux spectrum is also included

as the background (in gray).

(C) External quantum efficiency spectrum of the LSC-PV (EQELSC) resulting from the absorption, emission, and EQEPV profiles shown in (B).

(D) Schematic showing the LSC lightguide embedded with micro-segmented PV, emphasizing the need to consider these systems as an integrated PV

system and the inability to utilize the PV area as the active area for any J-V calculations.

(E) Combined EQEMesh+LSC spectrum of the micro-segmented structure.

(F) Schematic showing the bottom PV cell with a top spectral conversion layer structure, which can be incorporated with various photoluminescence (PL)

mechanisms including down-shifting (DS), quantum-cutting (QC) and up-conversion (UC). A conventional LSC-PV configuration with these PL

mechanisms is also included for comparison.

(G) Typical absorption and emission profiles of the DS, QC, and UC PL mechanisms, where the absorption profiles are corrected by the multiplication

factors (m, defined as the number of emitted photons per absorbed photon, and mDS = 1, mQC = 2, and mUC = 0.5, respectively).

(H) EQE spectra of PVs with DS, QC, and UC spectral conversion mechanisms. The resulting EQE gains are highlighted in shaded colors.

(I) Current density (J) versus voltage (V) characteristics of the photovoltaic devices from (A), (D), and (F), which are used to calculate their PCEs based

active areas (ALSC or AActive) highlighted with red dashed lines, respectively. The short-circuit current densities (JSC) extracted from the J-V

characteristics should match the photocurrent densities integrated from the corresponding EQE spectra from (C), (E), and (H), which is a critical

consistency check for all photovoltaic technologies. The vertical axis of the J-V plot is split into two scales for visual clarity.
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conversion efficiency (PCE) of an

LSC-PV system can be calculated

from the corresponding J-V character-

istic as:
PCE =
ISC,VOC,FF

P0,AActive
=
JSC,VOC,FF

P0

= hext,h
�
PV
where ISC is the short-circuit current, JSC
is the short-circuit current density, VOC

is the open-circuit voltage, FF is the fill

factor, P0 is the power density of the
Joule 6, 1–15, January 19, 2022 9
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AM 1.5G solar spectrum as the stan-

dard input intensity, AActive is the active

area receiving the incident solar inten-

sity, hext is the external photon effi-

ciency (discussed in greater detail

below), and h�PV is the efficiency of the

edge-mounted PV cell under the illumi-

nation of photoluminescence. The geo-

metric gain G (G = ALSC/AEdge, where

ALSC is the LSC-PV lightguide front sur-

face area, and AEdge is the lightguide

total edge area) is another design

parameter. While it does not appear in

the equation for calculating the PCE, it

is important to report G alongside the

PCE since the latter typically varies

with it accordingly. If clear J-V hystere-

sis is observed in the edge-mounted

PV (i.e., strong dependence on scan di-

rection, speed, and light soaking, for

example with some perovskite or dye-

sensitized solar cells), monitoring of po-

wer output at maximum power point

(MPP) should be considered.
The external quantum efficiency spec-

trum of the integrated LSC-PV system

(EQELSC(l)) is defined as the number

of generated electrons by the LSC-PV

system per incident photon onto

the lightguide front surface at each

incident wavelength, l. The compari-

son of the photocurrent density

extracted from J-V characteristic and

that from the integrated EQE

(including EQELSC) is one of the most

important consistency checks for all

PV technologies:

JIntSC = e$

Z
EQELSCðlÞ$AM1:5GðlÞdl

where e is the elementary charge, and

the average EQELSC(l) should be used

since it is commonly position-depen-

dent for LSC-PVs.

Although the underlying thermody-

namic theory has been established,

the characterization of LSCs is surpris-

ingly nuanced and more challenging

than that of conventional PV devices.

Given these circumstances, it is not sur-

prising that confusion exists, along with
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a range of inconsistencies that have

permeated the literature. We highlight

several common errors found in the

LSC literature:

(1) A number of reports have used

different definitions of area to calculate

the PCE. Since an LSC-PV device con-

sists of a lightguide framed by PV cells,

it is the LSC-PV lightguide front surface

area (ALSC h AActive) that receives the

incident solar irradiance rather than

the lightguide total edge area (AEdge,

for edge-mounted PV cells). Assuming

no reabsorption/scattering loss within

the LSC-PV system, the photocurrent

(I) should be ideally proportional to

the collection area ALSC (I f ALSC),

even though in reality the scaling is sub-

linear. If AEdge is used to calculate the

PCE, the calculated current density

(J = I/AEdge) could exceed the values

imposed by the thermodynamic limit

of a PV cell if the lightguide thickness

decreases with constant ALSC, resulting

in an overestimation of the PCE.

Notably, most LSC-PV systems are

intrinsically bifacial, which allows illumi-

nation from both sides. The bifacial na-

ture of the LSC-PV system is a potential

benefit that can be exploited to harvest

solar albedo in certain installation

configurations. Diffusive and specular

back reflectors can significantly in-

crease the PCE up to 30% due to the

double pass of light. Reverse side illu-

mination or measurements with scat-

terers/reflectors can be reported but

should be done so as supplemental in-

formation. Standard baseline measure-

ments should be made with a matte

black backdrop behind the test device

with an air gap.

(2) Often it is only the hext that is re-

ported for LSC-PV systems as opposed

to the J-V characteristics, EQELSC(l),

and PCE. The external photon effi-

ciency, hext, also referred to as ‘‘optical

quantum efficiency’’ or ‘‘optical effi-

ciency’’ in some LSC reports, is

commonly defined as the ratio of the to-
tal number of emitted photons reaching

the lightguide edge to the total number

of solar photons incident onto the light-

guide front surface. However, even def-

initions of this seemingly simple and

commonly reported parameter can

vary, as they can be based on either en-

ergy flux or photon flux and have been

reported at specific wavelengths or in-

tegrated across the solar spectrum.

We emphasize that reporting hext

based on photon flux is most relevant

to the JSC and PCE since it is a perfor-

mance parameter of the purely pho-

tonic LSC lightguide, and it also directly

determines the number of photogener-

ated carriers.

Frequently, the external photon effi-

ciency is mistakenly calculated using

hext = ILSC/(IPV∙G), where ILSC is the total

short-circuit current of the LSC when PV

cells are attached to all the edges and

connected in parallel, and IPV is the total

short-circuit current of all the same

edge-mounted PV cells acquired under

direct illumination. This apparent con-

centration ratio depends critically on

the spectral response of the side-

mounted PV and this value is rarely cor-

rected for spectral mismatch between

the LSC absolute absorption profile

and the corresponding external quan-

tum efficiency spectra of the edge-

mounted PV cells (EQEPV). If the quan-

tum efficiency of the edge-mounted

PV is restricted to a specific wavelength

range, this method becomes particu-

larly erroneous (the denominator would

become smaller even though the

photon efficiency is the same). Since

PV cells must have been mounted to

make these measurements already, it

is advised whenever possible to simply

measure and report the J-V character-

istic under standard illumination (the

air-mass 1.5 global [AM 1.5G] spectrum

under 1 sun intensity [1,000 W/m2] at

25�C) and calculate the corresponding

PCE based on the ALSC. Photon effi-

ciency can be obtained by measuring

the LSC in an integrating sphere or by

calculating from the corresponding
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EQELSC(l). Similarly, the concentration

factor (C), equal to the geometric gain

corrected for efficiency losses in the

LSC-PV (C= hext∙G), is useful in tracking

whether C > 1 (i.e., ‘‘concentrator’’

versus ‘‘collector’’) and understanding

whether the concentration function

takes effect on the edge-mounted PV

cells.

While the hext is insufficient to deter-

mine the device electrical power

output, it is important for understand-

ing the fundamental optical nature of

purely photonic LSC devices and is a

primary metric in applications where

maximal electrical power production is

not required. Another important

parameter is the internal photon effi-

ciency, hint, which is the ratio of the

number of emitted photons reaching

the lightguide edge to the number of

photons absorbed by the luminescent

material. hint is independent of both

the spectral absorption width of the lu-

minophore and the illumination source.

It can be reliably obtained from inte-

grating sphere and absorptance

measurements.

(3) The EQELSC has largely been unre-

ported in the LSC community, while it

is strictly required for quantifying all

PV devices. Accurate EQELSC measure-

ments are needed to set or correct

lamp intensities after mismatch factors

are determined and to validate photo-

current densities from the correspond-

ing J-V characteristics. The latter is

particularly important for LSC-PVs, as

there are a number of simplifying ge-

ometries with geometric corrections,

which can potentially amplify errors.

Typical absorption and emission

spectra of an LSC luminophore are

shown in Figure 1B, along with the

EQEPV of the edge-mounted PV. The

EQEPV spectrum should encompass

the entire emission profile of the lumi-

nophore, resulting in the correspond-

ing EQELSC as shown in Figure 1C. A se-

ries of position-dependent EQELSC

spectra can provide useful information
on reabsorption loss and lightguide

trapping for further analysis, and any ar-

tifacts or mismeasurements, such as

Rayleigh scattering centers within the

LSC lightguide or direct illumination of

the edge-mounted PV by uncollimated

or scattered incident light beam, can

be readily identified from the EQELSC

profile. Therefore, by testing the posi-

tion-dependent EQELSC spectra, com-

mon errors in measuring the photon ef-

ficiency can also be circumvented.

Moreover, the hext(l) spectrum can be

obtained from the EQELSC(l) profile

since they are closely related:

EQELSCðlÞ = hextðlÞ,R
EQEPV ðl0Þ,PLðl0Þdl0R

PLðl0Þdl0 ;

where, to avoid confusion, the integral

term is performed over the wavelength

range of the PL emission (l’) rather than

the wavelength of the absorption/exci-

tation (l). If the EQEPV is flat (i.e., nearly

constant) around the emission spec-

trum (PL(l0)), then the photon efficiency

at each l can be calculated by using

hext(l) y EQELSC(l)/EQEPV. Indeed,

this shows how close hext (l) and

EQELSC(l) are in definition. The overall

hext can then be calculated as:

hext =

R
AM 1:5GðlÞ,hextðlÞdlR

AM 1:5GðlÞdl ;

where AM 1.5G (l) is the photon flux

spectrum in units of number of pho-

tons/(m2-nm-s). Then hint can be esti-

mated based on hext and the corre-

sponding absorptance profile.

Other advanced PV designs with spec-

tral conversion mechanisms are also

shown in Figure 1. For example, Fig-

ure 1D displays a schematic of the LSC

with embedded micro-segmented PV

(mesh), which reduces the distance to

the PV cell for the emitted and light-

guided PL signal, substantially lowering

losses from reabsorption, which is a sig-

nificant loss mechanism in conventional

LSC-PV systems. The spacings between

the segmented PV mesh can be

adjusted to create various degrees of
partial visible transparency or admit-

tance. This design in particular high-

lights the problem of applying the PV

area in the J-V measurement (as

opposed to the lightguide illumination

area). The AActive of this structure is

the entire front surface, and themeshed

PV area and the lightguide front surface

area become intertwined and indistin-

guishable. Therefore, the correspond-

ing EQEMesh+LSC profile is the com-

bined contribution from both EQEMesh

and EQELSC, as shown in Figure 1E.

Figure 1F shows a schematic of a con-

ventional opaque PV device with a

spectral conversion layer structure

where down-shifting (DS), quantum-

cutting (QC), and up-conversion (UC)

can be incorporated into this vertical

design to further enhance solar spectral

utilization. The absorption and emis-

sion profiles of these PL mechanisms

are shown in Figure 1G. The shaded

areas in Figure 1H highlight the EQE

gains originating from these spectral

conversion mechanisms in comparison

to the bare PV cell. Notably, the PV de-

vices included in Figure 1A–1F show the

progression of partial to complete PV

cell coverage within the active area,

which is helpful to highlight the correct

collection area for PCE calculations.

For all the PV devices in Figure 1, the

PCEs should always be calculated

from the corresponding J-V characteris-

tics acquired under a standard illumina-

tion spectrum (e.g., the air-mass 1.5

global [AM 1.5G] spectrum under 1

sun intensity [1,000 W/m2] as shown in

Figure 1I). To ensure the equivalent 1

sun intensity is applied to the J-V mea-

surement of the test cells for a fair com-

parison between different reports (i.e.,

different test cell/reference cell combi-

nations and various solar simulators

with different output spectra), four

spectra including the average EQELSC

representing the test LSC-PV module,

the EQE of the reference cell (this is

not EQEPV of the edge-mounted PV

cell), the AM 1.5G spectrum, and the
Joule 6, 1–15, January 19, 2022 11



Figure 2. Key practices for LSC-PV performance characterization

(A) (Top) Schematic showing the best practices (left) of measuring the J-V characteristic of LSC-PV

systems to avoid overestimation (right). A matte black backdrop and an opaque mask are necessary

to avoid photocurrent overestimation from ‘‘double-pass’’ and ‘‘direct illumination’’ effects. Such

overestimation from the raw J-V data can be further magnified after any geometric corrections

(e.g., 3 2 or 3 4). (bottom) Equivalent layouts for J-V measurements for various square LSC-PV

systems. To assure equivalence between 1, 2, and 4 cells mounting configurations, any blackened

edges should be first roughened or applied with index matching gel to the blackened surface to

avoid reflections. The square shape is the most common lightguide geometry, but other

geometries are also acceptable with appropriate geometric corrections. The active areas (ALSC =

AActive) are all highlighted with red dashed lines.

(B) Schematic showing the best practice setup for EQELSC measurement with a (recommended)

mask around the edge. The mask is important if there is any stray chopped light, strongly divergent

monochromatic beam, or if geometric correction is required. Because of typical reabsorption

losses, the EQELSC is position-dependent. Thus, it is necessary to determine an average EQELSC as

the representative for integration of the JSC ðJIntSCÞ. For measurements with a single mounted PV,

three edges without PVs should be painted black to allow for geometric correction (e.g., g =

ðp =tan�1ðL =2dÞÞ, where L is the lightguide length and d is the centerline distance between the

excitation beam and the edge-mounted PV cell, should be applied for each raw EQELSC spectrum

acquired at each centerline position, d). We encourage the use of LSCs with L R 5 cm for this test,

which can effectively minimize errors originating from direct illumination of the edge-mounted PV

by imperfectly collimated or scattered incident light beam. No correction (either for J-V or EQELSC

measurement) is needed if all edges are PV mounted or a mesh PV is utilized, and such corrections

are not typical for third-party certifications since the full device integration/wiring are usually

ll
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output spectrum of the solar simulator

should be used to determine the corre-

sponding spectral mismatch factor (M),

which can then be applied to set the so-

lar simulator with the correct illumina-

tion intensity.

To validate these measurements, it is

critical to compare the photocurrent

density extracted from J-V characteris-

tics (JSC, Figure 1I) and that integrated

from the average EQE (JIntSC , Figure 1C,

E and H) to confirm that these match

within experimental error. This consis-

tency check is even more crucial with

LSC-PVs because of the greater number

of possible ways to err in measuring or

calculating Jsc.

(4) Confusion around the ‘‘concentra-

tion’’ function and impact persists with

some claims of EQELSC > 100% in the

absence of multi-exciton generation

(MEG), singlet fission, QC, etc. Without

such phenomena, a maximum of one

incident photon on the lightguide can

be absorbed, re-emitted and light-

guided to generate one electron-hole

pair in the edge-mounted PV, so that

both EQELSC and hext are %100%. In

contrast, the concentration factor, C,

which measures the actual ‘‘concentra-

tion’’ or flux gain, has no theoretical up-

per bound.

In summary, we have highlighted the

main issues that have made it difficult

to compare results and assess progress

in the field of LSC-PVs designed primar-

ily for electrical power generation.

Recently, standard protocols for

measuring the performance of PVs,

electrical power producing LSC-PVs,

and photonic LSCs have been outlined.
Figure 2. Continued

required. Application of a DC white light bias

is also recommended to better mimic the

overall photon and carrier density during the

test and is particularly important for PL

mechanisms with nonlinear light intensity

dependence such as UC and when the edge-

mounted PV exhibits nonlinear light intensity

dependence.



ll
Commentary
Key practices for LSC-PV performance

characterization are graphically summa-

rized in Figure 2. Here, we adapt these

protocols to develop an LSC-PV check-

list (Table S1: "checklist for power-pro-

ducing luminescent solar concentrator

manuscripts") that is analogous to, yet

more nuanced than the ‘‘standardized

data reporting for photovoltaic cells"

by Cell Press, in terms of more consis-

tency validation checks and detailed

protocols to minimize inaccuracies. To

help the community reliably report per-

formance metrics and alleviate con-

cerns over experimental errors and con-

ceptualmistakes in LSC-PV research, we

encourage authors to provide the de-

tails from the LSC-PV checklist in their

submitted research articles. As an

added benefit, such reporting will

enable inclusion of the reported data

to the ‘‘Reporting Device Efficiency of

Emerging PV Materials’’ database. We

also encourage authors to submit their

LSC-PVs for third-party certification

when claiming record values of effi-

ciency. We hope that the use of this

checklist will become standard for all

LSC-PV reports, allowing published re-

sults to be readily comparable between

reports (among LSC-PV reports, and be-

tween LSC-PV and other PV technolo-

gies). We emphasize that adopting the

metrics outlined in this checklist will

help the community achieve its goal of

accelerating reproducible and robust

advances in the development of LSC-

PV devices.

Finally, we refer readers to the

following literature, which describes

the theoretical and practical efficiency

limits of LSC-PV systems, standard

characterization and reporting proto-

cols, necessary data validation and con-

sistency checks for PVs and LSC-PVs,

and standard procedures to determine

the mismatch factor. These references

also highlight the potential errors that

may occur along with effective ap-

proaches for their avoidance.1–13 We

also refer readers to the following liter-

ature, which describes the recommen-
ded characterization and reporting

protocols for determination of the per-

formance of LSCs as photonic systems.

Common sources of error and sugges-

tions for how these should be avoided

are also provided, and the characteriza-

tion of long-term performance of LSCs

is also included.14,15

SUPPLEMENTAL INFORMATION

Supplemental information can be found

online at https://doi.org/10.1016/j.

joule.2021.12.004.
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Forschungszentrum Jülich, 91054 Erlangen,
Germany

13Dipartimento di Scienza dei Materiali,
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