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n the recent article by Ha et al,, a triplet—triplet annihilation collection area Ajgc, which is fundamentally tied to the total
(TTA)-based photon up-conversion (UC) mechanism was input solar flux (I « A;gc), as with other standard PV systems.

combined with a downshifting (DS) process to demonstrate a If A.gg is instead applied in the photocurrent density
selective-harvesting semitransparent luminescent solar concen- calculation (J = I/A,q4g), the calculated J will approach infinity
trator (LSC)." Both ultraviolet (UV) and red light are as the thickness of the waveguide and A.q, decrease with
absorbed and converted into green light by downshifting and constant Ajgc, easily resulting in PCE values above the
triplet—triplet annihilation up-conversion luminescence,””> Shockley—Queisser limit."' "> The PCE of the LSC-PV system
respectively, resulting in a reported optimized power (m5c) should always be calculated as follows:

conversion efficiency (PCE) of 9.1% and an average trans-

mittance of ~90%." However, the performance metrics of the _ LcVocFE Jsc Voc FF

luminescent solar concentrator—dye-sensitized solar cell (LSC- Tisc PyArgc 1) (1)
DSSC) system are clearly overestimated due to poor
characterization protocols. In this Comment, we identify the where Igc is the short-circuit current acquired from the
inconsistencies in which the presented data falls short of the current—voltage characteristic of the LSC-PV system, Jsc is the
reporting for a luminescent solar concentrator—photovoltaic short-circuit current density obtained from Isc/A;gc, Voc is the
(LSC-PV) system. Many of the points presented here have open-circuit voltage, FF is the fill factor, and P, is the input
been outlined in a recent commentary, which describes the power density (e.g,, 1000 W/ m?®). The equivalent approaches
best protocols for data collection and necessary consistency for making J—V measurements with mounting 1, 2, or 4 cells
checks.® around the LSC has been described previously.®

(1) The first key data for reporting a photovoltaic system is In the work by Ha et al,’ the LSC-DSSC systems were
the measurement of the current density (J)—voltage (V) reported based on two waveguide dimensions of S cm X 1 cm
characteristics under standard illumination (AM 1.5G), which and 2 ecm X 2 cm, as shown in Figures 2C and 4A of the

original manuscript,’ and J—V characteristics were used to
calculate the PCE of the LSC-DSSC system. However, both
the Agc and Agq were applied to calculate the PCEs of the
LSC-DSSC systems. The “window—window frame” DS/UC-
DSSC device with a panel area of 2 cm X 2 cm exhibited a
claimed Jsc value of 20.6 mA cm™ and a PCE of 9.1%, while
the reported edge-mounted DSSC exhibited a short-circuit
current density (Joc) of 16.7 mA cm? with a PCE of 7.4%
under AM 1.5G. The first problem is that the PCE of the LSC
is higher than that of the edge-mounted PV, even though it
absorbs only a fraction of the spectrum that the edge-mounted
PV can harvest’ ° *'* By assuming all four edges were
mounted with the DSSCs, the PCE (and Jg) of this LSC-

are necessary to report the corresponding power conversion
efficiency (PCE). We emphasize that such data are necessary
for all PV and LSC reports, despite many LSC reports missing
this data.”” A common mistake in reporting PCEs of PVs is the
mismeasurement (or incorrect use) of the active device area,
which is directly used to calculate the current density from the
measured current. Any error in the calculated device area will
directly and proportionally propagate to the PCE.°"® In LSCs,
there are two areas that are typically described (Figure 1A), the
area of the waveguide front surface (A;gc) and the total area of
the waveguide edge (Aedge).é’g'10 Once a PV cell (e.g, DSSC,
organic PV, perovskite PV, etc.) is edge-mounted onto an LSC
waveguide, the LSC-PV system should be treated as an
integrated photovoltaic device, and the input solar power is =
received by the area of the front surface of the LSC waveguide Received:  November 18, 2020 (Phdtonics
(Arsc) rather than the area of the edge-mounted PV (Aqg). Published: January 15, 2021
An extreme case is given by comparing LSC-PV systems with

various waveguide dimensions in Figure 1A—C: assuming no

reabsorption loss within all the LSC-PV systems, the scaling of

the generated photocurrent (I) is always with respect to the
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Figure 1. (A) Schematic of the working principle of an LSC-PV system. (B) Schematic of various LSCs with the same A; ¢ (orange dashed lines),
but decreasing A g (blue dashed lines). (C) Schematic of an LSC with the same Acgge but twice the Ajgc as the LSC shown in (A). Note: in all
LSCs shown here, we assume that there is little reabsorption loss (no absorption/emission overlap) as the emitted photons waveguided to the
edge-mounted PV, so that the photocurrent is ideally proportional to the waveguide front surface area (I o A;gc). In most LSCs, the scaling is
sublinear due to reabsorption loss. (D) Erroneously applying Acdge in J—V characteristics of LSCs results in significant PCE overestimation: as Agg
decreases with constant A, the J and PCE can approach infinity.

Table 1. Photovoltaic Parameters for LSC-DSSC System with A;gc of S cm X 1 cm

corrected PV parameters Jsc (mA cm™2) Voc (V) FF PCE (%) AVT (%) CRI (a*, b*)
blank 0.144° 071 0.58 0.06 92 100 (0, 0)
DS-DSSC 3.168“ 0.71 0.58 1.30 85.1 47.0 (-18.1, 102.7)
DS/UC-DSSC 3.67 0.70 0.58 1.48 71.3 41.1 (—43.1, 90.4)

“The Jsc values are corrected by first multiplying the originally reported Jsc values with the total Aqg, active area (1.2 cm?) to obtain I, then
dividing Isc by A gc (5 cm?) to calculate the corrected Jsc. Parameters of aesthetic quality are also provided, where an 8% reflection loss is added to
the AVT.

DSSC system can be estimated by applying the LSC panel area where AM 1.5G is the solar photon flux, and e is the

Ajgc, as shown in Table 1, resulting in a PCE of 1.48%. elementary charge. Instead of providing the EQE - of the
(2) The second key data for the characterization of any LSC-PV system, Ha et al. provided the photocurrent values at
photovoltaic system is the reporting of the corresponding EQE various wavelength bands by passing AM 1.5G incident light
or internal power conversion efficiency (IPCE) spec- through an optical band-pass filter (Figure 3B of the original
tram.'”'>'® This is necessary to calculate any spectral article). These results provide partial spectral information on
mismatch factors so that lamp intensities can be properly set the contribution from the LSC luminophores, but are largely
prior to J—V measurements or to correctly report the incomplete and not an appropriate substitute for the EQE; 4.
illumination conditions. It is also necessary for an LSC-PV For this particular LSC-DSSC system, there is little
system to identify any mismeasurements, such as Rayleigh absorption—emission overlap, as shown in Figure 2, so that
scattering and direct illumination of the incident light beelm,6 we assume there is negligible reabsorption loss, negligible
and to validate the measured photocurrent density from the position-dependence in EQE;4-(4), and the EQE{%.(4) is
corresponding J—V characteristics (just as with any other PV approximately equal to the maximum obtainable (EQE[$3(1)).
system)."” The EQE spectra of an LSC (EQEsc(1)) are The EQE;4c(4) is the product of loss factors, including the
typically position-dependent due to different reabsorption front surface reflection (~4% loss), the absorption efficiency
losses across the waveguide area; therefore, the correct (~100% in the wavelength ranges of 300—490 nm for the DS
relationship to obtain the integrated photocurrent density and 600—650 nm for the UC and ~O0 at other wavelengths),
(Int. Jsc) from the spatially averaged EQE;sc(4) (EQEF$-(1)) the number of emitted photons per absorbed photon (1 for the
follows: DS and 0.5 for the UC), the quantum yield (QY) (85% for the
DS and 4% for the UC), waveguiding efficiency (~75% for a

Int. J.. = e/AM 1.5G()-EQE™5(2) dA waveguide with refractive ind.ex of 1.5?, .and EQE,y of the
s¢ LsC ) edge-mounted DSSC (~78% in the emission range S00—600
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Figure 2. (A) J—V characteristics of all LSC-DSSC systems as originally reported and corrected." (B) Normalized absorption and luminescence
spectra for DS-DSS and DS/UC-DSSC systems. (C) Maximum obtainable EQE, c(1) profile with DS QY of 85% and UC QY of 4% and the
integrated Jg from the EQE; ¢¢ (blue right triangle), which more closely matches the corrected J—V in (A). (D) Provided transmission spectrum of
DS and UC LSC (left) and schematic showing the comparison of incorrect/correct ways to setup the transmittance measurement for transparent
PV devices (right).” Note: no reference sample should be utilized in double-beam spectrometers, and the dashed circle pinpoints the transmission
approaching 100% in the wavelength range of 700—800 nm, indicating the presence of a reference sample.

nm). We use these values to plot the idealized EQE[ (1)
profile of the DS/UC-DSSC system, as shown in Figure 2,
which is 48% (300—490 nm) for the DS process and 1.12%
(600—650 nm) for the UC process. Then the EQE{%.(4)
profile results in an integrated photocurrent density for each
process of 2.88 mA cm™* (DS only) and 0.045 mA cm™> (UC
only) and a maximum total integrated photocurrent density of
2.93 mA cm™% This value is nearly an order of magnitude
lower than the reported photocurrent density of 20.6 mA
cm™2, but it is more consistent with the maximum Jgc that we
estimate of 3.6 mA cm ™ (provided in Table 1 and shown in
Figure 2). We note that EQE measurements are often
performed with white light bias, and this would be particularly
important in this case, as the TTA process would likely be
highly light intensity-dependent.

(3) To quantify the aesthetic quality of the LSC-DSSC
system, Ha et al. provided the transmittance spectra of both
the DS and DS/UC LSC-DSSC systems and reported the
average visible light transmittance in the range of 400—700 nm
was about 90% for the dual-band LSC. However, at the
wavelength outside the luminophore absorption range (700—
800 nm, as shown in Figure 2), the transmittance spectra
approach 100%. This indicates that a reference sample (most
likely a blank waveguide) was placed in the reference path of
the spectrometer, which can result in an overestimation of 8—
16% in average transmittance by neglecting reflection losses at
the air/waveguide interfaces.” Correctly reporting the average
visible transmittance (AVT) is often more important than the
PCE. Color rendering index (CRI) and CIELAB coordinates
(a*, b*) are also key figures of merit that are missing.”” For
reference, we calculate the AVT, CRI and (a*, b*) values
(Table 1) by applying AM 1.5G as the standard illuminant and
accounting for the estimated reflection loss (~8%) from a
single panel to the transmission spectra.

In summary, we write this Comment to express our concern
over the validity of the LSC systems reported by Ha et al." We
conclude that the LSC-DSSC photovoltaic performance in Ha
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et al. is significantly overestimated by nearly an order of
magnitude. These results should not be used to benchmark
other developments in the field. Based on the theoretical
limits,” such performance could ultimately be achieved with
greater material optimization, greater spectral harvesting, and
improvements in quantum yields, and we encourage the
community to continue striving for these performance levels.
We also encourage the community to adopt standard protocols
in LSC characterization® that parallel standard reporting
requirements for all PV systems. We believe this will help
advance LSC research toward a sustainable and reproducible
path.
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