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Measuring the spectral response (SR) of large-area (> 100 cm?) luminescent solar concentrators (LSCs) has proven
difficult because common laboratory photovoltaic (PV) instruments that offer monochromatic incidence measure
devices with limited sizes (typically <50 cm?). This report addresses this issue through a method called regional
measurements. In this method, large-area LSCs are configured to small surface and edge regions, which are sequen-
tially illuminated and measured, respectively. The measured SRs of large-area LSCs are consistent with those from
the conventional method and the Monte Carlo ray-tracing simulation. This method is also applied to analyze scat-
tering effects in the LSCs, showing the relationships of the scattering-induced power gain and power loss to the
surface root-mean-squared roughness (R,) of the devices. The results explain why the PV performance of the LSCs

can be improved through proper surface scattering treatment.
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1. INTRODUCTION

The integration of photovoltaic (PV) devices with buildings
in the built environment has been attracted a lot of attention
in recent years [1-3]. Luminescent solar concentrators (LSCs)
are one of the promising building-integrated PV technologies
because they offer visual comfort to human beings when har-
vesting solar energy [4—0]. As shown in Fig. 1, LSCs are typically
planar optical PV devices consisting of luminophore-doped
waveguides (i.e., luminescent waveguides) with solar cells
attached to the edges [7-9]. In the operational mechanism,
short-wavelength photons are converted to long-wavelength
photons, which are redirected to the solar cells through succes-
sive total internal reflection (TIR) in the waveguide [10-13].
This design allows the LSCs to work optimally under direct and
diffuse light conditions [14—16]. The colorful appearance also
allows the LSCs to impart aesthetics to the buildings in the built
environment [17-22].

In the past decades, high-efficiency LSCs have been devel-
oped due to the advancements of luminophore synthesis and
optical techniques [23-25]. Slooff ez al. reported an LSC with
high efficiency of 7.1% through luminophore energy transfer
[23]. Goldschmidt ez /. designed a tandem device using two
layers of LSCs with different luminophores, which achieved an
efficiency of 6.7% [24]. Desmet ez al. improved the efficiency
of an LSC from 3.4% to 4.2% using microcellular polyethylene
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terephthalate (MCPET) back reflectors [25]. In these studies,
LSCs are treated as common PV devices, and the PV per-
formance is described as using the standard power conversion
efficiency (PCE), which is the maximum electrical energy from
the device relative to the incident light energy [26-28]. In stud-
ies where only the luminescent waveguides are studied, optical
quantum efficiency (OQE) is used instead of PCE, which is
the number of emitted photons at the edge of the luminescent
waveguide relative to the number of incident photons [29-31].
While these figures of merit are extensively reported, there are
a handful of studies reporting the spectral response (SR) of the
LSCs [23,32-37] as noted in Table 1. Common laboratory PV
instruments measure devices with very limited sizes (<50 cm?),
while typical LSCs have sizes exceeding the measurement limits.
Therefore, measuring the SR of the LSCs, especially large-area
(>100 cm?) devices, requires specific PV instruments that
provide monochromatic incidence.

In a previous study, we developed a method called regional
measurements to analyze large-area (>100cm?) LSCs in
terms of the PV performance and photon transport mecha-
nism. In this method, LSCs are configured to surface and edge
regions, and therefore they can be measured using common
PV instruments [38]. In this study, we extend the capability
of this method to measure the SR of large-area (>100 cm?)
LSCs. Monochromatic light is used instead of the full-spectrum
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Fig.1. Conceptand operational mechanism of the LSCs.

Table 1. Studies Reporting the SR of the LSCs

Entry LSC Size References
1 5 x 5 cm? [23]

2 5 X 5 cm? [32]

3 4 x 6 cm? [33]

4 7.8 x 7.8 cm? [34]

5 2.5 x 2.5 cm? [35]

6 7 x 7 cm? [36]

7 5 % 5cm? [37]

8 >10 x 10 cm? this work

simulated AM 1.5 G sunlight. The results help to understand the
scattering effects in the LSCs.

2. EXPERIMENTAL SETUP

LSCs were fabricated according to the literature [39,40]. The
thickness of the luminescent waveguides, made of poly(methyl
methacrylate) (PMMA) doped with BASF Lumogen Red 305
(R305) (luminophore load: 60 ppm, visible transparency:
24%), is 0.25 in (0.635 cm) [41]. A small polycrystalline silicon
(p-Si) solar cell is used in this method, which avoids tedious
procedures to cut and connect solar cells for matching the
size of the waveguide edge [38]. As illustrated in Fig. 2(a), the
experimental setup contains a luminescent waveguide, a mask
with a hole to allow the monochromatic incidence on a cer-
tain region on the waveguide surface, a solar cell attached to a
certain region on the waveguide edge, and black tape to cover
rest of the waveguide edge. No backside reflector was used in
the measurements. As illustrated in Fig. 2(b), for example, for
a4 x 4in* (10.16 x 10.16 cm?) LSC, 16 surface regions are
illuminated by monochromatic incidence through a 1 x 1 in?
(2.54 x 2.54 cm?) hole on the mask. For each illuminated
surface region, 16 edge regions are measured using the solar cell.

(@) monochromatic incidence

(b) ................................ 3

A

mask

=
T//'\ black tape

solar cell

luminescent waveguide y

Fig.2. Experimental (a) setup and (b) procedures to measure the SR
of the LSCs.
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The SR of the device (SR(L), A - W~1), which is the short-
circuit current produced by the device (/i, A) relative to the
power of the monochromatic incidence (2;,, W), is calculated
by Eq. (1):

> L)
Z Pm()") '

where ¥ [,.(A) is the sum of the /. measured at each edge region,
and X P, (X) is the sum of the Py, P, (X) is measured by a refer-
ence solar cell of known SR(L).

In this study, the SR is converted to external quantum efh-
ciency (EQE), which is the most widely reported. It is defined
as the number of electrons produced by the device relative to
the number of the monochromatic photons and calculated by

Eq. (2):

SR(L) = (1)

EQEG) = Z“SR(), e
qAr
where 4 (m? - kg - s7!) is the Planck constant, ¢ (m - s™!) is the
speed of light, and ¢(C) is the elementary charge.

The monochromatic incidence was provided by an OAI class
AAA solar simulator coupled with a monochromator. The /.
was measured using a Keithley 2401 source meter. The surface
root-mean-squared (RMS) roughness (R,) was calculated
from the height profile of the waveguide, which was measured
using a Bruker ICON Atomic Force Microscope (AFM) with

noncontact mode.

3. RESULTS AND DISCUSSION

The method of regional measurements is validated by com-
paring the EQEs with those from the conventional method
and the Monte Carlo ray-tracing simulation (MCRTS) on
small-area (<100 cm?) LSCs. In the conventional method,
no mask and black tape were used, and the LSCs were treated
as common PV devices and measured according to standard
procedures [42] to afford PV parameters such as /. and PCE.
MCRTS was developed according to the literature [43—45].
Typical loss mechanisms were considered in the MCRTS, such
as incomplete absorption of the incident light, luminophore
self-absorption, matrix absorption, internal scattering, and
surface scattering [4]. Wavelength-dependent parameters were
used in the MCRTS for describing the loss mechanisms.

In this study, we focus on LSCs with sizes of 1 x 1in?
(2.54 x 2.54 cm?),2 x 2 in” (5.08 x 5.08 cm?), and 3 x 3in”
(7.62 x 7.62 cm?) because they are small-area (<100 cm?)
devices that meet the size requirement of the instrument for the
conventional method. As shown in Figs. 3(a)-3(c), the results
from the method of regional measurements are consistent with
those from the conventional method and the MCRTS. The
EQE starts from 360 nm, which is the UV cutoff wavelength of
PMMA [8]. The EQE ends at 1200 nm, which is greater than
the absorption edge of Si (1100 nm) due to the indirect band
gap, heavily doped impurity bands, and temperature effects
[15,46]. The strong EQE from 360 to 620 nm represents the
absorption of the luminophore [15]. The spectral tail from 620
to 1200 nm suggests the scattering effects of the LSCs for long-
wavelength (>600 nm) photons [40]. The scattering effects
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Fig. 3. EQE:s of small-area (<100 cm?) LSCs with sizes of (a) 1 x
1in%, (b)2 x 2in% and (¢) 3 x 3 in® from the method of regional mea-
surements, the conventional method, and the MCRTS. (d) EQEs from
the method of regional measurements.

include internal scattering and surface scattering [4]. The weak
scattering effects, indicated by the weak EQE between 620 and
1200 nm, imply a small number of scattering events occurring
during the TIR-based photon transport within the waveguide.
Figure 3(d) concludes the results for the method of regional
measurements with increasing LSCsize. The gradual decrease of
the EQE in the luminophore absorption range (360-620 nm)
is consistent with the decreasing performance of the LSCs due
to the increase of the photon transport loss with increasing LSC
size. The spectral tails overlap with each other, suggesting that
the scattering effects are not affected by the LSC size.

After method validation, we apply this method to meas-
ure the SR of large-area (>100cm?) LSCs, which have
sizes from 4 x 4in®> (10.16 x 10.16cm?) to 7 X 7in®
(17.78 x 17.78 cm?). Figure 4 demonstrates consistent results
from the method of regional measurements and the MCRTS.
As expected, the response in the luminophore absorption range
(360-620 nm) decreases with increasing LSC size, while the
response in the long-wavelength (>600 nm) scattering range
(620-1200 nm) is unaffected. This is possibly due to a small
geometric gain (G < 7) of the LSCs in this study, which does not

05 0.5
@ —Regora | () —Regional

£ 04 MCRTS £ 04 MCRTS
] ]
S 03 5 03
€ . € .
s 4 x 4 in? s 5 x 5in?
Ed 4
502 T 02
£ £
s g
& o1 5 01

0.0 0.0

400 600 800 1000 1200 400 600 800 1000 1200
Wavelength, 2 (nm) Wavelength, 2 (nm)
0.5 05
(C) —— Regional (d) —— Regional

£ 04 ——MCRTS £ 04 —— MCRTS
S ]
£ £
£ 03 o €03 =
] 6 x 6 in’ s 7 % 7 in?
Ed Ed
5 02 = 02
£ £
s s
X 01 X 01

0.0 0.0

400 600 800 1000 1200 400 600 800 1000 1200

Wavelength, 2 (nm)

Fig. 4. EQEs of the LSCs with sizes from 4 x 4in” to 7 x 7 in®
from the method of regional measurements and the MCRTS.
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Table 2. Comparison of the Js. with Increasing LSC
Size from Different Methods

Size(in?) 1x1 2x2 3x3 4x4 5x5 6x6 7x7

Reg. 52.1 483 46.1 445 434 424 417
Conv. 51.7 48.5 45.8 n/a n/a n/a n/a
MCRTS 52.0 48.2 46.1 44.7 43.5 42.6 41.8
J-ve 51.5 50.0 46.6 457 432 43.8 416

“Values are from [15].

lead to an observable change of the scattering effects in the EQE
of the LSCs.

The EQEs from the method of regional measurements, the
conventional method, and the MCRTS are also integrated
with the AM1.5G solar spectrum [¢ (1), m™? - s7! - nm™'] to
calculate the short-circuit current density (J, A - m~2) of the

LSCs using Eq. (3):

Je=q / EQEG)$ (1) dh. @)

Table 2 provides the comparison of the /. from the method
of regional measurements (Reg.), the conventional method
(Conv.), the MCRTS, and the /-V curves of the LSCs with
varying sizes. The difference in /. is within 5%, suggestive of
consistency among the results. The /. calculated from the EQE
is equivalent to the short-circuit current of the LSCs (four-cell
configuration) divided by the area of the top surface of the
LSCs [40].

Our final task is to investigate the impact of the scattering
effects on the PV performance of the LSCs through the SR
measurements. Our recent study shows that proper surface scat-
tering treatment, which adjusts the surface RMS roughness (R,)
of the waveguide, can improve the PCE (obtained from standard
J -V measurement) of a 12 x 12 in” (30.48 x 30.48 cm?) LSC
by 44% [41]. The surface scattering treatment is applied to the
top surface of the waveguide, while the bottom and edge surfaces
are kept smooth. Increasing R, affected the visual performance
of the LSCs, leading to the decrease of the surface reflectance and
waveguide transmittance but the increase of the haze [41]. As
shown in Fig. 5(a), the PCE of the LSC is increased from 1.86%
to 2.68% when the R, is increased from 15 to 63 nm. However,
it drops to 2.44% when the R, is further increased to 105 nm.
For blank devices, the PCE gradually increased to its maximum
at R, of 82 nm and then decreased at R, of 105 nm. The obser-
vation of the PCE with increasing R, can be ascribed to the
balance between the scattering-induced power gain and power
loss. The scattering-induced power gain primarily comes from
the incident light that is not absorbed by the luminophores,
which is scattered and directly delivered to the solar cells,
while the scattering-induced power loss primarily comes from
the scattering-based interruption of the TIR-based lumines-
cent light that is delivered to the solar cells. As depicted in
Figs. 5(b)-5(e), the scattering effects, as noticed in the long-
wavelength (>600 nm) scattering range (620-1200 nm),
are minimal at R, of 15 nm. With the increase of R, from 22
to 33 nm and further to 46 nm, the scattering effects gradu-
ally increases, while the EQE in the luminophore absorption
range (360-620 nm) gradually decreases. The overall effect
leads to the performance enhancement for the LSC because
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the scattering-induced power gain is more than the power
loss. At R, of 63 nm, the scattering-induced power gain sur-
passes the power loss, and the net gain is maximal. The EQE in
Fig. 5(f) covers from 360 to 1200 nm with relatively high values.
Therefore, a maximum PCE is achieved. Further increasing the
R, to 82 nm and 105 nm results in more scattering-induced
power loss than power gain. As seen in Figs. 5(g) and 5(h), very
similar EQEs are obtained for R, of 82 nm and 105 nm. Our
previous study shows that the scattering-induced power gain
and power loss depend on the LSC size [41], and therefore the
selection of R, to maximize the PCE is highly dependent on
the LSC size. R, of greater than 63 nm is recommended for
small-area (<100 cm?) LSCs, while R, of less than 63 nm is
recommended for super-large- area (>10 m?) devices.

The /i of the LSCs with varying R, is calculated using
Eq. (3). Table 3 provides a comparison of the /i from the
method of regional measurements (Reg.), the MCRTS, and the
J -V curves of the LSCs with varying R, . The difference in /.
is within 5%, which is a reasonable experimental error due to
different experimental setups. The trend of the /. is consistent
with the trend of the PCE in Fig. 5(a), and it maximizes at R,
of 63 nm.

To further understand the mechanism behind the R,-
dependent performance of the LSCs, we performed regional
measurement on the 12 x 12in? (30.48 x 30.48 cm?) LSC
with increasing R, using AM1.5G simulated sunlightaccording
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Table 3. Comparison of the Js; with Varying R, from
Different Methods

R, (-nm) 15 22 33 46 63 82 105

Reg. 387 414 469 523 567 565 529
MCRTS  39.0 418 473 529 566 563 53.0
-V 39.9 434 480 549 586 550 529

“Values are from [41].
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Fig. 6.  Relationship between dy¢ and Fe with increasing R,.
Scattered points: measured results. Solid lines: fitting results.

to the literature [38]. One of the key results from the regional
measurements is the relationship between dyy,f and Fep,. Here
dgy.f (inch) is the surface distance, which is the distance between
the illuminated LSC surface region and the measured LSC edge
region, and F,,, represents the number of photons transporting
to the LSC edge region relative to the number of photons ini-
tially generated and trapped upon the illumination of the LSC
surface region. As shown in Fig. 6, the scattering effects exhibita
strong impact on Fen,, when dy,fis less than 4 inches (10.16 cm).
A high Fep, is obtained for a smaller &y, and a higher R, indi-
cating that more photons transport to the edge of the waveguide.
When d,f is greater than 4 inches (10.16 cm), F.,,, becomes
close to zero, suggesting a large fraction of photon loss during
the photon transport.

A more detailed mechanism can be revealed when the mea-
sured results of dy,f versus F,, were fitted. According to the

max

. . (Lptn)
literature [38], two important parameters, N, bsp M and 6, can

be obtained from the fitting results. Here Nl( bLS Pmas i the num-
ber of photon absorption (initial absorption + re-absorption)
events that occur at the maximum average photon transport
distance, and 6, is the experimental critical angle for the photon

surface loss. Table 4 shows that ]\[a( li P s exhibits a decreasing
trend with increasing Ry, and it minimizes at R, of 63 nm,
where the 12 x 12 in? (30.48 x 30.48 cm?) LSC exhibits the
highest PCE, which signifies that increasing the scattering
effects reduces the number of photon absorption/re-absorption
events in the waveguide. However, 6, increases with increasing
R,, suggestive of an increase of surface photon loss. According
to the literature [38], 6, represents the effective critical angle for
the surface cone loss. A large 6, means a large average photon
propagation angle. The latter leads to a short optical path length

ptn )max

per unitlength of 4;,,r and consequently a small Nj bLS
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Table 4.  Fitting Parameters, Ng;"s‘")"“"" and 6. from the

Measured Results of dg,; versus Fen,

R, (-nm) 15 22 33 46 63 82 105

(Lpm)

NP 1160 107 95 84 79 80 83
0.(deg) 385 425 44.0 442 463 484 505

4. CONCLUSIONS

In this paper, we addressed the issue to measure the SR of large-
area (>100 cm?) LSCs, which was not realized in previous
studies, using common PV instruments and a small-area solar
cell according to a method of regional measurements. In this
method, the LSCs were configured to surface and edge regions,
which were sequentially illuminated by monochromatic inci-
dence and measured by a solar cell, respectively. The measured
SRs, represented by the EQEs, were consistent with those from
the conventional method and the MCRTS. The integrated /i
matches well the /i from the J-V curves. This method was
also applied to analyze the scattering effects in a 12 x 12 in’
(30.48 x 30.48 cm?) LSC, showing that high performance
can be achieved through proper scattering treatment. The
mechanism behind the R,-dependent performance of the LSCs
was further elucidated through the regional measurements
using AM1.5G simulated sunlight. A proper surface scattering
treatment can reduce the number of photon absorption (initial
absorption + re-absorption) events in the waveguide.
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