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Abstract: Luminescent solar concentrators (LSCs) are considered promising in their application as
building-integrated photovoltaics (BIPVs). However, they suffer from low performance, especially
in large-area devices. One of the key issues is the self-absorption of the luminophores. In this
report, we focus on the study of self-absorption in perovskite-based LSCs. Perovskite nanocrystals
(NCs) are emerging luminophores for LSCs. Studying the self-absorption of perovskite NCs is
beneficial to understanding fundamental photon transport properties in perovskite-based LSCs. We
analyzed and quantified self-absorption properties of perovskite NCs in an LSC with the dimensions
of 6 in × 6 in × 1/4 in (152.4 mm × 152.4 mm × 6.35 mm) using three approaches (i.e., limited
illumination, laser excitation, and regional measurements). The results showed that a significant
number of self-absorption events occurred within a distance of 2 in (50.8 mm), and the photo surface
escape due to the repeated self-absorption was the dominant energy loss mechanism.

Keywords: perovskite; nanocrystal; luminescent solar concentrator; self-absorption; photovoltaic;
Monte Carlo ray tracing

1. Introduction

The research on building-integrated photovoltaics (BIPVs) is under vigorous devel-
opment in recent years, as it becomes more urgent for the transformation of conventional
buildings that are based on fossil energy to zero-energy buildings that can generate on-site
energy from renewable sources [1–3]. The technology of luminescent solar concentrators
(LSCs) is considered one of the promising approaches to imparting architectural functional-
ities to conventional solar cells (i.e., silicon-based solar cells) [4–6]. The typical structure
of LSCs was introduced in the 1970s, which consists of a planar waveguide containing
luminophores and solar cells attached to the edge of the waveguide [7,8] as shown in
Figure 1. The main working mechanism of LSCs is that the luminescent light produced
from the luminophores follows total internal reflection (TIR) inside the waveguide and
transports to the edge-attached solar cells [9,10]. This design has the solar cells hidden on
the edge of the waveguide while allowing the waveguide to be different colors, shapes,
and transparencies [11–13]. This design also brings unique functionalities that make LSCs
utilized in a variety of areas not only for buildings but also for other architectures [14–16]
and other applications [17].

There is no doubt that luminophores are important for achieving high-performance
LSCs. To date, many efforts have been made to develop luminophores with advanced spec-
troscopic properties [18–22]. One promising type of luminophores is perovskite nanocrys-
tals (NCs), which are organic–inorganic hybrids [23–25]. The utilization of perovskite
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NCs in LSCs is summarized in several recent reviews [26–28]. Although significant break-
throughs have been made in developing perovskite NCs for LSCs, there remain practical
issues to applying perovskite NCs in large-area LSCs [29]. One of the key issues is the
self-absorption of the perovskite NCs [30]. Repeated self-absorption of the luminophores
during photon transport leads to an increased probability of photon loss through surface
escape and Stokes loss [31].
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Figure 1. (a) The working mechanism of LSCs and (b) a luminescent waveguide showing light
concentration on the edge.

In this report, we studied the self-absorption of perovskite NCs in LSCs using three
approaches (i.e., limited illumination, laser excitation, and regional measurements). The
results revealed the fundamentals of the self-absorption of perovskite NCs and provided
useful information to develop novel perovskite NCs as well as LSCs.

2. Experimental
2.1. Device Fabrication

An LSC with the dimensions of 6 in × 6 in × 1/4 in (152.4 mm × 152.4 mm × 6.35 mm)
was fabricated in this study. The fabrication procedure was according to a previous re-
port [32], where a thin (thickness: approximately 15 µm; density: 1.18 g cm−3) polymer
(poly(methyl methacrylate) (PMMA)) layer containing perovskite (CsPbI3) NCs was sand-
wiched between two clear acrylic sheets, and four gallium arsenide (GaAs) solar cells
connected in parallel were used to attach to the waveguide. Liquid optically clear adhe-
sives (refractive index: 1.52@590 nm; cure by heating at 50 ◦C for 1 day) were used for
index matching between the solar cells and the waveguide. The perovskite NCs were
synthesized according to the literature [33], and the concentration of the perovskite NCs
was 1 wt % in the thin polymer layer.

2.2. Luminophore and Device Characterization

The absorption and emission spectra of the perovskite NCs in the thin polymer film
were measured using a Varian Cary 5000 UV–Visible–NIR spectrometer (Agilent Technolo-
gies, Inc., Santa Clara, CA, USA) and an ISS PC1 photon-counting spectrofluorometer (ISS,
Inc., Champaign, IL, USA), respectively. The photoluminescence quantum yield (PLQY)
of the perovskite NCs in the thin polymer film was measured using an integrating sphere
connected to a Hamamatsu C9920-12 external quantum efficiency (EQE) measurement
system (Hamamatsu Photonics K.K., Hamamatsu City, Shizuoka, Japan). The I–V curves
of the solar cells and the LSC were measured with a Keithley 2401 SourceMeter (Keithley
Instruments, Cleveland, OH, USA). The EQE of the solar cells and the LSC were measured
on an Enlitech QE-R3011 system (Enlitech, Kaohsiung City, Taiwan). The AM1.5G sun-
light (1000 W m−2) was provided by an OAI class AAA solar simulator (OAI, Milpitas,
CA, USA).

3. Results and Discussion
3.1. Spectroscopic and PV Properties

The spectroscopic properties of the perovskite NCs and the PV properties of the
GaAs solar cells and the LSC were shown in Figure 2. The absorption spectrum of the
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perovskite NCs spanned a spectral range up to 700 nm with decreasing absorbance for
increasing wavelength (see Figure 2a). Compared with other luminophores that exhibited
limited absorption ranges, especially organic dyes [34–36], the wide absorption range of
the perovskite NCs was beneficial for improving the light-harvesting capability of the
LSC. The emission spectrum of the perovskite NCs was sharp and maximized at 700 nm
(see Figure 2a). The PLQY of the perovskite NCs was measured in an integrating sphere
using a 500 nm continuous wave (CW) laser and calculated from the ratio between the
number of the emitted photons (Nem) and the number of the absorbed photons (Nabs) (see
Figure 2b). The PLQY of the perovskite NCs was as high as 0.90, which was comparable
to those of organic dyes [37–39]. In the architecture of the LSC, the total area of the
four parallelly connected GaAs solar cells was 6 in2 (3870.96 mm2) (6 in × 1/4 in × 4
(152.4 mm × 6.35 mm × 4)). The solar cells exhibited a short-circuit current (Isc) of 1.07 A,
an open-circuit voltage (Voc) of 1.03 V, and a fill factor (FF) of 0.80, which led to maximum
electric power (Pmax) of 0.89 W and a PCE of 23% (see Figure 2c). The external quantum
efficiency (EQE) of the GaAs solar cells was also measured and integrated with AM1.5G
solar spectrum to afford an integrated short-circuit current density (Jsc) of 278.32 A m−2

(see Figure 2d), which matched the Jsc from the I–V measurement (276.42 A m−2). The
same PV characterizations were also applied to the LSC. The LSC exhibited an Isc of 0.98 A,
a Voc of 1.03 V, and an FF of 0.80, which led to a Pmax of 0.81 W and a PCE of 3.48% (see
Figure 2e). The slightly lower Pmax of the LSC (0.81 W) than that of the GaAs solar cells
(0.89 W) indicated that the luminescent waveguide behaved as a solar collector rather than
a concentrator and, thus, the concentration ratio of the LSC was 0.91 (0.81 W/0.89 W). The
EQE of the LSC was attributed to the absorption spectrum of the perovskite NCs and the
EQE of the GaAs solar cells, covering the range from 400 to 700 nm. The spectral response
beyond 700 nm was due to the scattering effects in the luminescent waveguide [40–42]. The
integrated Jsc of the LSC was 42.22 A m−2, consistent with that from the I–V measurement
of the LSC (42.19 A m−2).
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3.2. Limited Illumination

Our first approach to studying the self-absorption of the LSC was limited illumination.
This approach has been employed by other studies on LSCs [43,44]. In this approach,
the Isc of a solar cell was measured under a certain area of illumination (Ain), which is
depicted in Figure 3. In the experimental setup, a mask was used to adjust Ain from 1.5 in2

(967.74 mm2) (1/4 in × 6 in (6.35 mm × 152.4 mm)) to 36 in2 (23,225.76 mm2) (6 in × 6 in
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(152.4 mm × 152.4 mm)) (see Figure 3a). One edge of the waveguide was attached with a
solar cell, and the other edges were covered by blackout tapes. The results showed that Isc
increased, but its increasing rate (∆Isc/∆Ain) decreased with increasing Ain (see Figure 3b).
The pattern of the increasing rate was a quasi-exponential decay, where a fast decay was
observed for Ain below 10 in2 (6451.6 mm2) and a slow decay that approached zero for Ain
beyond 20 in2 (12,903.2 mm2). This indicated that photons far from the solar cell cannot be
efficiently delivered to the solar cell due to the photon transport loss mechanisms such as
self-absorption of the luminophores and waveguide scattering.
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3.3. Laser Excitation

Our second approach to studying the self-absorption of the LSC was using a laser
to excite the luminophores inside the waveguide and measuring the emission from the
edge of the waveguide using a spectrometer [45,46], which is depicted in Figure 4. This
approach allowed us to tell which photon transport loss mechanism (self-absorption of
the luminophores or waveguide scattering) was dominant. In the experimental setup, the
spectrometer was attached to the center of one edge of the waveguide through an optical
fiber (diameter: 1/4 in (6.35 mm)), while the rest of the edge and the other three edges
were covered by blackout tapes (see Figure 4a). A 500 nm CW laser was aligned with the
spectrometer and moved along the centerline of the waveguide. The distance between the
spectrometer and the laser was from 1/4 in (6.35 mm) to 5.75 in (146.05 mm). The results
showed that with increasing the distance, the intensity of the edge emission decreased (see
Figure 4b). For example, the intensity for a distance of 1/2 in (12.7 mm) was approximately
half of that for a distance of 1/4 in (6.35 mm), suggestive of significant photon transport loss.
The emission wavelength red-shifted and increased almost linearly with increasing distance
(see Figure 4c), which indicated a high degree of self-absorption of the luminophores in
the LSC. Meanwhile, the integrated intensity of the edge emission decreased rapidly for
a distance shorter than 2 in (50.8 mm), and it approached zero for a distance beyond 2 in
(50.8 mm). The results signified that self-absorption of the luminophores was the dominant
photon transport loss mechanism in the LSC.
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3.4. Regional Measurements

Our third approach to studying the self-absorption of the LSC was applying the
methodology of regional measurements, which is depicted in Figure 5. This approach was
recently developed by our group and allowed us to extract important parameters related
to the photon transport of the LSC [47,48]. In the experimental setup, the spectrometer
was attached to the edge of the luminescent waveguide at a certain position, and the
Ain was a 1 in (25.4 mm) square (see Figure 5a). The surface distance was the lateral
distance between the spectrometer and the illumination. The relationship between the
peak emission wavelength and the surface distance was almost linear (see Figure 5b),
and the emission factor (Fem) exhibited a quasi-exponential decay with increasing surface
distance (see Figure 5c). These observations were consistent with those from the approach
of laser excitation, suggestive of a high degree of self-absorption of the luminophores
in the LSC. According to the analysis in the literature [47], the relationship between
Fem and surface distance can be fitted by a theoretical equation to afford two important
parameters related to the photon transport of the LSC, which were the number of self-

absorption events at the largest photon transport length (N
Lptnmax
abs ) and the critical angle

for photon surface escape (θc). For the LSC in this study, the N
Lptnmax
abs was 28.5 and the θc

was 70.7◦, which were much higher than those of the LSC using BASF Lumogen F Red

305 (N
Lptnmax
abs = 11.3 and θc = 39.3◦) in the literature [47]. The results suggested that a great

number of self-absorption events occurred in the LSC, causing an increasing number of
photons that escaped from the surface.
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3.5. Projected Performance

The high degree of self-absorption of the luminophores in the LSC signified that
large-area LSCs based on the perovskite NCs would exhibit low performance. To verify
this, we performed Monte Carlo ray-tracing simulations [49–51] to project the performance
of the LSCs with sizes up to 40 in (1016 mm). The results in Figure 6 indicated that the
PCE started to be below 2% at the size of 15 in (381 mm) and below 1% at the size of 38 in
(965.2 mm). The concentration ratio started to be greater than 1, turning the LSC from a
collector to a concentrator, at the size of 8 in (203.2 mm), while at the size of 40 in (1016 mm),
it was just 1.63. The fast decrease in the PCE and slow increase in the concentration ratio
with increasing LSC size were due to the high degree of self-absorption of the perovskite
NCs in the LSC.
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4. Conclusions

In this report, we fabricated an LSC with the dimensions of 6 in × 6 in × 1/4 in
(152.4 mm × 152.4 mm × 6.35 mm) using perovskite NCs and GaAs solar cells. The
LSC exhibited a PCE of 3.48% and a concentration ratio of 0.91. Three approaches were
applied to study the self-absorption of the perovskite NCs in the LSC. The results for
the measurements based on the approach of limited illumination showed that perovskite
NCs exhibited a high degree of self-absorption, which would lead to low PCEs for large-
area LSCs. Measurements based on the approach of laser excitation revealed that the
self-absorption events primarily occurred within 2 in (50.8 mm). Regional measurements

indicated that the N
Lptnmax
abs was as high as 28.5 and the θc was as high as 70.7◦, suggesting a

significant number of self-absorption events and photon surface escape events in the LSC.
The projected performance of the LSCs using Monte Carlo ray-tracing simulations signified
that the PCE was below 1% for a large-area LSC with a size of 40 in (1016 mm). The strong
self-absorption of the perovskite NCs in the LSC was possibly due to the large absorption
tail of the material [52].
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