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A B S T R A C T

Quantum dot based luminescent solar concentrators (QDLSCs) are a special class of transparent photovoltaics
(TPV), especially suited for building integrated photovoltaics (BIPV). Photons are absorbed by luminescent
species in a waveguide and emitted at a red-shifted wavelength. Due to total internal reflection, these photons
are absorbed by the solar cells attached to the sides. Successful deployment requires high conversion efficiency
and high transparency, which are contradictory requirements. We have performed Monte-Carlo ray tracing
simulations to investigate single, double, and triple QDLSCs and have assessed their optical and electrical
performance. To this end, eight different semiconductor quantum dot materials have been used with various
absorption and emission properties, and Stokes’ shift. Device efficiency is analyzed for different average visible
transmission (AVT) values, thus considering the human photopic response. The range of luminescent quantum
efficiencies (30%–70%) leads to maximum efficiency of 2% for a single QDLSC, 2.4% for a double, and 2.7%
for a triple structure, at high transparency and good color rendering index. Further improvements are possible
towards >5% at high transparency with near-unity quantum efficiencies.
1. Introduction

It is widely recognized that photovoltaic (PV) solar energy sys-
tems ranging from solar parks to residential roof-mounted systems
will play a paramount role in the future energy system [1–3]. Besides
the urgency to replace fossil fuel-based energy production, the world
energy demand is expected to grow, with the built environment cov-
ering 50%–70% of total energy demand [1], also due to an increase
in electric vehicle and heating deployment [4]. The need arises for
energy generation technologies that are highly compatible with the
built environment. Conventional crystalline silicon solar modules are
often found on rooftops of residential and commercial buildings, which
are selected for their orientation and unobstructed incoming solar
irradiance. However, in city centers where tall buildings dominate, lack
of horizontal roof space, shading effects, and an increase in diffuse
irradiance lower the effectiveness of conventional PV modules [4,5].

In much of the literature, a proposed solution for PV in the urban
environment is to develop PV components that are simultaneously an
integral part of the building envelope, denoted as Building Integrated
Photovoltaics (BIPV) [4–8]. Today, BIPV solutions are primarily avail-
able in a colored, opaque form on roofs and facades, while transparent
BIPV solutions, such as in fully glazed high-rise buildings, are attracting
attention. These BIPV solutions require optimization of transparency
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in relation to efficiency as the PV window has two functions, i.e., be-
ing transparent and generating electricity, hence the term transparent
photovoltaics (TPV). Several technologies have been suggested to fulfill
the role of BIPV windows. The Luminescent Solar Concentrator (LSC)
is considered one of the most promising technologies due to its ability
to selectively absorb (non-)visible light [9] and its low costs [10].

The operational principle of an LSC device is to absorb incoming
light with a so-called luminophore species dispersed inside a trans-
parent waveguide material that is part of the window, e.g., as a
coating on window glass. After absorption, red-shifted light will be
emitted isotropically by the luminophore. Based on the principle of
total internal reflection, most of this emitted light can reach the sides
of the window, where PV cells are attached to the window frame to
convert the captured light into electricity. The refractive index of the
waveguide determines this amount of emitted light, and for typical LSC
waveguides, 75% can reach the sides.

The first LSC was proposed in 1977 by Goetzberger and Greubel
[11] as a solution to reduce the cost of PV systems. However, their
lasting popularity [5,9,12] is rather due to their flexibility in color [13]
and shape [14,15] combined with excellent performance under diffuse
irradiance during cloudy days [16–18].

For LSCs to be an important BIPV asset, their conversion efficien-
cies must be increased. Current power conversion efficiencies hover
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Fig. 1. Single, double (tandem), and triple layered LSC devices. The dot patterns on the windows depict the luminophores. Some of the incident sunlight (yellow arrow) is absorbed
and emitted towards the side-mounted PV cells (blue line), and the rest is transmitted (red arrow). (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
around 2.5% [19], while record power conversion efficiencies (PCE)
of 6.8% [20] and 7.1% [21] have been presented. It is speculated
that LSCs need a PCE of 10% to be a competitive energy harvesting
building element [22,23]. Using the detailed balance approach used by
Shockley and Queisser [24], the maximum efficiency of an LSC with
an absorption gap between 435–675 nm was calculated by Yang and
Lunt to be around 20% for a single junction device with an optimal
coupling to a PV device [25]. The practical limits, however, lie around
the 10% mark for a device with 100% transparency in the visible [26].
We note that depending on the application, the transparency and
device efficiency need to be optimized in combination, i.e., finding
a compromise between the lowest acceptable transparency and the
highest possible efficiency [27].

The luminophore is the most studied part of the LSC device [5,6].
Options are organic dyes, rare earth ions, and quantum dots (QDs)
which are evaluated on their effectiveness in capturing and emitting
light. A high-performance luminophore can be characterized by a broad
absorption spectrum, a high absorption coefficient, a high luminescent
quantum yield (LQY), and a large Stokes’ shift [5,28]. The latter
denotes the difference between the maximum of the absorption and the
maximum of the emission spectrum for the luminophore. This provides
a measure for the re-absorption rate: the probability of an emitted
photon to be absorbed again by a nearby luminophore and thus a
chance for the photon to be lost due to a non-unity LQY [29]. Typically,
organic dyes have high LQY but low Stokes’ shift [30], while rare-
earth ions and QDs can have high Stokes’ shift and high LQY [5,28,31].
QDs, or nanoparticles (NPs) in general, show promising results with
tunable absorption and emission spectra and consequently high Stokes’
shift [32,33], good stability, solubility, and low costs [34]. Therefore,
QDs have seen a growing interest in recent years due to their potential
for absorbing different wavelengths of incoming light and the potential
low-cost production process [28,35]. Studies using Monte Carlo ray
tracing mostly focus on efficiency optimization for LSCs. Recently,
however, also visual performance has been investigated [35], as it
has been shown that the characteristics of transmitted light inside a
building has a significant effect on well-being [36], and physical and
psychological behavior of its residents [37,38].

Building upon these findings, this paper investigates the differences
between various QD materials used in LSCs, further denoted as QDLSCs.
In addition, as is the case for conventional PV, the prospects of LSC
devices are increased when combining multiple devices by stacking
them on top of each other, as illustrated in Fig. 1, to capture a larger
part of the incoming solar spectrum. Goetzberger [11] reported already
in 1977 on added benefits of a tandem structure because of the higher
absorption of sunlight and better compatibility with the side-mounted
PV cells, which were crystalline silicon cells at that time.

This paper investigates optimal combinations of eight QD materials
for use in single, double, and triple structures through Monte Carlo
ray tracing. Results are focused on conversion efficiency and visual
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performance in order to answer our research question: ‘‘What combi-
nation of QD luminophores at which specific transmission yields the
highest performing single, double and triple LSCs based on conversion
efficiency and visual performance?’’.

The rest of the paper is organized as follows: Section 2 describes
the methodology and assumptions. Results for single, double, and triple
LSCs are shown and discussed in Section 3. Section 4 presents the
conclusions of the research, including recommendations for further
research.

2. Methodology

This section describes the ray trace simulations and subsequent
determination of performance indicators. The flowchart in Fig. 2 gives
an overview and interrelation of the various steps taken.

2.1. Ray trace model

The model used in this report is a Monte Carlo ray trace model based
on the PVtrace libraries by Daniel Farrell [39,40]. Ray trace simulations
have been widely deployed for LSC system research to assess their
efficiencies and losses [4,6,41–45]. In essence, the fate of an incoming
photon is followed through the device, including reflection, refraction,
absorption, emission, escape, and capture.

The input parameters for a ray trace simulation are the solar spec-
trum (𝑆(𝜆)), the number of photons, the device geometry, the refractive
index of the waveguide material PMMA (𝑛𝑤𝑔), the absorption co-
efficient of PMMA (𝑐𝑃𝑀𝑀𝐴(𝜆)), the emission (𝐸(𝜆)) and absorption
spectrum (𝐴(𝜆)) of the luminophore, the luminescent quantum yield
(𝐿𝑄𝑌 ) and the concentration factor of the used luminophore (𝑐𝑙𝑚).

A ray trace model simulates the fate of every single photon individ-
ually through the device. It samples using a random number 𝜉𝑝ℎ ∈ [0, 1]
from a cumulative distribution function based on a probability density
integral (Eq. (1)). It is standard practice [46] to use the AM1.5G photon
flux in Eq. (1) with a specific interval [𝜆𝑠𝑡𝑎𝑟𝑡, 𝜆𝑒𝑛𝑑 ], e.g., up to near
infra-red.

1
𝐾 ∫

𝜆𝑒𝑛𝑑

𝜆𝑠𝑡𝑎𝑟𝑡
𝛷(𝜆)𝑑𝜆 = 𝜉𝑝ℎ (1)

in which 𝐾 is a normalization constant, calculated as 𝐾 =
∫ ∞
0 𝛷(𝜆)𝑑𝜆, and 𝛷(𝜆) is the incoming photon flux.

In this paper, we use 106 photons for the simulations, which yields
sufficient statistics (low enough noise in the results) for ray-trace
simulations [47]. The angle of incidence is perpendicular to the plane
of the waveguide. The geometry of the LSC device is set at 0.1 × 0.1
× 0.005 m (L × W × H, with 𝐿 length, 𝑊 width, and 𝐷 thickness).
Upon interaction with the LSC device, the reflection or refraction is
calculated based on the Fresnel equations for unpolarized light. The
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Fig. 2. Flowchart for the ray trace Monte Carlo simulations. Inputs are placed inside the red squares, intermediate results are inside the blue ellipses, and end results are inside
the green hexagons. Flow chart based on [35].
calculated reflectance is compared to a random number to equate either
reflection or refraction.

If the ray is transmitted into the material, the path length of the
ray is determined by comparing to the Lambert–Beer law (Eq. (2)) to a
random number 𝜉𝐴 ∈ [0, 1].

𝜉𝐴 = 1 − exp
(

−𝜖(𝜆)𝑐lum𝑙
)

(2)

Here 𝜖(𝜆) is the absorption coefficient at the wavelength 𝜆, 𝑐lum
is the concentration of the luminophore, and 𝑙 is the resulting path
length. If the path length falls inside the device geometry of the LSC,
the photon is absorbed. Conversely, if the path is longer than the
device geometry, the Fresnel equations again determine the chance of
reflection or refraction of the ray. To vary the absorption rate and,
consequently, the transmittance of the LSC device, the concentration
𝑐lum is modified.

If the photon is absorbed, a random number (𝜉𝑄𝑌 ∈ [0, 1]) is picked
and compared to the value of the luminophore’s 𝐿𝑄𝑌 to determine if
a photon is emitted or not. When a photon is emitted, it is given a
direction by specifying a random vector on the unit sphere surrounding
the absorption event. Secondly, the wavelength of the emitted photon is
determined by sampling from the emission spectrum (𝐸(𝜆)) under the
condition that the emission wavelength is larger than the absorption
wavelength.

1
𝐾𝐸 ∫

∞

𝜆𝑎𝑏𝑠
𝐸(𝜆)𝑑𝜆 = 𝜉𝑄𝑌 (3)

in which 𝐾𝐸 is a normalization constant given by 𝐾𝐸 = ∫ ∞
0 𝐸(𝜆)𝑑𝜆. If

the emission occurs outside the escape cone, the photon will internally
reflect towards the sides, where it can be captured for electricity
generation.

In a tandem configuration, rays exiting the first LSC, either trans-
mitted or inside the escape cone, will undergo the same procedure
again for a second and a third LSC in a triple configuration. These
LSCs are modeled to be situated directly underneath each other with
an air gap (𝑛 = 1.0) of 0.05 m and identical geometry. The PVtrace [40]
algorithm allows for visualization of the complete device, shown for a
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triple tandem LSC in Fig. 3 for a test setting with CdSe/CdS Cu doped as
the luminophore. The incident rays, the rays emitted towards the sides
of the LSCs, and the transmitted rays are collected in order to calculate
key performance indicators, such as total device conversion efficiency.

2.2. Key performance indicators

Two factors play a key role for an LSC to function effectively as a
window: the generated amount of electricity and the transmitted light.
The former is assessed with LSC device efficiency, and the latter with
visual performance calculations.

2.2.1. LSC efficiency
There is a multitude of ways to assess the efficiency of an LSC. The

first defines the ratio between the number of photons collected from the
four waveguide faces at the sides, and the total incident photons, which
is denoted as External Quantum Efficiency (EQE), Eq. (4) [26,48]. The
Internal Quantum Efficiency (IQE) is similar to the EQE but excludes
reflected photons, Eq. (5) [26]. In this paper, we assume photons
incident perpendicular to the top surface, which leads to 4% reflection
loss based on Fresnel equations and the refractive index of PMMA
(1.5). We note that the equations have a slightly different meaning
compared to conventional PV, as photon numbers are used here instead
of collected electrons.

𝐸𝑄𝐸 =
𝛷𝑜𝑢𝑡
𝛷𝑖𝑛

(4)

𝐼𝑄𝐸 =
𝛷𝑜𝑢𝑡
𝛷𝑎𝑏𝑠

= 𝐸𝑄𝐸
1 − 𝑅

(5)

with 𝛷𝑜𝑢𝑡 is the flux of photons collected at the sides (number/s), 𝛷𝑖𝑛
flux of incoming photons (number/s), 𝛷𝑎𝑏𝑠 flux of absorbed and trans-
mitted photons (number/s), and 𝑅 the reflection coefficient calculated
with Fresnel equations.

As EQE and IQE use the ratio of photons but disregard the energy
of the photons, another measure is also used, namely the Optical
Efficiency (OE), see Eq. (6). It takes the output power from the edges
of all photons over the input power from the top of the LSC for the
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Fig. 3. Visual representation of PVtrace generating 300 rays emitted from an AM1.5G spectrum incident on three LSC plates, each with CdSe/CdS Cu doped as a luminophore.
The figure shows the light being emitted to the sides and shifted to red wavelengths (the colors correspond to the wavelengths) according to the absorption and emission spectrum
of CdSe/CdS Cu doped. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
wavelength range specified in the simulation [30]. Note that both
efficiency measurements are dependent on the transmission.

𝑂𝐸 =
𝑃𝑜𝑢𝑡
𝑃𝑖𝑛

=
∫ 𝑆𝑜𝑢𝑡(𝜆)𝑑𝜆
∫ 𝑆𝑖𝑛(𝜆)𝑑𝜆

(6)

The final indicator is the Power Conversion Efficiency (PCE) [30]
given by Eq. (7). Here, 𝐽𝑆𝐶 is the short circuit current density of the PV
cell(s) attached to the sides of the waveguide in A m−2, 𝑉𝑂𝐶 is the open
circuit voltage in Volt, 𝐼𝑆𝐶 is the short-circuit current in Ampere, 𝐹𝐹 is
the fill factor and 𝑃𝑖𝑛 is the power density of the incident solar radiation
(under standard test conditions this is usually taken at 1000 W m−2 for
AM1.5G solar radiation) [30].

𝑃𝐶𝐸 =
𝑉𝑂𝐶 𝐽𝑆𝐶 𝐹𝐹

𝑃𝑖𝑛
=

𝑉𝑂𝐶 𝐼𝑆𝐶 𝐹𝐹
𝐴𝑡𝑜𝑝𝑃𝑖𝑛

(7)

Note that 𝐴𝑡𝑜𝑝 is the area of the LSC onto which the photons are im-
pinging, not the area of the PV cells (𝐴𝑃𝑉 ). A geometrical concentration
(𝐺𝑋) ratio is defined as

𝐺𝑋 =
𝐴𝑡𝑜𝑝

𝐴𝑃𝑉
≥ 𝐿 𝑊

2(𝐿 +𝑊 ) 𝐻
(8)

in which it is assumed that all four sides are fully covered with PV cells.
If not, the greater-than symbol applies. In this paper, 𝐺𝑋 = 𝐿∕4𝐻 = 5
(for square geometry 𝐿 = 𝑊 ).

The data for calculating the EQE, IQE, and OE is taken from photon
flux values resulting from the simulations. For PCE, additional data
is needed for the attached PV cell. Data for the attached PV cell has
been taken from Yoshikawa et al. (2017) [49], who use a silicon
heterojunction cell with interdigitated back contacts which is ideal for
coupling with an LSC device (no shading losses from contacts). This cell
has a record STC efficiency of 26.3%, 𝐽𝑆𝐶 = 42.3 mA/cm2, 𝑉𝑂𝐶 = 0.744
V, and 𝐹𝐹 = 0.838. EQE is shown in Appendix A.1

To calculate the PCE, the incoming photon flux per wavelength is
multiplied by the efficiency of the solar cell at that wavelength [49] and
elementary charge 𝑞. This gives the generated number of electrons per
wavelength, which can be integrated to determine total short-circuit
current (𝐽𝑆𝐶 ), as follows:

𝐽𝑆𝐶 = 𝑞 ∫

𝜆2

𝜆1
𝛷𝑖𝑛(𝜆)𝐸𝑄𝐸(𝜆)𝑑𝜆 (9)

The calculation of the short-circuit current density in this manner is
common practice in LSC simulations [35,50]. In this paper, we model
one second of incoming AM1.5G solar radiation. As the photon flux is
4.3 ∗ 1021 s−1 m−2, a correction factor of 4.3 ∗ 1013 is needed as we
simulated 106 photons on a 0.01 m2 surface.
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With the short-circuit known, the open-circuit voltage (𝑉𝑂𝐶 ) can be
calculated as follows, assuming an ideal diode curve, i.e., series and
shunt resistances and non-ideal diode quality factor can be ignored:

𝑉𝑂𝐶 =
𝑘𝐵𝑇
𝑞

(

ln
𝐽𝑆𝐶
𝐽𝑠

+ 1
)

(10)

by using the diode saturation current density (𝐽𝑠) as provided by
Yoshikawa et al. [49], the Boltzmann constant (𝑘𝐵) and the temper-
ature (𝑇 ), which is taken as 300 K.

The fill factor can be calculated assuming that series and shunt
resistance values, and non-ideal diode quality factor can be ignored,
by using Green’s relation [51] between fill factor and normalized 𝑉𝑂𝐶 ,
defined as 𝑣𝑂𝐶 = 𝑞𝑉𝑂𝐶∕𝑘𝐵𝑇 :

𝐹𝐹 =
𝑣𝑂𝐶 − ln

(

𝑣𝑂𝐶 + 0.72
)

𝑣𝑂𝐶 + 1
(11)

Power generated by the solar cells 𝑃𝑚𝑝𝑝 then is

𝑃𝑚𝑝𝑝 = 𝐹𝐹𝑉𝑂𝐶𝐼𝑆𝐶 = 𝑉𝑚𝑝𝑝𝐼𝑚𝑝𝑝 (12)

Taking the derivative of the power versus voltage curve, the voltage
at the maximum power point 𝑉𝑚𝑝𝑝 is found to be:

𝑉𝑚𝑝𝑝 = 𝑉𝑂𝐶 −
𝑘𝐵𝑇
𝑞

ln
( 𝑞𝑉𝑚𝑝𝑝

𝑘𝐵𝑇
+ 1

)

(13)

This implicit equation for 𝑉𝑚𝑝𝑝 can be solved iteratively. With 𝐹𝐹
known, 𝐼𝑚𝑝𝑝 can be calculated.

2.2.2. Visual performance
In order for LSCs to substitute windows in the building envelope,

the transmitted light needs to be analyzed. It has been shown that an
LSC will alter the spectral distribution of the incoming solar radiation
resulting in different color qualities [52]. The science of assessing
the visual performance of incoming light is called colorimetry and is
frequently used in glass and glazing applications [53].

Colorimetrics rely on the widely used Color Rendering Index (CRI),
which quantitatively denotes the accuracy of the colors of an object
with respect to an ‘ideal’ illumination source. The value of CRI ranges
between 0 and 100, with 100 being a perfect representation of the
colors of the object. A CRI of at least 70 is considered to be of good
quality [9] and a CRI above 85 is of superior quality [26,54]. Since the
perception of colors is always based on the viewer, colors are evaluated
with respect to a reference source. This source is denoted as D65, which
represents average midday light in Western Europe as defined by the
Commission Internationale de l’Eclairage (CIE), the general authority
on colorimetrics [55].
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Fig. 4. Two chromaticity diagrams showing the color and correlated color temperature of D65. (a) shows the 𝑥𝑦-chromaticity and (b) the 𝑢′𝑣′-chromaticity. The extended lines
represent the same correlated color temperature and are called isotherms. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
Source: Image from [35].
In order to calculate the CRI, first, the tristimulus values (𝑋, 𝑌 ,𝑍)
are calculated from the transmitted light and the color-matching func-
tions representing the spectral response of the human eye. These tris-
timulus values are subsequently used to visualize the color in a 2D
𝑥𝑦-chromaticity diagram and the more representative 𝑢′𝑣′-chromaticity
diagram [56], see Fig. 4, which we will use in this paper.

From the chromaticity diagrams the Correlated Color Temperature
(CCT) can be determined. This is the temperature of the color as emit-
ted by a black-body radiator [35]. For example, the AM1.5G spectrum
can be approximated when taking the sun as a black body radiator with
a temperature around 6000 K. Conceptually, it can be thought of as
the ‘warmth’ of the color with, counter-intuitively, higher CCT values
producing ‘colder’ colors.

The CIE replaced the well-known R, G, B values (Red, Green, Blue)
in 1931 to become more practical [35,55]. The tristimulus values can
be calculated if the Spectral Power Density (SPD) is known, i.e., the ra-
diation power at each wavelength. Furthermore, the tristimulus values
depend on the color matching functions 𝑥̄, 𝑦̄ and 𝑧̄, which indicate how
the human eye responds to certain wavelengths and a constant K = 683
lm/W, as follows:

𝑋 = 𝐾 ∫𝑣𝑖𝑠
𝑃𝑇 (𝜆)𝑥̄(𝜆)𝑑𝜆 (14)

𝑌 = 𝐾 ∫𝑣𝑖𝑠
𝑃𝑇 (𝜆)𝑦̄(𝜆)𝑑𝜆 (15)

𝑍 = 𝐾 ∫𝑣𝑖𝑠
𝑃𝑇 (𝜆)𝑧̄(𝜆)𝑑𝜆 (16)

Here, 𝑃𝑇 (𝜆) represents the radiant power of the transmitted light of the
LSC devices, and the visible spectrum ranges from 380 to 700 nm.

To calculate the transmitted light’s chromaticity values, the tristim-
ulus values 𝑋, 𝑌 , and 𝑍 are divided by their sum to get the relative
values 𝑥 and 𝑦. Since the total of the relative sum is equal to 1, only
two values are necessary to indicate the color (Eqs. (17) and (18)).

𝑥 = 𝑋
𝑋 + 𝑌 +𝑍

(17)

𝑦 = 𝑌
𝑋 + 𝑌 +𝑍

(18)

𝑧 = 1 − 𝑥 − 𝑦 (19)

The 𝑥 and 𝑦 values are used to calculate the CIE 1964 chromaticity
diagram [55], see Fig. 4(a). However, a disadvantage of this method
is that not all colors are represented by the same area [57]. Therefore,
the CIE has designed the CIE 1976 CIE L* u* v* color space, which can
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be easily computed from the chromaticity values 𝑥 and 𝑦 and uses 𝑢′

and 𝑣′ [56] see Fig. 4(b) [35]. The equations for calculating 𝑢′ and 𝑣′

are:

𝑢′ = 4𝑥
−2𝑥 + 12𝑦 + 3

(20)

𝑣′ =
9𝑦

−2𝑥 + 12𝑦 + 3
(21)

From the chromaticity diagram, CCT can be determined by plotting
a color on a 𝑢′𝑣′ diagram and finding the corresponding color a black-
body radiator would emit. Since these black-body radiators always
emit all wavelengths, multiple points will have the same CCT in a
chromaticity diagram. The points having the same CCT are depicted
by the lines in Fig. 4 and are called isotherms. The full path of the line
is denoted as the Planckian locus or black body locus.

The color rendering index indicates the potential of the transmitted
light to correctly display the color of an object [9]. A color appearance
model is used to evaluate a color’s perceptual attributes. There is
a multitude of color appearance models ranging in complexity and
consideration of environmental factors. The oldest and default option is
the UVW method [53]. Besides the UVW, the CIELUV color appearance
model has been proposed. This slightly alters the UVW lightness scale
𝑊 ∗ and the coordinate 𝑣∗ [58], the CIELUV method is optimized for
self-luminous color displays [35].

The main difference between a color appearance model and a
chromaticity diagram is the lightness factor 𝑊 ∗, which depicts the
relative brightness of a color. It can be thought of as representing the
color on a grayscale. The equations for UVW uniform color space are:

𝑊 ∗ = 25𝑌
1
3 − 17 (22)

𝑢∗ = 13𝑊 ∗ (𝑢′ − 𝑢′𝑛) (23)

𝑣∗ = 13𝑊 ∗ (𝑣′ − 𝑣′𝑛) (24)

Here 𝑌 is the relative tristimulus value (Eq. (14)), which is normal-
ized to 100, and 𝑢′ and 𝑣′ depict the chromaticity coordinates of the
measured light and 𝑢′𝑛 and 𝑣′𝑛 are the chromaticity coordinates of the
relative white color.

Since colors are always relative, the CRI is determined by comparing
the transmitted light to fourteen Munsell test colors determined by the
CIE [55] that span the entire visible region. When compared with a
color, there will be a certain distance in lightness 𝑊 ∗, and the 𝑢∗ and
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Table 1
Properties of quantum dots.

QD material Emission Luminescent quantum yield Source
(nm) (%)

CdSe/CdS giant shell 640 50 [63]
ZnSe/ZnS Mn2+ doped 590 50 [67]
CdSe Cu doped 705 70 [68]
PbS/CdS 890 50 [64]
CuInSeS/ZnS 960 40 [65]
AgInS/ZnS 900 30 [66]
Si 830 45 [69]
C 550 40 [70]

𝑣∗ values. This difference is taken as the Euclidean distance between
two points (Eq. (25)) and shows the color shift.

𝛥𝐸 =
√

(𝛥𝑊 ∗)2 + (𝛥𝑢∗)2 + (𝛥𝑣∗)2 (25)

The color difference 𝛥𝐸 is calculated for every color, and subse-
quently, the specific CRI (𝑅𝑖 = 100 − 𝛥𝐸𝑖) can be obtained. The mean
alue of CRI then shows the ability of the transmitted light to show
he actual color of an object and should be as high as possible. Recent
SC research uses the method by Yang and Lunt [59] based on these
alculations, which is also adopted in this paper.

𝑅𝐼 = 1
14

14
∑

𝑖=1
𝑅𝑖 (26)

.2.3. Light Utilization Efficiency
Since the transmitted light serves a clear purpose in LSC devices,

new metric has been proposed by Traverse et al. [9], which com-
ines the PCE and the Average Visible Transmission (AVT): the Light
tilization Efficiency (LUE).

The AVT is defined as the ratio of the incident and transmitted light,
eighted by the visible spectrum of the human eye [26,30]:

𝑉 𝑇 =
∫ 𝑇 (𝜆)𝑃 (𝜆)𝑆(𝜆)𝑑(𝜆)
∫ 𝑃 (𝜆)𝑆(𝜆)𝑑(𝜆)

(27)

n which 𝑇 is the transmission as a function of 𝜆, 𝑃 is the spectral
ensitivity of the human eye also called the photopic response [60], and

is the solar photon flux (AM1.5G). We note that ∫ 𝑆(𝜆)𝑑(𝜆) = 1000
/m2, and ∫ 𝑃 (𝜆)𝑆(𝜆)𝑑(𝜆) = 180 W/m2, using a wavelength range of

80–4000 nm for the full spectrum and 380–700 nm for the photopic
esponse. Some typical AVT values are 92% for quartz glass and 80%
or double-paned insulated glass [61]. Generally, glass with a value
bove 60% looks clear, and below 50% will look tinted [62].

Light Utilization Efficiency is defined as:

𝑈𝐸 = 𝑃𝐶𝐸 × 𝐴𝑉 𝑇 (28)

UE reflects that high PCE will compromise high AVT and vice versa,
nd LUE as a function of AVT typically show a maximum around AVT
50% [9].

.3. QD data

In this study, the same quantum dots are used as in Moraitis et al.
2019) [35], which were found to be suitable for large-scale production
f QD-based LSCs. The emission and absorption spectra of these QDs
ave been obtained in previous studies by spectroscopic measurements.
n total, eight different QDs are shown in Fig. 5. Emission peak and
uantum yield are shown in Table 1. The figure shows that the selected
Ds have a large Stokes shift, reducing re-absorption losses, while some
verlap remains between the absorption and emission spectrum in all
ases. These large Stokes shifts can be obtained by semiconductor core–
hell structures [63–66], doping [67,68], and single material QDs (Si,
) [69,70].
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Table 2
Configurations for tandem LSCs based on the requirements for absorption/emission
overlap and quantum yield (𝑄𝑌 > 50%) for the top LSC waveguide. Configurations are
labeled Di, with 𝑖 a number.

Configuration Top luminophore Bottom luminophore

D1 CdSe/CdS giant shell PbS/CdS
D2 " CuInSeS/ZnS
D3 " Si
D4 ZnSe/ZnS Mn2+ doped CdSe/CdS Cu doped
D5 " PbS/CdS
D6 " CuInSeS/ZnS
D7 " C
D8 " AgInS/ZnS
D9 CdSe/CdS Cu doped PbS/CdS
D10 " CuInSeS/ZnS
D11 " Si
D12 PbS/CdS PbS/CdS
D13 " CuInSeS/ZnS
D14 " Si

2.4. Criteria for double/triple LSCs

To limit the number of simulations, some criteria are used. In
principle, for a double configuration, 82 = 64 would be possible, and for

triple 83 = 512. In a double or triple LSC device, the top LSC should
ontain luminophores with a large 𝐿𝑄𝑌 and an absorption spectrum
ear UV-wavelengths [11,72]. For the top waveguide, all luminophores
ith a 𝐿𝑄𝑌 of 50% or more are thus selected in this paper. For
ouble LSCs, the bottom waveguide could contain any of the other
uminophores as long as the absorption spectrum is in the range of the
mission spectrum of the luminophore of the top LSC. This allows for
bsorption by the bottom waveguide of transmitted and emitted light
rom the top one. The resulting 15 LSC configurations fulfilling these
riteria are listed in Table 2.

For triple LSCs, the middle and bottom waveguide can contain any
f the other luminophores, as long as some overlap with the emission
pectrum of the waveguide above it is present, but no 𝐿𝑄𝑌 limitations
re set. An example of a possible triple tandem LSC would be CdSe/CdS
u doped//CuInSeS/ZnS//PbS/CdS. This has been selected since the
𝑄𝑌 of CdSe/CdS Cu doped is 70% and there is at least some overlap in

he absorption and emission spectra as visible in Fig. 5c–e. This enables
he escaped photons from the top LSC to be captured by the middle
nd/or bottom waveguides. A list of all 45 combinations for triple LSC
onfigurations is shown in the Appendix A.2, Table A.1.

.5. Setting AVT

Since the absorption and emission spectra are based on relative
nits the single, double and triple LSC configurations have been tested
ased on the percentage transmitted light (AVT) compared to incident
ight. It should be noted that the AVT strongly depends on the photopic
esponse curve and the specific QD absorption spectra. Fig. 6 illustrates
hat absorption spectra of the used QDs overlap differently with the
hotopic response curve 𝑃 (𝜆). For example, the absorption spectrum of
he CdSe/CdS giant shell is rather flat in the wavelength range of the
hotopic response, while the Si absorption spectrum hardly overlaps.
his means that the actual concentration of Si QDs will be much higher
han that of the CdSe/CdS giant shell in order to reach the same AVT.
his will not lead to much higher PCE, as the number of photons of
he incident AM1.5G spectrum is low compared to the number in the
isible range.

For single LSC configurations, concentrations for each QD have been
aried to determine the relationship between the absorption coefficient
nd AVT. In this way, by adjusting concentrations, AVT values of 65%,
5%, and 85% for each luminophore are found.

For a double structure, luminophore concentrations for each waveg-
ide are varied such that AVT values of 65%, 75%, and 85% are set for



Ceramics International 49 (2023) 24454–24468T.A. de Bruin and W.G.J.H.M. van Sark
Fig. 5. Absorption and emission spectra for the used QDs. (a) Semiconductor CdSe/CdS quantum dots with core–shell structure [63]. (b) ZnSe/ZnS with core–shell structure doped
with Mn2+ [67]. (c) Semiconductor CdSe/CdS Cu doped quantum dots with core–shell structure [68]. (d) Core–shell PbS/CdS quantum dots [64]. (e) Non-toxic semiconductor
CuInSeS/ZnS quantum dots with core–shell structure [65]. (f) AgInS/ZnS nanocrystals [66]. (g) Silicon quantum dots [71]. (h) Colloidal carbon dots [70].
Source: Graph from Moraitis et al. (2019) [35].
Fig. 6. Absorption spectra for the used QDs in comparison to the photopic response
𝑃 (𝜆) (dotted line).

individual waveguides. Depending on the QD combinations, the AVT
of the double structure will be lower than the single structures. Also
for the triple configuration, these values for AVT have been used. This
leads to LSC configurations spanning a range in AVT between 25% and
85%.

3. Results

3.1. Single LSCs

Fig. 7 depicts PCE, CRI, CCT, and LUE as a function of 𝐿𝑄𝑌 for
the eight QDs used, for three different values of AVT. It is clear from
Fig. 7a that QDLSCs with QDs with larger 𝐿𝑄𝑌 lead to larger values of
PCE, as indicated by the linear fits. Also, the larger the AVT, the lower
the PCE. Differences in results for different QDs are due to differences
in absorption range. For example, the three QDs with 𝐿𝑄𝑌 of 50%,
namely CdSe/CdS giant shell, PbS/CdS, and ZnSe/ZnS Mn doped do not
differ much in PCE (1.0–1.3%, for AVT = 65%), while the two QDs with
QY of 40%, namely Carbon and CuInSeS/ZnS have larger differences
(0.33–1.06%). The best PCE is 2.02% for an LSC with CdSe/Se Cu
doped as luminophore, at AVT = 65%, CRI 45.9, and CCT of 2534 K.
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The analysis shows that both CRI and CCT decrease with decreasing
AVT, but increase with lowering 𝐿𝑄𝑌 . At higher 𝐿𝑄𝑌 more red-shifted
photons are emitted, leading to spectral changes that adversely affect
CRI. The results show that single QDLSCs should have AVT > 75%
to have acceptable CRI and CCT for indoor comfort. LUE increases
with 𝐿𝑄𝑌 , as more emitted photons will reach the PV cells, but it
decreases with increasing AVT, as fewer photons are absorbed. The CIE
𝑢′𝑣′ diagrams are shown in Fig. 8a and b. Larger AVT values in general
lead to higher 𝑢′ and 𝑣′ values such that the transmitted light appears
yellow/orange (between 570–580 nm).

3.2. Double LSCs

Fig. 9 depicts PCE for all configurations listed in Table 2. The
graphs distinguish PCE for the four different top luminophores. The
best efficiency of 2.4% is found for a configuration with CdSe/CdS
Cu doped in the top waveguide and PbS/CdS or CuInSeS/ZnS in the
bottom waveguide. AVT values are 45 and 44%, for PbS/CdS and
CuInSeS/ZnS, respectively. CRI and CCT are 38 and 41, and 2293 and
2400 K, respectively. From the inside, this LSC appears yellow/brown
(582 nm, see Fig. 8c).

Fig. 9 also shows that the contribution to the PCE of the top
waveguide is larger than the bottom one. In fact, the bottom waveguide
adds (22 ± 10)% relative to total PCE, depending on actual QDs
used. This can be explained by looking at the spectral overlap of the
emission spectrum of the luminophore in the top waveguide (CdSe/CdS
Cu doped) and the absorption spectrum of the bottom waveguide
luminophore (PbS/CdS). Defining spectral overlap as ∫ 𝐴𝑡𝑜𝑝(𝜆)𝐸𝑏𝑜𝑡𝑡𝑜𝑚(𝜆)
using data in Fig. 10 yields a value of 46.6 in arbitrary units. Only
the higher energy emitted photons from the top waveguide will be
absorbed by the bottom waveguide luminophore. A QD with a larger
absorption cut-off wavelength would lead to higher PCE.

3.3. Triple LSCs

The highest efficiency of 2.7% is found for a configuration with
CdSe/CdS Cu doped in the top waveguide, PbS/CdS (or CuInSeS/ZnS)
in the middle waveguide, and CuInSeS/ZnS in the bottom waveguide,
with AVT = 30.3% (29.4%), CRI = 33.5 (36.6) and CCT = 2243 K
(2317 K). From the inside, this LSC appears yellow/brown (585 nm,
see Fig. 8d).
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Fig. 7. QDLSC device efficiency (PCE) (a), color rendering index (CRI) (b), correlated color (CCT) (c), and light utilization efficiency (LUE) (d) for single QDLSC waveguides with
the used QDs, as a function of their quantum yield for three different values of average visible transmittance. Lines are guides to the eye. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
As in the case of double LSC configurations, the top waveguide
contributes most to the total PCE, as shown in Fig. 11. For the triple
configuration, the middle and bottom contribute 17(±8)% and 13(±5)%
to total PCE, respectively. This can also be explained by investigating
the spectral overlap in absorption and emission spectra. Defining spec-
tral overlap as ∫ 𝐴𝑏𝑠𝑡𝑜𝑝𝐸𝑚𝑚𝑖𝑑𝑑𝑙𝑒 using data in Fig. 12a yields a value of
42.3 in arbitrary units, which is slightly lower than the value of the dou-
ble LSC for which CuInSeS/ZnS also was a good candidate. The spectral
overlap between middle and bottom LSC, defined as ∫ 𝐴𝑏𝑠𝑚𝑖𝑑𝑑𝑙𝑒𝐸𝑚𝑏𝑜𝑡𝑡𝑜𝑚
yields 5.5 in arbitrary units. The bottom LSC contributes little (10%
relative) to the final device efficiency.

An AVT of 85% for identical luminophores in every waveguide in
a triple configuration would give an AVT of 61.4% for the complete
configuration. For an AVT of 75% and 65%, this yields 42.2% and
27.5%, respectively, as visualized in Fig. 11. We note that as we
combine different luminophores, the reported AVT values are always
larger than the indicated values.
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3.4. PCE and LUE

Fig. 13 provides a summary of all simulation results, combining
single, double, and triple configurations in one graph for PCE and LUE.
It is clear that PCE increases with decreasing AVT and depending on
the used luminophores, single LSCs can outperform double and even
triple configurations. Also, double configurations can outperform triple
ones. The LUE versus AVT graph shows an optimum around AVT =
50%, in correspondence with Traverse et al. [9]. We note that the PCE
of single LSCs are 1%–2% lower than the PCE of the top in double and
triple configurations, which is due to reflection and/or absorption from
middle and bottom waveguides.

4. Discussion

In this paper, the results for single LSCs are very similar, but not
identical to the earlier work of Moraitis et al. [35], who used the same
QDs. This is most likely due to a version change in the used PVtrace
algorithm in combination with the complexity of the input parameters.
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Fig. 8. CIE 𝑢′𝑣′ diagrams for single (a) and (b) (zoomed in), double (c), and triple (d) configurations. Also, the AM1.5G point is indicated. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
Discrepancies with experimental results, if they were available,
could arise from data gathered for the luminophores. While these
have been taken from acknowledged scientific papers, any nuance in
those papers has been disregarded for the sake of the simulation. Also,
reported quantum yields are often reported with a variation of a few
percent e.g. PbS/CdS has a 𝐿𝑄𝑌 variation of 10% [64]. An uncertainty
analysis should be performed to study the effect of those variations.
This was beyond the scope of this paper.

Statistical uncertainty could be associated with the fact that 106

simulated photons is not sufficient for definite conclusions, while we
note that other ray trace simulations use the same number [47]. Testing
with a higher amount of photons should be done in a further study to
improve accuracy.

Another important aspect of the report is the choice of input param-
eters that have been tailored to the minimum known absorption for the
quantum dots at 352 nm. This does exclude a significant portion of the
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light up until 280 nm with high-energy photons. We have chosen not
to extrapolate absorption data to lower wavelengths, since it may lead
to higher inaccuracies.

The solar cell taken from Yoshikawa et al. [49] determines the
power conversion efficiency and could potentially be improved upon,
but this already is a very efficient solar cell with interdigitated back-
contacts for extra efficiency gains and is ideal for coupling with LSCs.
However, zero series resistance and infinite shunt resistance and ideal
diode behavior that we assume will slightly overestimate PCE.

In the simulations, we assume cells to be at every side of the
waveguides, so having 4, 8, and 12 identical rectangular (silicon) cells
for single, double, and triple configuration, respectively. In practice,
it may be technologically less complex to use only 4 cells, of different
sizes (or even materials) to optimize photon harvesting. This may affect
PCE values.
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Fig. 9. PCE of double configurations with as (a) CdSe/CdS giant shell, (b) ZnSe/ZnS Mn2+ doped, (c) CdSe Cu doped, and (d) PbS/CdS as luminophore in the top waveguide, for
all configurations given in Table 2.
4.1. Future research

In our work, we have used three values of AVT for each waveguide
in single, double, and triple configurations. Future work will encom-
pass sampling random configurations with random AVT values, thus
following a combinatorial approach. In this way, mapping relationships
between various variables would be possible, which would aid in quick
LSC designs. However, due to the computational intensive ray trace
method, this will take time, and a faster method may need to be
developed.

The properties of the used QDs date back a few years. Updating,
especially 𝐿𝑄𝑌 , will need to be done. Also, other QD materials in terms
of absorption and emission spectra and their matching in double and/or
triple structures will be searched for in recent literature. The PCE values
presented in this paper should be regarded as conservative.

The light utilization efficiency metric was designed by Traverse
et al. [9] to indicate the quality of window applications which double
as an electricity generating device, and it can be used for all transparent
PV devices. Our results corroborate that high LUE often corresponds to
a well-performing LSC, but a lot of variation is observed, depending
on the materials used. The LUE is based on the photopic response of
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the human eye. This spectrum stretches from 400 nm to 700 nm. Our
results show that high LUE values could be obtained with the purple
and blue wavelengths being transmitted, which does not correspond to
a high color quality (low CRI). Hence, the LUE is a useful measurement
tool if the transmitted spectrum is not heavily skewed nor lacks specific
wavelengths. It does provide a valuable measurement tool when the
overall average transmission has an even distribution. An option would
be to replace the photopic response with the tristimulus values. This
would encompass the different colors and punish heavily skewed trans-
mission spectra thus corresponding better to CRI values. A modified
LUE or a new metric including the spectral overlap of absorption and
emission spectra of the used luminophores would ideally allow for fast
prediction of potential PCE. The quality factor as defined by Klimov
et al. [73] could be a good starting point.

5. Conclusion

This paper has investigated the electrical performance and col-
orimetric properties of single, double, and triple configuration LSCs,
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Table A.1
Configurations for triple LSCs based on the requirements for absorption/emission overlap and quantum yield (𝐿𝑄𝑌 > 50%)
for the top LSC waveguide. Configurations are labeled Ti, with 𝑖 a number.
Configuration Top luminophore Middle luminophore Bottom luminophore

T1 CdSe/CdS giant shell PbS/CdS PbS/CdS
T2 " " CuInSeS/ZnS
T3 " " Si
T4 " CuInSeS/ZnS PbS/CdS
T5 " " CuInSeS/ZnS
T6 " " Si
T7 " Si PbS/CdS
T8 " " CuInSeS/ZnS
T9 ZnSe/ZnS Mn2+ doped CdSe/CdS Cu doped PbS/CdS
T10 " " CuInSeS/ZnS
T11 " " Si
T12 " PbS/CdS PbS/CdS
T13 " " CuInSeS/ZnS
T14 " " Si
T15 " CuInSeS/ZnS PbS/CdS
T15 " " CuInSeS/ZnS
T16 " " Si
T17 " AgInS/ZnS CdSe/CdS giant shell
T18 " " CdSe/CdS Cu doped
T19 " " PbS/CdS
T20 " " CuInSeS/ZnS
T21 " " Si
T22 " " AgInS/ZnS
T23 " " C
T24 " C CdSe/CdS giant shell
T25 " " CdSe Cu doped
T26 " " PbS/CdS
T27 " " CuInSeS/ZnS
T28 " " Si
T29 " " C
T30 CdSe/CdS Cu doped PbS/CdS PbS/CdS
T31 " " CuInSeS/ZnS
T32 " " Si
T33 " CuInSeS/ZnS PbS/CdS
T34 " " CuInSeS/ZnS
T35 " " Si
T36 " Si PbS/CdS
T37 " " CuInSeS/ZnS
T38 PbS/CdS PbS/CdS PbS/CdS
T39 " " CuInSeS/ZnS
T40 " " Si
T41 " CuInSeS/ZnS PbS/CdS
T42 " " CuInSeS/ZnS
T43 " " Si
T44 " Si PbS/CdS
T45 " " CuInSeS/ZnS
Fig. 10. Absorption and emission spectra of the best double QDLSC with CdSe/CdS
Cu doped in the top and PbS/CdS in the bottom waveguide, illustrating the spectral
overlap of 𝐴𝑡𝑜𝑝(𝜆) and 𝐸𝑏𝑜𝑡𝑡𝑜𝑚(𝜆).
24464
Fig. 11. PCE of triple configurations listed in Table A.1.
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Fig. 12. Absorption and emission spectra of the best triple QDLSC with CdSe/CdS Cu doped in the top, CuInSeS/ZnS in the middle, and PbS/CdS in the bottom waveguide,
illustrating the spectral overlaps between top and middle (a) and middle and bottom (b) luminophore.
Fig. 13. (a) PCE and (b) LUE for all configurations simulated in this paper. Lines are guides to the eye.
based on eight different quantum dot luminophores. These LSC struc-
tures would serve as energy-harvesting windows. Hence average vis-
ible transmission and color rendering index are important aspects to
consider. Ray trace simulations have been used to find the optimal
combinations of QD luminophores, which lead to 2.7% efficiency triple
configuration, using CdSe/CdS Cu doped in the top, CuInSeS/ZnS in
the middle, and PbS/CdS. Higher PCE values are possible as the quan-
tum yields used in the simulations are quite low. Future work will
corroborate this.

High PCE does not necessarily mean high colorimetric quality, as
many of the combinations lead to a yellow/brown color inside, behind
the window, with low CRI. The LUE shows optimum values around AVT
= 50%, while AVT > 70% will be required to reach good colorimetric
quality.

This paper also has elaborated on the requirements for QDs when
they are combined in double and triple configurations: high quantum
yield and high overlap between emission spectra of luminophores in
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a waveguide that is on top of another waveguide and the absorption
spectra of the luminophores in that waveguide.
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Fig. A.1. External quantum efficiency of the Si interdigitated back contact cell [49].

Appendix A

A.1. Solar cell external quantum efficiency

The external quantum efficiency as a function of wavelength of the
Si interdigitated back contact cell as reported by Yoshikawa et al. [49]
is shown in Fig. A.1. The diode saturation current J𝑠 is 3 ⋅10−15 A cm−2.

A.2. Triple LSC configurations

A list of all 45 combinations for triple LSC configurations that
comply with requirements stated in Section 2.5 is shown in Table A.1.
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