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Abstract: Skylights and windows are building openings that enhance human comfort and well-being
in various ways. Recently, a massive drive is witnessed to replace traditional openings with building
integrated photovoltaic (BIPV) systems to generate power in a bid to reduce buildings’ energy. The
problem with most of the BIPV glazing lies in the obstruction of occupants’ vision of the outdoor
view. In order to resolve this problem, new technology has emerged that utilizes quantum dots
semiconductors (QDs) in glazing systems. QDs can absorb and re-emit the incoming radiation in the
desired direction with the tunable spectrum, which renders them favorable for building integration.
By redirecting the radiation towards edges of the glazing, they can be categorized as luminescent
solar concentrators (QD-LSCs) that can help to generate electricity while maintaining transparency in
the glazing. The aim of this paper is to review the different properties of core/shell quantum dots and
their potential applications in buildings. Literature from various disciplines was reviewed to establish
correlations between the optical and electrical properties of different types, sizes, thicknesses, and
concentration ratios of QDs when used in transparent glazing. The current article will help building
designers and system integrators assess the merits of integrating QDs on windows/skylights with
regards to energy production and potential impact on admitted daylighting and visual comfort.

Keywords: core/shell quantum dots; building’s openings; luminescent solar concentrators (LSC);
solar radiations; visual comfort; electricity production

1. Introduction

Buildings’ openings are considered a crucial element to visually connect to the outside and admit
daylighting to the indoor spaces. In recent years, the building industry has been increasingly shifting
from typical glazing systems to building integrated photovoltaics (BIPV) in a bid to reduce building
reliance on supply from the electrical grid. The BIPV adaptation to buildings is affecting daylight
admission and the view factor in buildings; which can lead to health and psychological issues according
to previous studies. Recent studies introduced a number of approaches to develop transparent BIPV
to overcome the daylight and view related issues [1,2]. The most promising technique is to use QDs
that help to improve energy production by involving better sunlight absorption and re-emission in
the desired direction [3,4]. The tunable absorption and emission feature of the QDs render them
attractive for use on glazing systems to control the intensity and wavelength of the produced light.
The general principle when QDs are applied on glazing systems involves the absorption of refracted
incident light that reaches the surface, and re-emission at tuned frequencies in the desired direction.
This causes a release of photons that can travel to the edge of the glazing material with a total internal
reflection (TIR) to be collected for energy production or could reflect internally within the device
surface. A portion of the emitted photons can exit through the top surface of LSCs and may be lost
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into the ambience through the optical escape cone thereby not taking part in the electrical conversion
process that limits the efficiency of the LSCs. Generally, spectral overlap occurs between the absorption
and emission spectra of QDs, which forecasts the re-absorption of the released photons and hence
facilitates their degradations that eventually reduces the optical efficiency of the QDs. QDs emit light
with various wavelengths in different ranges of the solar spectrum that determines their classifications
and potential applications.

QDs are semiconductor nanocrystals with diameters that typically vary from 10’s to 100’s
nanometers providing distinct electronic and optical properties. Structurally, the plain QDs consist of
a metalloid crystalline core covered with an organic outside layer [5,6]. An additional layer called the
‘shell” could be added to form many types of core/shell QDs, as shown in Figure 1. This layer improves
the light harvesting properties for high energy level photons. Another way to improve the properties of
QDs is by doping some ions, such as Mn2* and Cu?*, in the core/shell QDs configurations. The doped
ions are proven to further improve the optical and electrical properties of the core/shell QDs; which
render them useful for various applications [7-9]. Tuning the size of the QDs can help control the
absorption and emission spectrum in the desired direction [3,10-17]. The extent of absorption and
re-emission of these photons determines the effectiveness of QDs.

Figure 1. Different types of core/shell quantum dots semiconductors (QDs).

This article discusses different types of core/shell QDs based on their band gap alignment, and
the associated properties for each type. The aim is to review the properties, characteristics, and
behavior of different types of QDs. The scope of the review is to evaluate QDs as the Luminescent
Solar Concentrators (QDs-LSC), and highlight their potential benefits in generating electricity while
creating a pleasant daylit indoor environment. The optical and electrical properties of different
types of core/shell QDs in the QDs-LSC technology are reviewed based on their materials, sizes,
and concentrations. The review will be useful to support ongoing related research with regards to
engineering the absorption and emission phenomenon for a transparent power-generating glass.

2. Characteristics of Core/Shell QDs

2.1. Types of Core/Shell QDs Based on Band Gap

According to the edge alignment of the conduction and valence bands of the core and shell
structures in the core/shell QDs, they are classified into four main types as follows: Type I, Inverse
Type I, Type 1II, and Inverse Type II. Figure 2 shows the band gap alignments for each of the four
types [18-24]. Table 1 compares QDs classification based on their band alignment, the location of
carriers, quantum yields, stokes shift, and the average absorption and emission ranges. It also provides
examples of core/shell QDs and lists some of their limitations.
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Figure 2. Types of core/shell QDs based on band alignment [22].
Table 1. Types of core/shell QDs based on band alignment.
Parameter Type 1 Inverse Type I Type 11 Inverse Type I1
The band gap of the coreis  The band gap of the coreis ~ Valence band edge of the ~ Conduction band edge of
smaller than the band gap  greater than the band gap  core is within the band gap  the core is within the band
Band a of the shell, as well as the  of the shell, as well as the  of the shell or conduction  gap of the shell or valence
§ap band gap of the core falls ~ band gap of the shell falls band edge of the shell is band edge of the shell is
within the band gap of the within band gap of the within the band gap of the within the band gap of
shell [18-20] core [21] core [22,23] the core [24]
The excited electrons and One charge carrier either One of the excited
. . . . electrons or the holes are
Excited Excited electrons and holes holes are completely or excited electron or hole is . .
) . . ) . ) . delocalized in the
electrons/holes are completely confined in  partially confined in the  confined to the core, while
o . . core/shell structure, and
positions the core region [25] shell based on the the other is mostly . .
. . the other one is confined
thickness of the shell. confined to the shell o
within the core.
Quantum yield Higher QY and long-term Lower QY and Lower QY and Relatively higher QY and
QY stability [25,26] poor stability poor stability [27] fair stability
Large and tunable via
Stokes shift Small Significantly large [21] controlling the size of the

Large [28]

core and thickness of
the shell

Average
absorption range

(400-500) nm [29]

(400-500) nm [30,31]

(600-800) nm [23,32]

(300-1600) nm [33]

Average emission

(430-600) nm [34]

(400-700) nm [34]

(700-1000) nm [34]

(700-1000) nm [34]

range
The excited electron or
hole can be absorbed
. . leading to reduced excited
The shell can trap charge ~ Both the excited electrons One of the excited decay fime one carrier is
Limitations carriers which leads to and holes may leak to the electrons or hole leak to y .
mostly confined to the
reduced fluorescence QY surface the surface . .
core, while the other is
mostly confined to
the shell
. e (CdSe/ZnS e (CdS/HgS e  CdTe/CdSe e InP/CdS
Construct/materials o  CdSe/CdS e (CdS/CdSe e (CdSe/ZnTe PbS/CdS
e (CdS/ZnS e  ZnSe/CdSe e  (CdSe/ZnSe

It can be observed from the Table 1 that moving from Type 1 to Type 2, the bandgap difference
between core and shell reduces and the exited electrons are spatially departed from each other.
The stokes shift increased while the quantum yield and stability decreased with increasing absorption
wavelength. In renders the type 1 more favorable as concentrators compared to type 2 as they show
no leakage of excited electrons, show better stability and also offer higher QY. In addition to these
types, type I-IlI-VI2 core/shell QDs exhibit NIR emission characteristics, which are favorable to have
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a full control over the lighting spectrum. They have narrow band-gap (1.02 eV), strong absorbance
across the solar spectrum that could reach up to 30%, and high photoluminescence quantum yield
(QY) of 65-75%. They also have a large Stokes shift (As) between the photoluminescence (PL) band,
which indicates that the QDs have unusual emission mechanism. The PL emission occurs due to
transition between the conduction-band excited electron and the localized hole residing in an intra-gap
state [35-38]. A potential advantage of such QDs lies in higher photoluminescence quantum yield
(>60%) even for high wavelengths (NIR at 800 nm), where other types become poor emitters (<10%).
This type includes CulnS2/ZnS, CulnSex52-x, and CulnS2Sel-x/ZnS.

2.2. Stocks Shift and Absorption and Emission Properties of Core/Shell QDs

The stokes shift is the difference between the peak of the absorption and the peak of the emission
wavelengths, as shown in Figure 3 [39]. From an optical point of view, it leads to less possibility of
reabsorption and thus reduction of potential energy losses. While the re-emission spectra shifts to a
higher wavelength, this paradoxically leads to an energy reduction in the re-emitted photon; because
the difference in energy is dissipated as thermal losses in the QDs. Hence, the effect of the stokes shift
needs to be investigated carefully to avoid any unexpected results.
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Figure 3. The stokes shift is the difference between the peak of the absorption and the peak of the
emission. Adapted from Reference [39].

The absorption and emission spectrum of the QDs should match that of the solar spectrum in
order to absorb photons with the same wavelengths [3]. Controlling the absorption and emission
phenomenon in the core/shell QDs structure is achieved by tuning the size of the core and the thickness
of the shell [40]. Ramanery et al. [29] investigated the optical properties of different shell thicknesses
for the CdSe/CdS type I core/shell QDs (absorption range is 400-600 nm). Figure 4a illustrates the
UV-Vis absorption spectra for: (A) The CdSe core only; (B) the CdSe with the 1% monolayer of CdS;
and (C) the CdSe with the 2nd monolayer of CdS. Increasing the shell thickness was found to shift
the overall absorption spectra to a higher wavelength (lower energy, or a redshift), leading to a total
absorption shift of around 13 nm for two layers of coverage. The CdS shell attracts excited electrons in
the CdSe core, leaving the holes inside the core. This separation lowers the energy of exciton causing
the redshift for the CdSe/CdS core/shell QDs. Figure 4b shows the images of Fluorescence spectra of
the CdSe/CdS QDs with different shell thicknesses. This figure shows the color of the emitted light
shifting from green to yellow (low wavelength to high wavelength). This means that the emission
spectrum was shifted to higher wavelengths for thicker shells. Therefore, one can conclude that
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controlling the thicknesses of the shells not only controls the absorption and emission spectrum, but
also enables for the control of the coloring of the emitted light.
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Figure 4. (a) Absorbance spectra of CdSe core and different CdS shell thickness, (b) the color of optical
emission at different wavelength according to the solar spectrum. Reprinted from Reference [29]; which
is under Creative Commons Attribution License.

Additional ranges of the solar spectrum could be absorbed by using pure QDs like PbS or
core/shell QDs like PbS/CdS to reach up to NIR spectrum. This type of QDs emits light in wavelengths
ranges from 700 nm to 2500 nm, falling within near infrared (NIR) thus they being termed as NIR QDs.
Figure 5a reports the optical absorption spectra and the PL spectra for the pure PbS and the PbS/CdS
core/shell QDs [41]. QDs of the inverse type Il core/shell QDs are very efficient in capturing a wide
range of solar radiations, since their absorption spectrum typically covers a huge range of UV-Vis-NIR
(600-1600 nm), as shown in Table 1. For the PbS/CdS core/shell QDs, the optical properties are
adjusted by tuning the size of the starting core PbS, and thickness of the CdS shell through controlling
the reaction parameters during their synthesis [18]. The shrinkage of the PbS core size that occurs
during the synthesis process of the QDs fabricated from PbS/CdS shifts the PL emission peak to lower
wavelengths. Nonetheless, the absorption properties of the PbS core still exist in the ranges of 550-600
nm, where the PbS core is still active [42]. Tuning the shell thickness of the PbS/CdS QDs causes
absorption peak varying from 700 nm to 1600, and emission peak varying from 850 to 1000 nm [34].
The QY of the PbS/CdS QDs also increases for thicker shells and the typical range for the QY varies
from 30% to 90% [18,43—45]. To further enhance the optical properties, an additional CdS shell could
be added to form PbS/CdS/CdS core/shell/shell QDs [42]. This structure produced double color
emission with two emission peaks at 480 nm and 650 nm. The PbS/CdS/CdS QDs system have an
inverse type II structure, where the excited electrons are delocalized into the structure and the holes
relaxed in the core, as shown in Figure 5b. It has a thin layer of zinc blende (Zb) phase CdS sandwiched
between the core and the thick wurtzite (Wz) CdS shell. The double shell structure helped control the
electronic band structure which in turns regulated the color of the emission. It was found that both
the absorption and emission spectral ranges increased for thicker shells of the PbS/CdS/CdS QDs.
Commonly, using CdS as an external shell hugely improves the stability of the QDs and enriches their
overall QY [45].



Energies 2019, 12, 1058 6 of 22

() (b)
Wavelength (nm)
1100 1000 900 800 700 Ecs
1.5 —_— — _
174 —
...... PbS :’I — 1[I
= = Core @shell K
125 -+ 3
. £ . 22eV
=} i - v, = “ 5
s ! : ‘:,'.?‘) N : s 25eV
;9 . R4
2z Pegpf AN N b Y 254 eV
@075 + _§ % / Vs Y =
3 doal e R
k= S B 2
g 05+ 5 Ii,n 9
P~ A ] E \ <
I RN y
1§ % 5 —
0.25 1y SN -
h" \.. ~ - VB
e e T e e e —
0 : : , ' - ! ( PbS Cds Cds
1.1 1.3 15 1.7 1.9 (Zb) (Wz)

Photon energy (eV)

Figure 5. (a) The absorption and PL spectra of pure PbS (black) and PbS/CdS QDs (red). Reprinted
from Reference [41]; which is under Creative Commons Attribution License. (b) Scheme of the energy
level diagram of the PbS/CdS/CdS QDs. Adapted from Reference [42].

3. QDs as Concentrators

There is a strong desire to benefit from the unique tunable absorption and emission properties
of QDs. A recent technology that incorporates QDs in transparent materials is the Luminescent
Solar Concentrators (QDs-LSC). In this technology, QDs are used as fluorescent dyes to harvest solar
radiations and convert them into electricity. The following sections introduce the merits of the QDs-LSC
technology via discussions of the electrical and optical characteristics of the system and its performance
output utilizing different types, sizes, and concentrations of QDs.

3.1. Luminescent Solar Concentrators Based on Quantum Dots (QD-LSC)

The luminescent solar concentrators (LSC) technology was introduced to replace the large area
solar cells with inexpensive collectors and hence reduce the cost of a module [3,46]. It consists of a
waveguide transparent material, such as polymer or glass, doped with luminescent species, such as an
organic dye or quantum dots while Si PV cells are attached to the edges of the transparent material.
The general principle in the QDs-LSC involves a photon absorbed by the QDs on the faces exposed to
incoming radiation within the LSC system, re-emitted with larger wavelength, and wave-guided with
TIR to the edge of the waveguide transparent material where they can be converted to electricity, as
shown in Figure 6.
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Figure 6. Schematic cross section of QD-luminescent solar concentrators (LSC).

The LSC technology has several advantages over other concentrating systems in that it
concentrates both direct and diffused solar radiations, it is not limited by a concentration ratio,
and fewer losses are associated with the solar cells in the LSC technology, due to wavelength tuning of
the re-emitted radiation within the desired spectral response of the solar cells [47,48]. There are various
applications of the LSC technology, such as using them as collectors in semitransparent windows,
electronic devices, and fiber optics [3,49] and as photon transport for passive daylighting [50,51].
Nevertheless, since this system relies mainly on photon transport over a macroscopic distance, it
suffers from several loss mechanisms. For a waveguide made of glass or plastic (Figure 6), around 75%
of the emitted photons are successfully trapped in the waveguide, while the remaining are lost in the
‘escape cone’ as defined by Snell’s law [46]. The trapped photons can still be lost either by scattering
within the waveguide surface, or by the internal reflection, or via the self-absorption. Self-absorption is
a crucial loss factor that causes irradiative decay in the escape cone [46]. It happens when the photons
that were emitted from one QD were absorbed by another QD instead of reaching the edge of the
waveguide. The reabsorption has historically limited the implementation of the large-scale LSC [52].
Other loss mechanisms include unabsorbed light, reflected light from the top surface, and photon
losses, due to the non-unity of the QD quantum yield.

The performance of the QD-LSC is affected by the optical properties of the QDs and the waveguide
matrix. The optical properties of the QDs are influenced by their absorption coefficient and its overlap
with the solar spectrum, their QY, stokes shift, stability, and solubility in the transparent waveguide
material. The following sections discuss the optical and electrical characteristics of the LSC based on
different types of core/shell QDs.

3.1.1. LSC with Type I core/shell QDs

In type I core/shell QDs, wide band gap shells, such as ZnS and CdS, are applied to core
semiconductors like CdSe and CdS. These wide band gap shells improve the light harvesting properties
of visible light when used as Quantum Dots Solar Concentrators (QDSC) [53-55]. As mentioned in
the previous sections, while type I core/shell QDs have high QY and enhanced stability, they suffer
from small stokes shift, due to the overlap between the absorption and emission spectrum. The small
stokes shift limits the absorption and the utilization of the full solar spectrum to the UV-Vis ranges
only (wavelengths less than 500 nm) [54,56]. Consequently, the performance of the external quantum
efficiency (EQE) and the power conversion efficiency (PCE) of the solar cells mounted at the edges
are reduced.

The phenomena of absorption and emission in type I core/shell QDs is mainly dependent on
the core size and shell thickness. The advantage of using thicker shells is that both carriers (excited
electrons and the holes) will be confined in the same Nano-crystal (core), which in-turn enhances
the photoluminescence QY and increases the stokes shift that causes redshift of the PL emission [57].
The absorption in type I core/shell QDs is dominated by the thick shells, while the emission is
dominated by the core size. The UV-Vis and PL emission of the CdSe/CdS core/shell QDs with
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different shell thicknesses were measured, as shown in Figure 7 [34]. The core diameter ranged from
2.3 to 3.9 nm and the QYs were above 50%. This type of CdSe/CdS QDs absorbs in the UV-Vis ranges
of the solar spectrum and their absorption peaks increase with thicker shells and smaller core size.
The PL emission also increases to higher wavelengths for thicker shells (Figure 7).

450 550 650 750
Wavelength (nm)

Figure 7. The UV-Vis. and PL emission of the CdSe/CdS core/shell QDs with different shell thicknesses.
Reprinted from Reference [34]. Copyright (2009) Wiley-VCH.

The concentration of type I core/shell QDs also affects their performance when used as QDs-LSC.
Chandra at al. [58] optimized the doping concentration for type I CdSe/ZnS QD (as the dopant) with
a band gap ranging from 2.14 eV at 27 °C to 2.16 eV at 100 °C doped in epoxy (as the host) to form
QDSC. Five samples on 6.0 x 4.0 x 0.2 cm plates were fabricated and coated with 0.005, 0.01, 0.03,
0.05, 0.07 wt% by a drop casting technique. The absorption spectra of QDSC plates with varying
QDs’ concentrations are illustrated in Figure 8a. This figure shows that increasing the concentration
of QDs increases absorption intensity. The emission transport properties of the QDs in this research
were also examined using varying optical-path lengths using laser line 405, 488, and 532nm, and
white color using a cutoff wavelength of 600 nm. It was proven that increasing the concentration
reduces the transparency of the glass regardless of the optical path length (Figure 8b). This reduces the
amount of daylighting entering a space, and will also affect occupants’ visual comfort and satisfaction.
The electrical output in terms of power production was collected via Si PV cells at the edge of the system
with and without backing reflectors. The power output increased with higher QDs’ concentrations
(for both with and without backing reflectors) (Figure 8c,d). The optimum QDs’ concentration that
gave better optical characteristics for the 6.0 x 4.0 x 0.2 cm plate was 0.03 wt%, while that which
gave the maximum power output was 0.07 wt%. The emission was lost before reaching the edge
of the transparent material for 70% of QDs using optical path-lengths >20 mm, and thereby reduce
the efficiency of the system. It was recommended to use the electrical and optical output together to
optimize the size of the LSC and the QDs concentration.
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Figure 8. (a) absorption spectra of different CdSe/ZnS concentrations, (b) transmission percentage of
the QDSC for different laser lines 405, 488, and 532, (c) the electrical power production for the Si PV
cell attached to the QDSC with backing reflectors (the plate illuminated by light of 1 kW/m?, (d) the
electrical power production for the Si PV cell attached to the QDSC without backing reflectors (the plate
illuminated by light of 1 kW/m?. Adapted from Reference [58]. Copyright (2015) Elsevier.

The effect of concentration on type I core/shell QDs was also investigated by Bomm et al. [59].
The study measured the electrical output and the PL QY of luminescent solar concentrators (LSCs)
using different concentrations and UV-initiator of CdSe core/multi-shell quantum dots (QDs)
(Figure 9a). The QDs with a diameter average of 6.77 £ 0.7 nm was doped in a transparent polymer
matrix to form QDs-LSC with variable sizes up to 5.0 x 3.8 x 0.4 cm. Silicon solar cells (5.0 x 0.5 cm)
were attached to one side of the QDs-LSC, while mirrors were attached to the other three sides
as illustrated in Figure 9b. A diffused, white reflector was placed at the bottom of the QDs-LSC
to help measure the spectral response of the system. The QDs absorbed about 31% of the solar
spectrum between wavelengths 300-1100 nm. Five different QDs-LSCs were created with different
QDs concentrations and UV-initiator to measure the PL QY and the current for each Si PV cell (Ig)
(see Table 2). QDs concentration and UV-initiator were found to affect the efficiency of the system in
various ways. Increasing the concentration of QDs reduced the PL QY, increased the absorption and
PL intensity and increased the external quantum efficiency (EQE) at wavelengths where QDs absorb
(<600 nm) (Figure 10). The external quantum efficiency (EQE) is the ratio of incident photon energy
to the electrical energy produced by the PV cell. Another studied variable was the size of the LSC.
The small sized QDs-LSC was found to produce higher photocurrent (PCE = 2.8%) and reduce the
re-absorption phenomena of the photons. The study recommended that the absorption of the QDs
should be higher, extended to NIR ranges and the reabsorption should be reduced by using QDs that
exhibit large stokes-shifts.
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Figure 9. (a) CdSe/CdS/CdZnS/ZnS core/multi-shell QDs and (b) illustration of QDs-LSC, Adapted
from Reference [59]. Copyright (2011) Elsevier.

Table 2. The concentration of QDs and UV initiator in five QD-LSC in Boom's study. Adapted from
Reference [59].

QDs-LSC Concentration Concentration QY (%) Is. Total Dimensions Isc per Cell Area
Number QDs (umol/L) UV-Initiator (wt%) (mA) (L X W)em (h=4 cm) (mA/cm?)

1 0.11 0.5 9 33.1 50 x 3.8 21.8

2 0.11 0.25 18.1 25.5 32x33 19.3

3 0.67 0.1 454 90.4 4.0 x 3.8 59.5

4 0.52 0.1 442 95.7 5.0 x 3.1 77.2

5 0.32 0.1 33.3 45.6 49 x 3.8 30.0

EQE (%)

400 500 600 700 800 900 1000 1100 1200
Wavelength (nm)

Figure 10. External quantum efficiency (EQE) spectra of five QDs-LSC doped with
CdSe/CdS/CdZnS/ZnS. Reprinted from Reference [59]. Copyright (2011) Elsevier.

Another way to resolve the limitation of the small stokes shift in type I core/shell QDs, while
still maintain their high QY, is to add some ions to the semiconductors. Adding a small number of
ions to type I core/shell QDs introduce localized excited states that enlarged stokes shift, due to the
new doped ions. These doped ion QDs have high QYs and large stokes shifts, which encourages their
fabrication as large-scale QDs-LSC. A previous study tried to fabricate a visibly transparent LSC by
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doping Mn?* in ZnSe/ZnS core/shell QDs [60]. The size of the LSC was 2.5 x 7.5 x 0.42 cm, which
corresponds to the G factor of 22. The G factor is the ratio of the surface area exposed to sunlight to
the area of the edges that are coupled with the solar cells. The Mn?* doped ZnSe/ZnS revealed a
large stokes shift without any overlap between the absorption and emission spectrum and produced a
semitransparent glass under visible light (Figure 11). The study also measured the internal quantum
efficiency and found it to be 37% under UV excitation. Nevertheless, the absorption of these Mn?2+
doped ZnSe/ZnS QDs did not utilize the full spectrum and was limited to the UV range. There are
several advantages of QDs with doped ions over those without doped ions. The doped ions QDs
are one dimensional that allow for the emission and at the same time block the reabsorption. They
also enhance the QY and have small dimensions which reduce the losses caused by scattering [12,61].
Other types of doped ions, such as Cu®* could be used to widen the absorption range of the solar

spectrum [9,12,60].
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Figure 11. (a) Absorbance and PL spectra of Mn?*:ZnSe/ZnS QDs in an LSC device. (b) A device
is seen under UV illumination. Reprinted with permission from Reference [60]. Copyright (2014)
American Chemical Society.

3.1.2. LSC with Type II and Inverse Type II Core/Shell QDs

Instead of confining both carriers (excited electrons and holes) in one region, type II core/shell
QDs spatially separate them into different regions. This enhances the ability of a shell to tune the
wavelengths emission to wider ranges. The localization of carriers and energy offset between the core
and the shell in type II core/shell QDs can be controlled via controlling the size of the core and the
thickness of the shell. Whereas type II core/shell QDs exhibit large stokes shifts, they suffer from low
QYs (0-10%) because some of the holes leak to the surface and cause scattering [62]. This shortcoming
could be overcome by using inverse type II core/shell QDs, where one of the carriers is delocalized in
the core/shell structure, and the other is confined within the core preventing any leakage to the surface.

The advantage of using type Il and inverse type II core/shell QDs is that they are excellent emitters
for NIR wavelengths. Restricting the absorption of the QDs to UV-Vis ranges only (wavelengths less
than 500 nm), such as the case when using type I core/shell QDs, limits the utilization of the full
spectrum, and around 60% of the solar spectrum becomes unabsorbed. Nonetheless, expanding the
emission ranges of QDs to NIR wavelengths enables the fabrication of colorless and semitransparent
LSC. It also enhances the external quantum efficiency (EQE) of the system, since the NIR waves emitted
by QDs will be optimum for coupling with a typical Si PV cells that collect photons and convert them
to electricity.

PbS and PbSe QDs have a low band gap and tunable emission near the NIR region [63-65].
They also have a high absorption coefficient of 1-5 x 10° cm~! and hence could be ideally used as
QDSCs. Shcherbatyuk et al. [4] tested the QDs-LSC system using PbS QDs in an LSC plate that is
4.5 x 1.2 x 0.4 cm in dimensions. They attached Si PV cells at the edge of one side of the LSC, with
an active area of 0.36 cm? (Figure 12a) to compare between the spectra of CdSe and PbS QDs when
used as a core. Whereas PbS QDs have high stokes shift that is much greater than that of CdSe, the
solution concentrations that contains PbS needs to be 10% more than that of CdSe to achieve the same
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absorption [4]. These high concentrations increase the reabsorption of photons by other QDs, which
reduce the efficiency of the system and result in energy losses. It was found that the PbS LSCs generate
around twice the photocurrent in silicon cells than the CdSe, and the optical efficiency was very high
reaching around 12.6% (Figure 12b).
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Figure 12. (a) Absorption and emission curves for CdSe/ZnS, and PbS QDs, and emission curves for
CdSe/ZnS, (b) The current production as a function of increasing the concentration for PbS and CdSe.
Reprinted from Reference [4]. Copyright (2010) American Institute of Physics.

The power conversion efficiency (PCE) of the QDSC with PbS is usually less than 4% without
coating or doping. It was found that when the PbS surface is coated with CdS to produce PbS-CdS
co-sensitized solar cells, the PCE exceeds 4% [64]. Additionally, Park et al. have produced the highest
PCE of 5.6% by doping Hg in the PbS solution [64]. To date, the PCE of the PbS QDSC do not reach
expectation owing to many reasons, such as the high charge recombination and instability of PbS in
the electrolyte owing to their slow excited electron transfer kinetics that affects the charge separation
and collection. [63,66,67].

3.1.3. LSC with Type I-1II-VI, Core/Shell QDs

Type I-1II-VI, QDs have a neutral-density filter that does not cause disturbance to the perceived
colors and thus could be integrated into the glazing system of any building (Skylights/windows).
QDs of Type I-III-VI, containing CulnSe,S; « were doped into photo-polymerized poly (lauryl
methacrylate) to fabricate the first large-area concentrator [37]. CISeS QDs with an emission wavelength
of 960 nm were coated with ZnS. An LSC slab with dimensions of 12 x 12 x 0.3 cm was illuminated
with ultraviolet light at 365 nm and calibrated Si photodiodes were installed along the slab perimeter
(Figure 13a). No reflector at the bottom of the LSC was used in order to represent a real window
application. An overlap between the absorption and emission spectra was observed, which suggests
a potential for losing energy, due to reabsorption (Figure 13b). The large stokes shift in this type is
mainly due to the hole-like defect that causes inter-gap emission. A solar simulator (Figure 13c) was
used to measure the optical power conversion efficiency of the LSC for two samples; one absorbs
10% (0.3 wt% QDs) referred to as LSC10, and the other absorbs 20% (0.5 wt% QDs) referred to as
LSC20 (Figure 13d,e). The optical power conversion for the LSC20 (3.27%) was greater than that for the
LSC10 (1.02%) considering that both samples exhibited a high degree of transparency across the visible
spectrum. The study also investigated whether the LSC10 and LSC20 cause significant distortion to
outdoor views. This was done qualitatively by taking a photograph of a color-rich scene once without
any filtering, second with LSC10 plate in front of the camera lens, and a third with LSC20 plate in
front of the camera lens (see Figure 13f-h). This qualitative analysis indicated that neither of the LSC
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introduced apparent color distortions, only a small effect is noticed for the denser LSC20. To further
compare the color appearance of the LSC produced in this study with other normal LSC, a colorimetry
evaluation was conducted between the LSC20 and a device based on a Crs040 yellow organic dye
that was fabricated to exhibit the same absorption percentage (20%) of the complete solar spectrum.
This evaluation in the Munsell’s color atlas revealed that the color produced by the LSC20 was in the
dark brownish range which is a typical coloring of neutral sunglass lenses, while that of the Crs040
yellow organic dye had a brilliant yellow color (Figure 13i). The color rendering index (CRI) of the two
samples was also measured. It was found that the CRI for the LSC20 equals 91, which correspond to
CIE color rendering grouplA (the highest requirement for indoor illumination for applications like
galleries, medical examination, and color mixing). On the other hand, the CRI for the Crs040_based
LSC was 57 (CIE group 3), which is suitable at best to illuminate industries. This type of core/shell
QDs overcomes some of the limitations in the organic dyes, including incomplete coverage of the solar
spectrum and strong coloring of the LSC.
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Figure 13. (a) (12 x 12 x 0.3) cm LSC was illuminated with ultraviolet light at 365 nm (b) absorption
and emission spectrum, (c) a solar simulator (d,e) Photographs of large-area LSCs with dimensions
of 12 x 12 x 0.3 cm comprising 0.3 wt% quantum dots (LSC10) and 0.5 wt% quantum dots (LSC20),
(f-h) photographs of a colorful scene taken with a Canon EOS 400D camera without using any filters (f),
or withLSC10 (g) or LSC20 (h), (i) color coordinates in the CIEL color space of LSC20 compared to a
device based on Crs040 yellow organic dye. Reprinted from Reference [37]. Copyright (2015) Nature
Publishing Group.

Controlling the concentration of I-I1I-VI, QDs controls the degree of shading they can provide for
indoor spaces [68]. Wu et al. created a tandem LSC device with a surface area of 230 cm? that consists
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of two layers. The bottom had CulnSe; /ZnS that is characterized by its wide absorption spectrum and
emission at 805 nm. This layer enabled the absorption of sunlight up to the NIR ranges. Wu et al. [68]
showed that as the concentration of CulnSe, /ZnS increases, the visible transmittance of the transparent
material decreases (from 85.5 % to 16.8 %), and at the same time the sunlight absorption of the solar
spectrum increases from 5% to 30 % (Figure 14). CulnSe,S; is a non-toxic material that reduces the
reabsorption of photons and enlarges the coverage of the solar spectrum. This tandem system resulted
in optical power efficiency of 6.4%, a PCE of 3.1%, and a reasonably visible transmittance of 23%. These
features render them promising in producing electricity, as well as being transparent/semitransparent
for glazing applications. The most crucial data from Section 3 are summarized in Table 3.

100
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/

5 10 15 20 25 30
Absorptance (%)

Figure 14. The effect of increasing concentration on the absorptance and transmission of large area LSC
with CulnSe; /ZnS core/shell QDs. Adapted from Reference [68].

Table 3. Summary of the crucial data for different concentrator types.

Stoke Optical Weight Photocurrent o Spectral o
LSC Type Shift  Efficiency (%)  Ratio (%) (%) QY (%) Range PCE (%)
Type I Small 32 0.03 32 50-85 UV-Vis (1.97-3.2) [69]
Type Il inverse II Large 12.6 NA 12.6 4-30 UV-Vis-NIR  (5.6-11.28) [70,71]
Type I-1II-VI, Larger 8.1 0.3-0.5 NA 20 UV-Vis-NIR  (3.1-11.6) [68,72]

4. Building Integrated Applications of QDs

Bergren [73] developed LSC with NIR-emitting CulnS;/ZnS QDs to be integrated into buildings
and harvest sunlight through building’s facade. CulnS2/ZnS were doped with a concentration of 0.4
% in a polymer interlayer between two sheets of low-iron float glass with dimensions of 10 x 10 cm.
The investigation was done once with a reflective substrate below the LSC and another time without
a reflective substrate below the LSC. Crystalline silicon (c-Si) solar cells were attached to one side of
the LSC. This system absorbed 35.5% of the solar spectrum, while it transmits 43.7% of the visible
light (Figure 15a,b). The PL peak emission was recorded at 862 nm. High optical efficacy of 8.1% was
reported for the system. The PCE was measured with and without a reflective substrate below the
LSC; and it was reported as 2.9% and 2.2%, respectively. The power production was also measured to
be 30 W/m?, and 22 W/m? (with and without the reflective substrate) (Figure 15c¢,d). This indicated
that added a reflective substrate between the LSC increases the PCE and power production.
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Figure 15. (a) VLT of the transparent NIR-emitting CuInS2/ZnS QDs, (b) calculated solar absorption
of NIR-emitting CulnS2/ZnS QDs, (c¢) I-V curves measured under AML.5 illumination in a solar
simulator for LSC with an absorbing black background (dashed line) and a mirrored background
behind the window (solid line), (d) LSC to be applied to facade buildings. Reprinted with permission
from Reference [73]. Copyright (2018) American Chemical Society.

When QDs are integrated into windows/skylights, due to photoluminescence they can produce
the desired coloring of the glass by stokes shift and produce electricity through LSC technology. Using
QDs in windows/skylights has advantages of low cost, easy fabrication, highly efficient, controllable
transparency, tunable shading degree, and flexible design [74-76]. Vossen et al. [77] studied the impact
of a red LSC on the visual comfort and impression of volunteer participants in an office building. Three
identical physical models were created for a 1.8 x 2.7 x 3.9 m® room; two of them for participant
evaluation and another for daylight measurements. A full-scale room was also used for participants’
evaluation. The reflectance of the interior surfaces was 90% for walls and ceiling and 26% for the
flooring. The models and the full-scale room were located on the second floor of vertigo building at
the Eindhoven University of Technology and had windows towards the true west direction. Each
model had a sliding glass doped with Red 305 dye, which was used to adjust the percentage of the red
colored LSC glass to 0%, 25%, 50%, 75%, and 100% (Figure 16a). The experiment was conducted in the
morning time from 9-19 September 2014. Questionnaires were distributed to 35 males and 19 females
(all between 21 and 28 years old) to evaluate the lighting conditions inside the office. Participants
were asked to look at the objects in the room, conduct a reading task, and enjoy the outdoor view
for 30 s. In one of the three models, the interior horizontal illuminance and the exterior vertical
illuminance were measured using lux-meter while each participant evaluated the lighting conditions
in the other models. The study also measured the interior spectral irradiance using a spectrometer
and evaluated the color-rendering index and correlated color temperature. It was found that as the
percentage of the LSC-colored glass increased, several effects happened: The average illuminance
levels on the desk plane decreased, the positive evaluation of participants decreased, the average
correlated color temperature (CCT) changed from cold to warm, and the color rendering index (CRI)
decreased (Figure 16b). The study also tested the effect of the sky conditions (clear, mixed, and
overcast sky), and found a significant difference between the weather conditions when evaluating the
outdoor view. The 25% LSC coverage area lead to the best evaluation of the outdoor view (Figure 16c).
The survey results showed that the most preferable LSC coverage for exterior views was 25%; and the
most preferable for interior views was 0% to 25%, due to warmer colors. The study also showed that
people are willing to accept more percentage of colored glass when they are aware of the importance
of LSC in generating electricity.



Energies 2019, 12, 1058 16 of 22

LSC panel I Exterior window

(a)

0%

[©} Model room
‘ K 50%
e > € T 75%
| ] | 100%

~
g
-

0 25 50 75 100 | 0 25 50 75 100 0 25 50 75 100

Evaluation_exterior (-)
D ow
—
-
E==1
|i==——]

Clear sky Mixed sky Overcast sky
Weather condition per percentage of colored glazing (%)
()
5 e
—- Naturalness

= 4.5

S= a

= B " Visual comfort

R

s 5 35 — Light level
=E 3

§§ 25 - Precision
= - Ambiance
E< 1s

0% 25% 50% 75% 100%

Coverage Colored Glazing (%)
Figure 16. (a) Schematic depicting the measurement setup of the model room. The red LSC plate
could be positioned in five locations, and measurements made by a lux meter (1), spectrometer (2)
and luminance camera (3), (b) Participant evaluation of the exterior view rated on a scale ranging
from ‘1’ being most negative to ‘5’ being most positive as a function of LSC window coverage and
weather conditions, (c) Participant evaluations based on median of the qualitative factors (ranging
from most negative as 1 to most positive as 5 as a function of LSC coverage of the window. Reprinted
from Reference [77]. Copyright (2016) Elsevier.

TM2 halide materials were fabricated and characterized for their emission and absorption
spectrum exhibiting a narrow gap between the emission and absorption. The narrow gap indicated
lower self absorption losses that offer promise for the LSC based power generators. The TM2+ materials
were tested as transparent PV windows, as shown in Figure 17. The novel PV produced up to four
times power compared to the LSC windows fabricated out of organic dies. However, the challenge
of producing LSC waveguide for such breakthrough windows remains unsolved and requires a
significant amount of research [78].

The LSC based Smart Windows were developed by ENI and Politecnico di Milano and integrated
into building as an active element in the buildings. The windows provided a multifunctional
contribution in terms of energy saving through dynamic solar control and renewable energy production.
It was observed that, although the power savings were limited, the smart windows relied on its own
produced energy and provided an excellent control to the indoor environment, which otherwise is
challenging in such buildings under all weather conditions with the most favorable integration scenario.
The developed window was assessed in the built environment from a visual comfort point of view
and its rendering indexed was determined. It was concluded that in the overcast sky conditions, such
windows complied with the European Standards; yet, in the direct sun conditions some discomfort
was observed. It was stressed to further research the topic to come up with better visual comfort of
such windows in all sort of sky conditions [79].
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Figure 17. (a) The principle of operation of a semi-transparent, colorless luminescent solar concentrator
in which the coating re-emits absorbed sunlight that is wave guided by total internal reflection
in the glass-coating combination to the edges where solar cells convert the light to electric power.
(b) Absorption and emission spectra of Cal2:TM2+ compared to state-of-the-art LSC materials like the
organic dyes Red 305 and L170, CdSe quantum dots, and CdSe/CdS and CdTe/CdSe/ZnS type-II
core-shell quantum dots. The percentages indicate the light harvesting efficiency of the LSC material.
Reprinted from Reference [78]. Copyright (2015) Elsevier.

5. Conclusions

The paper reviewed the various properties and types of core-shell QDs that are integrated

into smart building glazing for the purpose of enhancing the indoor visual environment and energy
production. The review discussed the effect of different variables (e.g., types of the QDs, core sizes, shell
thicknesses, and concentrations of the QDs) on the overall efficiency of the system; and demonstrated
how the solar absorption/emission phenomena can be manipulated in order to control the coloring of

the emitted light, the transparency of the glass, the degree of shading, and the rate of power production.
The main highlights of this paper can be summarized, as follow:

Increasing the shell thickness and reducing the core size helps to enhance the optical properties of
all types of core-shell QDs by widening their absorption and emission spectrum;

Type 11, inverse Type II, and type I-III-VI, are preferred over type I because of their NIR emissions
that can reach up to 800 nm; which can assist in utilizing the full solar spectrum;

Improving the properties of core-shell QDs, such as having large stokes shift, better stability and
QY, and wider absorption could be achieved via adding a number of ions to any type of the
core-shell QDs;

While increasing the concentration has the advantage of enhancing the power production of the
LSC technology, it also leads to some disadvantages: It reduces the number of photons reaching
the edge of the system, it reduces the transparency of the material and it increases the chances of
re-absorption thus leading to energy losses;

While the inverse Type II has the advantage of being an excellent emitter of NIR emissions, it
requires high concentrations to absorb a wide range of the solar spectrum. This high concentration
causes re-absorptions of photons, reduces the electricity production of the system, and reduces
the transparency of the LSC;

Type I-1I-VI, are non-toxic materials that have low manufacture cost, neutral-density filter, high
coverage of the solar spectrum, and low recombination of photons; which make them very suitable
to enhance the power performance, the visibility, and the esthetic appearance on buildings’ facades
(windows/skylights);
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e  Itis crucial to consider both the optical characteristics and the electrical output when optimizing
the size and the concentration of the QD in the QD-LSC technology.

Despite the huge advantages of the integrated QDs into the glazing of buildings, these systems
still face some challenges, such as the charge re-combination, the reduced emission, and the scattering
that impedes a widespread adaptation of the technology. Additionally, to date, scaling the sizes of
QD-LSC is a major challenge of this technology that requires further breakthroughs.
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Nomenclature

QDs Quantum dots

uv Ultraviolet radiations

Vis Visible light

NIR Near infrared radiations

TIR Total internal reflection

BIPV Building integrated photovoltaic
QY Quantum yield

PL The photoluminescence

LSC Luminescent solar concentrators

QDs-LSC  Quantum dots luminescent solar concentrators

Si PV Silicon photovoltaic

QDSC Quantum dots solar concentrators

EQE The external quantum efficiency of the solar cells
PCE The power conversion efficiency of the solar cells
CRI The color rendering index

CCT Correlated color temperature

Zb A zinc blende phase CdS

Wz A wurtzite CdS shell

Ecp Energy in the conduction band

Evg Energy in the valence band

Eg Energy gap

eV Unit of energy

a.u. Unit of absorbance

T Transmission

QE Quantum efficiency
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