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Efficient Luminescent Solar Concentrators Based on
Environmentally Friendly Cd-Free Ternary AIS/ZnS

Quantum Dots

Lorena Dhamo, Francesco Carulli, Philip Nickl, Karl David Wegner, Vasile-Dan Hodoroaba,
Christian Wiirth, Sergio Brovelli, and Ute Resch-Genger*

Luminescent solar concentrators (LSC) allow to obtain renewable energy
from building integrated photovoltaic systems. As promising efficient and
long-term stable LSC fluorophores semiconductor nanocrystals like quantum
dots (QDs) with size and composition tunable optoelectronic properties

have recently emerged. The most popular I1/VI or IV/VI semiconductor QDs
contain, however, potentially hazardous cadmium or lead ions, which is a
bottleneck for commercial applications. A simple aqueous based, microwave-
assisted synthesis for environmentally friendly and highly emissive AgInS,/
ZnS QDs is developed using 3-mercaptopropionic acid (MPA) and glu-
tathione (GSH) and their incorporation into polylaurylmethacrylate (PLMA)
polymer slabs integrable in LSC devices (10.4 X 10.4 X 0.2 cm3, G =12.98).
With this simple approach, optical power efficiencies (OPE) of 3.8% and 3.6%
and optical quantum efficiencies (OQE) of 24.1% and 27.4% are obtained,

which are among the highest values yet reported.

1. Introduction

With increasing concerns about global warming and envi-
ronmental sustainability using traditional energy produc-
tion approaches, advanced eco-friendly and efficient power
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technologies like photovoltaic (PV) devices
can be used in densely populated urban
areas.ll The energy efficiency and energy
production costs of meanwhile affordable
silicon-based PV cells can be improved
by the luminescent solar concentrator
(LSC) technology, providing transparent
or semi-transparent building integrated
photovoltaic materials (BIPV)B! for win-
dows,*) buildings,l®! facades, and roof
tops.!

A typical LSC consists of fluorophores
embedded in a transparent optical wave-
guide that absorb direct and diffuse
sunlight and emit photons at longer
wavelengths.®3 The re-emitted light is
guided by total internal reflection (TIR)
to the waveguide edges where it is con-
verted into electrical power by small PV
cells installed along the LSC slab perimeter Other advan-
tages of LSCs include a reduced total amount of PV material,
lower production costs, and an enhanced efficiency due to a
larger active area of the solar cells. First, organic dyes like rho-
damines, coumarins, and perylenes with high photolumines-
cence (PL) quantum yields (QYs) were used in LSCs.'® These
dyes suffer from a considerable spectral overlap between their
absorption and emission bands,® harvest light only from a
relatively small fraction of the solar spectrum, have a poor
photostability, and show a poor spectral match between their
emission and the spectral response of Si-based PV solar cells,
limiting LSC efficiency. Principally interesting alternatives are
perovskites®! and Cd- and Pb-based semiconductor quantum
dots (QDs),4112] which outperform organic dyes due to their
broad absorption bands, high molar extinction coefficients,
high PL QY, emission in a spectral window where PV cells have
an optimum energy conversion efficiency, and excellent photo-
chemical stability. However, recent restrictions by the European
Union (Restriction of Hazardous Substances directive; Direc-
tive 2011/65/EU) of utilizing potentially toxic cadmium and
lead™! in commercial applications triggered the search for eco-
friendly alternative nanomaterials like carbon dots,’“™ gold
nanoclusters, InP QDs,[" silicon QDs,l and heavy-metal free
QDs such as CulnS; (CIS) or AgInS, (AIS) QDs. Particularly
interesting are Cu-based and AIS QDs with their broad absorp-
tion spectra, Stokes-shifted broad PL spectra in the visible and
near-infrared (NIR) region, and high PL QY,[) that are acces-
sible in high quality by aqueous syntheses.8! For example, a
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power conversion efficiency (PCE) of 8.71% was obtained with
CIS QDs in polymethylmethacrylate (PMMA),1*20 and optical
efficiencies (1) of 3.27% and 6.97% with polylaurylmethacrylate
(PLMA)-CulnSeS QD LSCs?!l and CIS QDs doped with Zn and
Al, respectively.?Zl Ag-based ternary QDs like AIS have been
barely assessed as LSC chromophores except for a single device
utilizing AIS QDs prepared in organic solvents with hazardous
chemicals.["7?]

Here, we present a simple, environmentally friendly
approach to AIS-based LSCs using AIS/ZnS QDs prepared
in water with glutathione (GSH) or 3-mercaptopropionic acid
(MPA) as surface ligands, followed by ligand exchange for
hydrophobic oleylamine (OLA) and oleic acid (OA). Photopo-
lymerization of lauryl methacrylate (LMA) and ethylene glycol
dimethacrylate (EGDM) in the presence of these hydrophobic
AIS/ZnS QDs yielded highly fluorescent AIS/ZnS-PLMA-LSCs
with optical power efficiencies (OPE) of 3.8% and 3.6% (10.4
10.4 x 0.2 cm?, geometry factor G = 12.98)

2. Experimental Section

2.1. Materials

Silver nitrate (Honeywell, 99.8%), indium(IIl) chloride
(Sigma—Aldrich, 98%), reduced L-glutathione (Sigma-Aldrich),
3-mercaptopropionic acid (AppliChem), sodium sulphide
(Abcr, 98% Na2Sx9H20), ammonia 5.0 M (Sigma—Aldrich),
citric acid (Roth, 99.5%), zinc acetate (Chemsolute, 99.5%
Zn(CH3;COO0), x 2H,0), ethanol (absolute, Merck), toluene
(spectroscopic grade, Merck), oleylamine (AppliChem, 70-80%),
oleic acid (Sigma-Aldrich, 90% technical grade), lauryl meth-
acrylate (Sigma—Aldrich, 96%), 2,2-dimethoxy 2-phenyl aceto-
phenone (Sigma—Aldrich), and ethylene glycol dimethacrylate
(Sigma—Aldrich, 98%). All chemicals and solvents were used as
received.

2.2. Synthesis
2.2.1. Core GSH-Capped AIS QDs

The synthesis of ternary GSH-capped AIS core QDs was per-
formed according to a procedure from Stroyuk et al.?¥l To a
solution containing 13 mL deionized water, 4 mL of indium(III)
chloride (1.0 M) solution (containing 0.25 M nitric acid to avoid
In*" hydrolysis) and 12 mL of glutathione (GSH) solution
(0.5 M) were added. Subsequently, 0.5 mL ammonia solution
(5.0 M) was added under vigorous stirring followed by the addi-
tion of 10 mL of silver nitrate (0.1 M), 5 mL of sodium sulphide
(L0 M), and 1 mL of citric acid (2.0 m). The reaction mixture
was then heated to 100 °C for 45 minutes using a heating
mantel.

2.2.2. ZnS shelling of GSH-Capped AlS/ZnS QDs

To grow a ZnS shell, the as-prepared AIS core QDs were
added to a mixture consisting of 15 mL of GSH (0.5 M), 2 mL
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of ammonia solution (5.0 M), and 8 mL of zinc acetate (1.0 M)
(containing 0.01 M nitric acid). The shell growth was initiated
by heating the reaction mixture to 100 °C for 20 min using a
heating mantel.

The core/shell AIS/ZnS QDs were purified by addition of
75 mL of ethanol and centrifugation at 10 000 rpm for 5 min
to precipitate the QDs. The precipitated QDs were then redis-
persed in 10 mL deionized water to obtain a colloidally stable
dispersion of GSH-capped AIS/ZnS QDs.

2.2.3. Core MPA-Capped AlIS QDs

MPA-capped AIS/ZnS QDs were synthesised by transferring
the synthesis of GSH capped AIS/ZnS to a microwave (MW)
assisted procedure and substituting GSH by MPA. To a MW
vessel containing 4.33 mL deionized water, 3.33 mL of silver
nitrate (0.1 M), 4 mL MPA (0.5 m), 3.5 mL ammonia solution
(6.7 M), 0.33 mL of citric acid (2.0 M), and 1.33 mL indium(III)
chloride (1.0 M) (containing 0.1 M nitric acid) (redispersed by
addition of an ammonia solution) were added under stirring.
The pH of the reaction mixture was controlled to be between
8 and 9, and finally 1.67 mL of sodium sulphide (1.0 M) was
quickly added under vigorous stirring. The reaction vessel was
then heated to 100 °C in the microwave and kept at this tem-
perature for 50 min.

2.2.4. ZnS Shelling of MPA-Capped AlS/ZnS QDs

For the ZnS shelling procedure, 5 mL MPA (0.5 M), 3 mL
ammonia solution (0.5 M), and 2.67 mL containing 0.01 M nitric
acid) zinc acetate (1.0 M) (redispersed by addition of ammonia
solution) were added to the dispersion containing AIS QDs
under vigorous stirring. The mixture was then heated to 100 °C
for 30 min.

Finally, the QD dispersion was concentrated to 10 mL by
evaporation of the solvent using a rotary evaporator and redis-
persing the QDs in 10 mL deionized water.

2.2.5. Phase Transfer

Ligand exchange of the hydrophilic surface ligands MPA and
GSH, required to enable the dispersibility of the initially pre-
pared hydrophilic AIS/ZnS QDs in apolar organic solvents like
toluene and the monomers LMA and EGDM, was performed
according to a procedure from Stroyuk et al.?¥l For this pur-
pose, 10 mL of an aqueous dispersion of thiol-capped AIS/ZnS
QDs was mixed with 10 mL toluene, 10 mL oleylamine (OLA),
2.5 mL oleic acid (OA), and 2.5 mL ethanol. The mixture was
shaken for 2 min. and subsequently centrifuged at 10 000 rpm
for 5 min. The toluene fraction obtained by separation of the
two liquid phases was decanted and 40 mL ethanol was added
to precipitate the QDs from the organic phase. A final centrifu-
gation step was performed (10 000 rpm for 2 min) to yield a
pellet of OLA/OA-capped QDs, which was then suspended
in 10 mL of toluene to obtain a colloidal stable suspension of
OLA/OA-capped QDs.
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2.2.6. Fabrication of QD-PLMA LSC

For the fabrication of the LSC, a mixture of 0.06% (w/w) dried
OLA/OA-capped AIS/ZnS QDs (with 20 UL of OA), 80% LMA
(w/w) and 20% EGDM (w/w)!!®! was prepared. This mixture
was sonicated and stirred until the QDs were homogeneously
dispersed. Then, 250 ppm of the polymerization initiator
2,2-dimethoxy-2-phenyl acetophenone (Irgacure 651) was added
and the mixture was stirred for 30 min. The solution was then
poured into a mold made by two glass sheets separated by a
polymeric spacer. The polymerization was initiated by illumi-
nation with UV light (365 nm, 20 W) for 40 min at room tem-
perature. After being kept in the dark for further 30 min, the
QD-containing polymer slab was removed from the mold and
polished.

2.3. Methods
2.3.1. Structural Characterization

TEM Measurements: TEM measurements were performed with
a scanning transmission electron microscope Fei Titan 80-300
(FEI, Hillsboro, OR, USA) at 300 kV.

XRD Measurements: X-ray diffraction (XRD) measurements
were done with a Rigaku Ultima IV diffractometer (Rigaku,
Tokyo, Japan) with Cu Ke radiation (4 = 0.15406 nm).

EDX Measurements: Energy-Dispersive X-ray spectroscopy (EDX)
measurements were performed with a Thermo Fisher Scien-
tific system (Waltham, MA, USA) of type silicon-drift detector
(SDD) UltraDry with a nominal detector area of 100 mm?. The
measurement software was Pathfinder 1.3. The EDS system
was attached to a Zeiss Supra 40 SEM (Zeiss, Oberkochen, Ger-
many) with a Schottky-field emitter. Each sample was analyzed
on three different areas of about 100 x 100 um? at an excitation
energy of 10 keV and a mean value for the elemental composi-
tion had been calculated for each sample. S Ko (2.31 keV), Zn
La (1.01 keV), Ag Lo (2.98 keV), and In Lo (3.29 keV) X-ray
lines had been quantified.

2.3.2. Optical-Spectroscopic Characterization

Absorption Spectra: The absorption spectra were measured
with a calibrated double beam spectrometer Specord 210plus
(Analytik Jena) in a wavelength range of 200-800 nm using an
integration time of 0.5 s nm™.

PL Spectra: Steady-state fluorescence emission spectra were
recorded with a calibrated fluorometer FLS 920 (Edinburgh
Instruments) equipped with a Xenon lamp, using excitation
wavelengths of 400, 450, and 500 nm, respectively. The inte-
gration time was set to 0.5 s and three scans were done per
measurements.

PL Decay Kinetics: The PL decay kinetics of the QDs in disper-
sion and embedded in the polymer were measured at different
excitation and emission wavelengths with the fluorometer FLS
920 (Edinburgh Instruments) equipped with a pulsed EPLED
laser (wavelength of 375 £ 5 nm; pulse duration of 60 ps, and
pulse repetition rate of 100 kHz equalling one pulse every
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10 ps) and detected with a multichannel plate (MCP) detector
using time-correlated single-photon counting (TCSPC). The
multiexponential decay curves were evaluated using the soft-
ware FAST (Edinburgh Instrument) and could be fitted with a
tri-exponential reconvolution fit, thereby considering the instru-
ment response function (IRF) determined with a scatterer.
Intensity-weighted and amplitude-weighted average lifetimes
were calculated from the fitted multi-exponential decay curves
as shown in Equation (S1), Supporting Information.
Photoluminescence Quantum Yields (PL QY): PL QY values were
determined absolutely using the commercial calibrated inte-
grating sphere setup Quantaurus-QY C11347-11 (Hamamatsu)
previously evaluated by the authors.”” PL QY measurements
of dispersed QDs were performed at room temperature in
10 x 10 mm long neck quartz cuvettes from Hamamatsu, while
the QD-doped polymers were cut into pieces that fit into a
round quartz cuvette with a diameter of 2 cm and a thickness of
5 mm from Hellma GmbH.

LSC Efficiency Measurements: The efficiency of the LSC devices
was evaluated using a calibrated solar simulator with power
density P = 100 mW cm™ (1.5 AM Global). The tested LSCs
were coupled with a Si-solar cell. Initially PL emitted from the
LSC edge was collected with a spectrometer to evaluate the
real spectral photon distribution. Such profile was successively
scaled for the efficiency of the calibrated photodiode to evaluate
the real number of re-emitted photons reaching the LSC edges
which enabled the authors to finally calculate the OPE and
quantum optical efficiency (QOE). All experiments were car-
ried out without the use of back reflector or back diffuser at
the bottom of the waveguide. The scattering losses were deter-
mined by light propagation experiments, using a 405 nm laser
as excitation light source for all device lengths and collecting
the light at one of the edges.

2.4. Results and Discussion
2.4.1. Structural Analysis

The two types of ternary AIS/ZnS QDs, synthesized using
either MPA or GSH as stabilizing ligands and a constant ratio
of Ag:In:S: Zn:ligand, 0.25:1:125: 2 : 6.77, were ini-
tially prepared in water following the procedures described in
the experimental section. To incorporate AIS/ZnS QDs into a
polymer matrix, the ligands of the prepared water-soluble AIS/
ZnS QDs were replaced with long aliphatic chains (OLA and
OA) to make the QDs dispersible in non-polar organic sol-
vents. This involved a phase transfer of the AIS/ZnS QDs from
water to toluene following an established protocol from Stroyuk
et al.! Whether this type of phase transfer led to a complete
exchange of all surface ligands or to a mixture of different sur-
face ligands was not further examined. In the following discus-
sion, we refer to the QDs after ligand exchange to GSH-OLA/
OA and MPA-OLA/OA QDs.

The size, composition, and crystal phase of the resulting
OLA- and OA-capped AIS/ZnS QDs were characterized by
X-ray diffraction (XRD), transmission electron microscopy
(TEM), and energy-dispersive X-ray spectroscopic (EDX) meas-
urements. The diffraction pattern of both QDs (in Figure 1¢)
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Figure 1. TEM measurements of a) AlIS/ZnS QDs GSH-OLA/OA capped and b) MPA-OLA/OA capped; c) XRD measurements of AIS/ZnS QDs GSH-
OLA/OA and MPA-OLA/OA capped; d) EDX atomic concentration normalized to the indium concentration of AIS/ZnS QDs, capped with GSH-OLA/

OA and MPA-OLA/OA.

exhibit three broad peaks at matching positions compatible
with the indices for the (112), (204), and (312) planes of tetrag-
onal chalcopyrite AgInS,. As indicated by the broad diffraction
peaks, the QDs are =2—4 nm, which was confirmed by TEM
measurements in Figure 1a,b; and Figure S1, Supporting Infor-
mation. The EDX measurements (Figure 1d) reveal that the
GSH-OLA/OA QDs contain a rather similar Ag:In:S:Zn ratio of
0.5:1.0:1.0:1.5 as initially used for the synthesis of the QDs. The
element composition of the MPA-OLA/OA QDs is, however,
deficient in S and Zn. This suggests slightly different surface
chemistries of both types of AIS QDs and/or a different growth
mechanism of the ZnS shell.

2.4.2. Optical Properties of AlIS/ZnS QDs

The absorption spectra of the GSH-OLA/OA and MPA-OLA/
OA QDs shown in Figure 2 are typical for ternary AIS/ZnS
QDs, revealing a broad unstructured shape lacking the sharp
excitonic feature observed for binary QD systems. The PL
spectra are broad with a full width at half-maximum (FWHM)
of =200 nm (520 meV), which considerably exceeds the FWHM
values of the PL bands of binary II/VI or III/V QDs such as
CdSe and InP QDs.[?®l The broad PL bands can be attributed
to different PL mechanisms such as the radiative recombina-
tion of donor—acceptor pairs, the self-trapped exciton model,
the recombination of a localized hole with a conduction band
electron or a combination of these mechanisms, which is still
debated 70232421 The surface ligand used for QD synthesis
seems to significantly influence the spectral position of the PL
maximum as suggested by the redshift of the PL maximum
from 590 to 700 nm observed for MPA in comparison to GSH.
Similar results were obtained by Stroyuk et al.?¥l with TGA-sta-
bilized AIS QD that exhibited also a bathochromically shifted
PL compared to GSH-capped AIS QDs. The observed average
PL dynamics are also affected by the surface ligand as revealed
by the PL decay curves shown in Figure 2g with amplitude-
weighted average lifetimes of 360 and 700 ns obtained for
GSH-capped and MPA-capped AIS/ZnS QDs, respectively. The
corresponding PL decay curves and resulting fits are shown
in Figure 2gh,i and the used equations and calculated life-
times can be found in Table S1, Supporting Information. The
observed differences in the photophysical properties can be
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ascribed to the influence of the surface ligand, that is, MPA, or
GSH, molecules on the core and core/shell QDs during their
formation, leading to slightly different chemical compositions
and slightly different surface chemistries as described in the
previous section. Nevertheless, the PL QY of the GHS-capped
QDs of 60% closely match the PL QY of the MPA-capped AIS/
ZnS QDs of 64%. A more detailed investigation of the influ-
ence of the surface ligand on the optical properties of the QDs
was beyond the scope of this study, focusing on AIS/ZnS-based
LSCs.

The absorption spectra shown in Figure 2d,e closely match
before and after phase transfer. The PL maxima are, however,
red-shifted by 6 nm for GSH-OLA/OA and blue-shifted by
17 nm for MPA-OLA/OA upon phase transfer. For both QD
types, ligand exchange and phase transfer lead to increased PL
QY values of 70% and 74% of the subsequently formed GSH-
OLA/OA- and MPA-OLA/OA-capped AIS/ZnS QDs. As the
FWHM of the PL bands undergo only minor changes and the
PL QY values are even increased, a degradation of the QDs
during this procedure can be excluded. The observed moderate
changes in the optical properties of the QDs are ascribed to the
influence of the OLA and OA ligands that coordinate to the QD
surface atoms with their amino or carboxylic groups whereas
MPA and GSH interact with the QD surface ions via their
thiol functionalities. This assumption is also supported by the
decrease of the average PL lifetime of the MPA-OLA/OA QDs
from initially 700 to 520 ns and from 360 to 270 ns for GSH-
OLA/OA QDs. The PL decay kinetics of both AIS/ZnS QDs
are shown in Figure 1h and the fit results are given in Table
S2, Supporting Information. Both AIS/ZnS QDs are colloidally
stable for at least 2 years after ligand and phase transfer pre-
serving a constant PL QY of 70% (see Figure S2, Supporting
Information).

Subsequently, the AIS/ZnS QDs were embedded in a PLMA
matrix, which was chosen due to its high compatibility, excel-
lent optical properties, and well reproducible photopolymeri-
zation. The photographs of the obtained LSC slabs presented
in Figure 3a,b highlight the homogeneous dispersion of the
QDs in the polymer matrix. The devices are transparent and
slightly colored, with the total transmittance of both samples
exceeding 85% (see Figure S3, Supporting Information). This
underlines the good quality of the devices and their suitability
for LSC technology.?8! The absorption and emission spectra
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Figure 2. Schematic presentation of the a) hydrophilic AIS/ZnS QDs capped with MPA and GSH, b) after ligand exchange yield, the corresponding
hydrophobic AIS/ZnS QDs capped with MPA-OLA/OA or GSH-OLA/OA, and c) hydrophobic AIS/ZnS QDs embedded in a polymer matrix. Normal-
ized absorption and emission spectra and PL decay curves of the AIS/ZnS QDs prepared using MPA (red line) and GSH (blue line) after synthesis
in water (d), (g); after ligand exchange with OLA/OA and phase transfer in toluene (e), (h); and in PLMA after the polymerization process (f), (i),
respectively.
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Figure 3. Photographs of the LSC waveguides (PLMA, wt. 0.06% QD concentration) prepared with a) MPA-OLA/OA-capped AlS/ZnS and b) GSH-OLA/
OA-capped AlIS/ZnS QDs. Normalized PL emission spectra of c) MPA-OLA/OA AIS/ZnS QDs and e) GSH-OLA/OA AIS/ZnS QDs in PLMA collected
at the edge of the polymer slab with an excitation light source located at increasing distances (d = 0.5 cm) from the collector edge of the polymer slab;
d) Overall reabsorption of the LSC samples.
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shown in Figure 2e,f closely resemble the respective spectra of
the QDs dispersed in toluene. The PL QY of the GSH-OLA/
OA AIS/ZnS QDs only drops by 2% to 70%, whereas the PL
QY of the MPA-OLA/OA QDs increases to 74%. These high PL
QY values exceed the PL QY values reported by Chen et al. by
a factor of 2.7%] Also, changes in the average PL lifetimes are
observed, that is, a slight increase to 282 ns for the GSH-OLA/
OA AIS/ZnS QDs and a drop to 330 ns for the MPA-OLA/OA
QDs (see Figure 2i, see also Table S3, Supporting Informa-
tion). Apparently, the optical properties of MPA-OLA/OA QDs
are more strongly influenced by their environment and ligand
shell. One possible explanation could be the different strength
of the bonds between the QD surface atoms and the ligand
molecules, as MPA Dbears only a single SH group and GSH
a SH and a NH group that can coordinate to the QD surface.
This could subsequently affect the ligand shell resulting after
ligand exchange and phase transfer and hence, the QD surface.

To obtain a first insight into the stability of AIS/ZnS QDs in
an organic solvent, we compared the optical properties of the
freshly prepared and aged samples, that is, the corresponding
toluene stock solutions stored at room temperature in the dark
for two years (see Figures S2 and S4, and Table S4, Supporting
Information). The samples show slightly modified emission
spectra and a change in the calculated average amplitude-
weighted PL decays (but the PL QY values remain constant).
Fresh LSCs were prepared from the same AIS/ZnS QDs batch
kept in aerated toluene dispersion in the dark at room tempera-
ture for one year and the performance of the resulting LSCs
was compared. As shown in Figure S2, Supporting Informa-
tion, the absorption and emission spectra obtained after embed-
ding the freshly prepared and aged QDs in a PLMA matrix
closely match. Also, for the LSC prepared from the aged AIS/
ZnS QDs, we still observe a PL QY of 60% after incorporation
into the polymer. Hence, the influence of the polymerization
process on the PL QY of the QD-polymer composite material
is negligible. Moreover, this match underlines the robustness
of the QDs and the reproducibility of the polymerization pro-
cedure. This excellent long-term stability of the QD dispersions
is very beneficial for the application of these materials and will
be systematically assessed in the future under different applica-
tion-relevant ambient storage conditions.

2.4.3. Efficiency and Loss Studies of AIS/ZnS Embedded LSCs

To evaluate the efficiency of the AIS/ZnS-based LSCs, we exam-
ined the optical losses due to reabsorption and matrix effects
that can affect LSC performance, on the basis of the absorption
and emission spectra of the AIS/ZnS QDs. Reabsorption losses
are determined by the spectral overlap between absorption and
emission bands that correlate with the size of the effective Stokes
shift. A small Stokes shift can considerably hamper the overall
performance of a LSC device by the reabsorption and randomi-
zation of the emitted photons, which are the main loss mecha-
nisms in LCS. Reabsorption reduces the overall efficiency of a
LSC device as the PL QY of the emitters are below unity, while
photon randomization increases the probability of a photon to
escape from the large area faces of the waveguide instead of
being concentrated at the edges. To quantify reabsorption losses
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and to confirm the uniformity of the optical properties of the QD-
doped polymerization product, we studied the dependence of
the PL spectra and the relative PL intensity on the distance trav-
elled by light inside the LSCs. The PL spectra collected at the
LSC edge for increasing distances from the incident excitation
light spot (distance between the excitation light spot and the LSC
edge being varied from 0 to 5 cm in steps of 5 mm) are shown in
the Figure S5, Supporting Information. The observed drop of the
overall PL intensity with distance is the result of the combined
effects of increasing reabsorption and decreasing collection
efficiency (see Figure S6, Supporting Information). To assess
solely the contribution of the former effects, the PL spectra
were normalized in the low energy region of the PL spectra,
where the overlap between absorption and PL is negligible.l>"!
The resulting PL spectra and the PL intensities summarized in
Figure 3 reveal only small changes in the PL spectral shape with
increasing distance. This points to overall losses of up to 31% for
GSH-OLA-OA capped QDs and 18% for MPA-OLA/OA capped
QDs in the LSCs, respectively. This is ascribed to the redshift in
PL obtained with the MPA ligands, that shifts the PL band fur-
ther away from the onset of QD absorption.

As shown in Figure 3a,b, under UV illumination, the QD
emission is efficiently guided to the edges of the LSC as required
for the desired application. To quantify the efficiency of the LSCs
based on GSH-OLA/OA and MPA-OLA/OA AIS/ZnS QDs,
we determined the OPE,#1] defined as the ratio of the optical
power emitted at the LSC edges and the incident power, and
the OQE, defined as the ratio of the number of photons emitted
from the device edges and the number of photons absorbed
from the large area surface. For this purpose, we coupled the
perimeter edges of the LSCs to calibrated-Si-solar cells (IXYS
KX0B22-12 x 1F, Open circuit voltage = 0.63 V, Fill factor = 0.7,
External quantum efficiency =~ 94%) and illuminated the LSCs
with a solar simulator (100 mW cm™2) perpendicular to their top
surface (108 cm? for both devices) in the absence of a reflector
or back diffuser positioned at the bottom of the waveguide. The
complete experimental setup is sketched in Figure 4, while the
detailed description of the LSC performance characterization is
reported in Methods section. Thereby, we measured OPE values
of 3.8 + 0.2% and 3.5 + 0.2% and OQE values of 24.1 £ 0.4%
and 274 + 0.4%, for the LSCs based on GSH-OLA/OA and MPA-
OLA/OA AIS/ZnS QDs, respectively, as shown in Table 1.12%
These values are in the same order of magnitude as reported
by Chen et al. employing, however, AIS QDs synthesized in an

Solar simulator

Keithley 2400
i sourcemeter
/ \
iﬁ — Calibrated
Spectrometer photodiode

Figure 4. Experimental set-up for the efficiency measurement of AIS/ZnS-
based LSC.
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Table 1. Optical efficiency of 10.4 x 10.4 x 0.2 cm? LSC devices based on
GSHOLA/OA and MPA-OLA/OA AIS/ZnS QDs.

Property GSH-OLA/OA LSC MPA-OLA/OA LSC

Optical power efficiency (OPE)

OPE_#edge—emitted photons 3.8+0.2% 3.5+£0.2%
" #totalincident photons
quantum optical efficiency (QOE)
qoe - #edge—emitted photons 241+0.4% 27.4+0.4%
"~ #total absorbed photons
16.9 £ 0.4% 17.9 £ 0.4%

po— edge emitted power
"t~ ""absorbed power

organic solvent with hazardous chemicals.”?l In addition, the
electrical efficiency of the device coupled to a PV cell was used
to evaluate the performance of the LSC devices. This property
depends also on the conversion capacity of the PV cell.

The output power extracted from one of the LSC edges,
and the respective fraction of the solar spectra absorbed by
the utilized QDs are highlighted in Figures S7 and S8, Sup-
porting Information. The obtained optical efficiencies are very
promising considering that the devices preserve transparen-
cies of 69% and 74% in the visible range of the solar spectrum
(400-700 nm) and that the optical properties of the QDs are
not yet optimized (PL QY = 70%). These results are in line
with the performance of other devices!'"1216.7.21 of comparable
dimensions,[16:2130313229] and with a similar degree of trans-
parency (an overview of some of these devices is shown in
Table S5, Supporting Information). As shown in Table 1, the
LSC prepared with GSH based AIS/ZnS QDs performs slightly
better than the LSC derived from initially MPA-capped AIS/
ZnS QDs despite the red shifted emission band of the MPA-
based QDs (see Figure 2). However, the overall losses of the
MPA synthesis based AIS/ZnS QDs are lower than for the
GSH synthesis based one (see Figure 3).

3. Conclusion

In a first proof-of-concept study, we realized large area, low cost,
and highly efficient luminescent solar concentrators based on
heavy-metal free AIS/ZnS QDs embedded in polylaurylmeth-
acrylate utilizing simple preparation procedures. The QDs were
synthesized in water using a simple two steps heating up syn-
thesis or a microwave assisted synthesis approach. Independent
of the stabilizing ligand used, that is, 3-mercaptopropionic acid
and glutathione, the hydrophilic QDs show optical proper-
ties well suited for the application in LSCs like well separated
absorption and emission bands and high photoluminescence
quantum yield values of up to 65% in water and 74% in tol-
uene after ligand exchange with hydrophobic oleylamine and
oleic acid. First screening studies of the long-term stability of
the toluene dispersions of the hydrophobic QDs utilized for
LSC preparation suggest that the hydrophobic AIS/ZnS QDs
remain stable in toluene for =2 years when stored at room tem-
perature in the dark. Embedding both types of AIS/ZnS QDs in
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PLMA with a simple photopolymerization approach provided
transparent and highly emissive waveguides with photolumi-
nescence quantum yields of at least 60% and a transparency
of about 80% in the visible wavelength region. Utilization of
these AIS/ZnS QDs in LSC devices yielded high optical power
efficiencies of 3.8% and 3.5% equalling power quantum effi-
ciencies of 24.1% and 274%, respectively, when considering
the number of absorbed photons. These values can be further
increased by optimizing the synthesis and fine-tuning the
absorption and emission features, thereby further increasing
the photoluminescence quantum yield, minimizing reabsorp-
tion and increasing the compatibility with the coupled solar cell
as done by Anand et al.3]

The low cost of the materials, the simple and green synthesis,
that can be easily upscaled, the excellent optical properties of
the AIS/ZnS QDs, and the high efficiency of the devices under-
line the generally high potential of AIS/ZnS QDs for LSC tech-
nology. Furthermore, the parameters previously mentioned, and
the low oxygen sensitivity of the process make these QDs candi-
dates for a sustainable synthetic process. Parameters to further
improve the performance of these promising materials include
the modification of the ratio of the different constituents used
for QD synthesis, QD size, and QD surface chemistry. Also,
the doping of these AIS/ZnS QDs with other elements like Mn
could be assessed as done for Pb-based QDs.1"!
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