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COLOURLESS LUMINESCENT SOLAR CONCENTRATOR, FREE OF HEAVY

METALS, BASED ON AT LEAST TERNARY CHALCOGENIDE

SEMICONDUCTOR NANOCRYSTALS WITH ABSORPTION EXTENDING TO THE

NEAR INFRARED REGION

The presént invention relates to a solar concentrator
according to the preamble of the principal claim.

As 1s known, lumlinescent solar concentrators (LSC)
comprise a glass or plasticﬁ wavegulde forming the body of
the concentrator, coated or doped with highly emissive
elements or components, commonly known as fluorophores. The

direct and/or diffused sunlight is absorbed by these

'fluorOphores and re-emitted at a higher wavelength. The

luminescence generated in this way 1is propagated towards

the edges of the waveguide by total internal reflection,

and is converted to electrical energy by' high—eiEficiency

- photovoltaic cells coupled to the perimeter of the body of

the concentrator.

More particularly, a luminescent solar concentrator 1is
conventionally composed of a body (that 1s to say, the
aforementioned waveguide) having a generally sheet-like or
parallelepipedal shape, doped with organic or
organometallic fluorophores. The fluorophores absorb  the
incident light and re-emit it by fluorescence or
phosphorescence. The emitted 1light 1s guided by total
internal reflection to the edges of the'waveguide, where 1t

1s converted  to electricity by the photovoltalic cells
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positioned along the lateral faces of the waveguide. By
making an appropriate choice of the concentration of
fluorophore 1n the waveguide and its optical properties, 1t
1s possible to provide coloured devices with a desired
degree of transparency and 1n any shape which can easily be
incorporated into.architecture, in the form of photovoltaic
windows for example.

Additionally, these devices or concentrators can be
used to minimize the number of photovoltaic cells used by
concentrating the light from a large area on smaller areas,
thus making 1t financially viable to use non-standard
photovoltalic modules which would otherwise be excessively

costly. To 'produce efficient 'solar . concentrators, the

fluorophores_ must be highly photo‘stable and have a wide

 absorption' spectrum 1n the visible and near-infrared

spectral region, high luminescence efficiency, and the

greatest possible energy separation between the intrinsic

absorption spectrum and the optical emission spectrum

- (denoted by the term “Stokes shift”). The last-mentioned

requirement 1s fundamental for the manufacture of large
concentrators 1n which the 1light emitted by a ‘given
fluorophore ;must cover relatiyely' loﬁg' distances before
reaching the edge of the concentrator Dbody (which
generally, but not exclusively, has a layer—-like or sheet-
like shape).

There 1s a known way of wusling organic fluorophores

which are highly emissive, but relatively photodegradable.
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Their Stokes shift 1s typically 1limited, resulting in
significant optical losses due to the reabsorption of the
light emitted by the fluorophores.

Attempts have b'een made to overcome this drawback of
the use of organic fluorophores, by using organic rare
earth éomplexes with large Stokes shifts; however, these

elements can use only a small portion of the solar spectrum

and/or exhibit very low luminescence efficiencies.

Similar problems are encountered when colloidal
nanocrystals (QD) are used as emitters 1incorporated 1into
the body or waveguide of a solar concentrator. In this case
also, while these nanocrystals have high emission
efficiency and‘a large-optical,absorption'coefficient, they

generally show a largé overlap between the absorption

spectrum and the emission spectrum, resu-lting‘ in high

‘reabsorption of the emitted light. Ihis is an obstacle to

g

the construction of large solar concentrators,'iimiting the

size of the devices to a few square centimetres.

To overcome this prbblem, attempts have been made to
produce core-shell QDs in which the core provides the
erﬁission function, while the shell 1is résponsible for the

gh—

absorption of solar radiation. This solution, demonstrated

for QDs made of CdSe coated with a thick shell of CdS
forming more than 90% of the wvolume of the nanoparticle,

makes 1t possible to manufacture large solar concentrators,

but suffers from intrinsic limitations which impede its use

in a real context. This 1s because the (QODs that are used
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have an absorption spectrum limited by the energy gap of
the shell material (CdS) which falls in the green/yellow
spectral region (about 520 nm), setting a 1limit on the
maximum achievable efficiency and requiring the
5 concentrator devices'to be highly coloured. This inevitably
affects their possible application in real architectural
contexts or other uses 1n the real world.
Moreover, these QDs typically use toxic material such
as cadmium, tellurium, lead and the like. This may prevent
10 their use, for reasons of environmental protection and
public health.

According to another embodiment, the self-absorption

1S eiiminate,d by'_d‘oping the QDs With .tran-sition metal i_ons
which act 'as intra-gap récémbination centres for the
15 exCitons photogenerated in the hoét semiconductor,

For example, it has 'been prossible to p‘roduce a solar
cohcentrator:With QDs of-the afdrementioned tfpe usihg znsSe
dopéd wiﬁh Mn. .

However, 1like ‘the preceding strategy based on core-

200 shell QODs, this doping with Mn and other transition metals
18 al'so subj’ec’t to considerable limitation‘s in terms of
coverage of the solar spectrum,.which considerably reduces
the maximum efficiency that can be obtained. In this
speclfic case, when devices based on QDs of ZnSe doped with

25 Mn are used, 1t 1s 1ntrinsically impossible to absorb the
portion of solar radiation at wavelengths above 500 nm,

resulting 1n high colouration of the final device, with
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negative effects on 1ts efficiency and the possibilities
for its architectural incorporation.

The object of the present invention 1is to provide a
luminescent solar concentrator (LSC) which 18 an
improvement on the known solutions and those which have
been disclosed but are still in the design phase (such as

F

those containing QDs of the core-shell type).

In particular, one object of the present invention is
to provide a solar concentrator which <c¢an have high
efficiency, that 1is to say a solar concéntrator that has
very low, or at least negligible (or even =zero) optical
losses due to reabsorption.

A further iject is to provide a solar conéentrator or
device that . .i.s _colourless, in other, words one ‘that, has a
neutral colour -(gradations of grey like ordiﬁary optical

filters with neutral optical density), thus ihtroducing no

‘appreciable chromatic distortion, and which can therefore

be used as an element sultable for architectural
incorporation, such as a photovoltaic window foﬁ: example,
or 1n general as windows or glazing panels or transparent
elements of fixed structures or moving structures such as
vehicles. .

Another object 1is to provide a solar concentrator or
device that has an absorption spectrum extending throughout
the visible and near-infrared region, so as to maximize the
fraction of sunlight that <c¢an be used to generate

electrical energy.
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A further object 1s to produce a luminescent solar

concentrator which is free of heavy metals (for example,
but not exclusively, Pb, Cd and Hg) and other elements of
known toxicity (for example, but not exclusively, Te and
As), so that it can be used easlily 1n an environmentally
friendly way.

These and other objects, which will be evident to
those skilled in the art, are achieved by a luminescent
solar concentrator according to the appended claims.

To facilitate the understanding of the present
invention, the following drawings are appended purely by
way of non-limiting examples, in which drawings:

Figure  1“ shows a..schematic repfesentation‘ of a

luminescent solar concentrator (LSC) consisting of a

.polymer matrix 1incorporating colloidal nanoparticles or

"nanocrystals or QDs;

Figure 2 showS ‘an absorption speCtrUm (line A) and a
photoluminescenée spectrum (line B) of CISeS QDs passivéted
with a layer of 7ZnS, used to produce the device or
concentrator of Figure 1 under optical excitation at 405

nm;

"

Figure 3 shows a schematic representation of the
procedure for producing a cell for the construction of the
LSC according to the i1nvention;

Figure 4 shows the absorption spectrum (line E) and

photoluminescence spectrum (line F) under excitation at 405

nm of CISeS QDs (which are defined below) passivated with a
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layer of ZnS and used for the exemplary device, compared

with the corresponding absorption spectrum (line C) and
emission spectrum (line D) of the same QDs dispersed in
toluene, one of the typical solvents 1in which QDs are
dispersed 1n the design phase;

Figure 5 shows a luminescence spectrum of CISeS QDs
passivated with a layer of ZnS collected at the edges of
the LSC when the excitation point was located at an
increasing distance “d” from the edge.

With reference to the aforesaid figures, a luminescent
solar concentrator or LSC comprises a body 1 made of glass
or plastic material 1in which nanocrystals are present,
these :being‘ shdwn, -purélyV'for. descriptivef‘purposes,as
Cléarly identifiable ‘elements ‘in the  body 1 of " the
concentrator; "th'ese- ‘n“anOcrystals or nanoparticle's " are
denéted by 2. At the' edges 3, 4, 5,‘ o of ..the body 1 there
are photovoltaic cmﬂjj;”f for collécting.aﬁd canerting tO-

electricity the light radiation (indicated as hvz) emitted

by the QDs present i1in the body 1. The incident radiation on

the body of the device 1i1s indicated by hv:.

The body 1 of the LSC may be made of various
materials. Examples of these materials may include, but are
not limited to the following: polyacrylates and polymethyl
methacrylates, polyolefins, polyvinvyls, epoxy resins,
polycarbonates, polyacetates, polyamides, polyurethanes,
polykétones, - polyesters, polycyanoacrylates, silicones,

polyglycols, polyimides, fluorinated polymers,
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polycellulose and derivatives such as methyl cellulose,

hydrOxymethyl cellulose, polyoxazines, and silica-based
glasses.

The nanocrystals or nanoparticles are elements whose
size 1s typically less than 10 - 20 nm and 1n any case 1S
smaller than the exciton Bohr radius characteristic of the

corresponding monolithic material having the same

composition, so0 as to exhibit quantum confinement. These

QDs can exhibit 'a photolumlnescence efficiency of
practically 100% and an emission spectrum that can be
selected by dimensional control of the particles, allowing
optimal 1ntegration with wvarious types of solar cells
éomprising;either'single br,multiple‘juhction devices,

. -According to afundamental characteristic of the

present 1nvention, ‘the _colloidal nanocrystéls used as

‘emitters in the LSC described here are semiconductor QDs

made Of ' ‘at- least t-ern'éry chalcogenides,-' C"Ompri'sing
transition metals of gfoup Ig (or group 11 1n the IUPAC
nomenclature), metals of group IIIn (or group- 13 1n the
IUPAC nomenclature) and chalcogens of group VIa (or group

16 1n the IUPAC nomenclaturé) . By way of non-limiting -

example, these semiconductors may be CulInS2, AgInSg,
CulInSe;, or AgInSez; alternatively, these nanocrystals are
quaternary semiconductor chalcogenides also comprising
transition metals of group Ilg (grpup 12 1n the IUPAC

nomenclature) such as, by way of non-limiting example,

cuInznS;, CulInZnSe;, or AgInZnSe;, possibly coated with
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suitable organic and/or 1inorganic passivating layers, as

described Dbelow. The nanocrystals may also be made of

alloys of the aforementioned ternary or quaternary
semiconductors (non-limiting examples are CuInSeS, AgInSeS,

CulInZnSeS, and AgInZnSeS).

As a general rule, these QDs are ternary or quaternary
semiconductors comprising transition metals of group Ig
(group 11 1n the IUPAC nomenclature), metals of group IIIa
(group 13 1n the IUPAC nomenclature), together with at
least one chalcogen of group VIa (group 16 1in the IUPAC

nomenclature) having the general formula of the MIMIIIAVI,

‘type or of the MIMIIIAVI, (BVI, type, or of the MIMIIIMIIAVI, ,BVI,

type, or of the' MIMIIIMITAVI type, where:
M!I is a transition metal of group Is (or groﬁp 11 in the

TUPAC nomenblature),

 MIII ig a transition metal of group IIIan (or group 13 in the

IUPAC nomenclature),
Ml is a transition metal of group IlIs (or group 12 in the
IUPAC nomenclature),

AVl 1s a chalcogen of group VIa (or group 16 in the IUPAC

nomenclature),

BVl 1s a chalcogen of group VIa (or group 16 in the IUPAC

nomenclature),
X are the atoms of the element BYi, and
2—-xX are the atoms of the element AVI,
By contrast with the aforementioned QDs of the core-

shell type, that 1is ‘to say heterogeneous QDs, they form a
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homogeneous structure 1in which the optical absorption 1s
due to band-to-band transitions of the semiconductor
material, while the emission of 1light at a  higher
wavelength than that of the absorbed 1light takes place,
instead, by the radiative recombination of a carrier in a
band of the semiconductor with the respective carrier of
opposite sign located in an intra-gap defect state in the
crystal lattice. Thus the emitted light 1s not reabsorbed
by the ODs, and 1s propagated in the waveguide to the sides
3 - 6 of the latter, where one or more inorganic or organic
solar cells 7 are positioned, these cells converting the

concentrated light to electrical energy.

Thi‘s -particular choi‘ce' of QDs, used' as a homogene'o__us
structure insfead' of av core.—shﬁell. hetero—st'ruct'ur’e,. makes
1t possible to'produce luminescent solar concentrators with
large ' dimensions (tens to h‘uh_dr.eds of linear céntimetres)
with limitédopﬁiCal losSes due to thé reabsofption-of‘the
emltted light. The concentrétion of the nanocrystals
dispersed 1n the solid matrix or body 1 determines the
degreeu of transparency of the concentrator or device,
making 1t ©possible to produce sémi—transparent solar
concentrators suitable for use as photovoltaic windows 1in
architectural structures such as buildings, or 1n moving
structures such as motor vehicles. By way of non-limiting
example, 1n the case of CdSeS QDs with 7ZnS passivation and
emission at 970 nm, 1t 1s possible to use a QD

O

concentration of 0.5% by welight relative to the combined
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material composed of cross-linked poly(lauryl methacrylate)
and QD in order to produce devices capable of absorbing 20%
(approximately) of the sunlight incident on the LSC.

The selection of the composition and dimensions of the

QDs, by choosing overall parameters such as - the type and
concentration of the reagents, the temperature and the
reaction time, also makes 1t possible to obtain absorption
spectra extending over the whole wvisible néar. infra-red
region, which maximizes the efficiency of the device and
imparts a neutral colouring in gradations of grey to the
final material (which may be solid plastic glass or a film

suitable for applying to a transparent glass or plastic

structure).

Moreover, by selecting the composition of the QDs in a

.sulitable way 1t is advantageously po_ssible to avoid heavy

metals (such as cadmium, lead or mercury) or other elements

of known toxidity'(for example tellurium or arsenic), thus

providing a product which 1is compatible with environmental
requirements and harmless to health.
Because of the invention, therefore, the functions of

absorption and optical emission are decoupled, not by means

of a particular nanostructuring of the material, but by

using intrinsic defect states of the semiconductor
nanocrystal which, as stated above, may be a ternary
chalcogenide of metals such as copper and silver (for
example, copper or silver indium sulphide or selenide) or

alloys of these (CulnSexSz-x, AgInSexSz-x), O0Or quaternary
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compounds comprising zinc for example, such as CulnZnSg,
CulInznSe2, AgInZnSz, AgInZnSez and alloys of these. This
decoupling of the absorption and emission functions ensures
that the QDs do not absorb their emission, whatever the
chosen size may be, thus enabling large devices, or
concentrators, to be produced.

Furthermore,‘jxl‘these devices the optical absorption
and emission spectra can be selected by dimensional

modulation of the nanocrystal, using the quantum

confinement effect of the wave functions of the carriers in
the guantized states of the semiconductor, and both may be

extended to the near infrared. This makes 1t possible to

- produce materials which_abSorb the:Whole visible spectrum,

thus causing 'the colouring of the final device to be

neutral or in tones of grey or brown (technically
coloﬁrless) and therefore suitable for- use in urban
setfings.

An appropriate choice of the synthesis parameters also
makes it ©possible to modulate the dimensions of the

nanocrystals so that the optical absorption extends over

the whole visible spectrum and over‘the near infrared up to
about 1000 nm, and so that the emission falls within the
limits of operation at high wavelengths (1100 nm) of
silicon solar cells. This makes these nanocrystals simpler
to use for the proposed purposes, and fully compatible with
well-established technologies such as silicon photovoltaic

cells. These dimensions can also be modulated further to
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make the optical absorption extend further into the near
infrared so thét the emissioh falls within the operating
regién of non-standard solar cells, for example those based
on germanium (1800 nm), indium and gallium arsenide (up to

3200 nm), and others,

In a luminescent solar concentrator produced according

to the i1nvention, each QD acts as an optical antenna which

i
—

its

absorbs the light incident on the body 1 by means o:

band-to-band optical transitions that are controllable by
means of the dimensions of the nanocrystal, so as to obtain
continuous absorption spectra over the whole visible

spectrum. As a result of this optical absorption, the

photogenerated carriers are radiatively recombined on

intr,a—ga'p defect states - at wavelengths .l,onge'r than the
absorbéd light. Since the Concentratién'of-ﬁhesé states 1s
rhihimal ‘relative to 'the amount of semidonduétor material
formiﬁg“the ODs —'in-fact,.they mainly arise'aé'a result df

substoichiometry of the elements forming the QDs, or as a

result of structural defects (holes and/or interstitial
defects) 1n the crystal matrix - the optical absorption of
the impurities 1s negligible relative to the bahd—tc_)—band

absorption of the QDs. Because of this characteristic, it

1s possible to produce structures in which the functions of
absorption and optical emission are decoupled, and which
can therefore transmit the 1intrinsic luminescence with
limited reabsorption.

Examples of embodiments are indicated below: a first
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embodiment of the i1nvention provides for the production of
solid concentrators by dispersing nanocrystals 1n a plastic
matrix of polymethyl methacrylate/poly(lauryl methacrylate)
and epoxy resins produced by an 1industrial process using
the process known as “cell casting” and/or in situ
polymerization, which keeps the optical properties and the
emlssion efficiency of the nanoparticles intact. A second
embodiment 1s based on the manufacture of active films
enriched with nanocrystals to be used as a coating for
glass and/or plastic windows.

Both of the aforementioned embodiments provide devices with

greatly reduced self-absorption, capable of absorption over

the whole visible solar spectrum and. in the near infrared.

‘The .perform'ance of the solar concentrator 1in terms of

snppression of optical losses by reabsorption 1s
considerably better than that of the prior'aft‘for-devioes
operating'in'the near‘infra—red,spectral reglion.

A oarticular embodiment of an LSC containing QDs of
the aforementioned type will now be described. By way of
example, let wus consider nanocrystals with constituents
baseo'l on ternary semiconductor chalcogenides of the IP-

IIIA-VI® type, such as CulnS2 (referred to as CIS for

brevity), CulnSe; (referred to as CISe) and alloys of these
(CulnSexSz2-x or CILSeS); these nanocrystals contain no heavy
metals and can be manufactured 1n large quantities by
methods with high chemical efficiency, which do not use

reagent  injection and use inexpensive precursors.
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Furthermore, their large impact cross section for optical

absorption énd their absorption which can be extended

spectrally to the near infra-red region makes them highly

suitable for the <collection and conversion of solar
5 radiation.

The aforesaid QDs are also highly efficient emitters
with a luminescence spectrum that can be selected by
dimensional control, and their photoluminescence quantum
efficiency can be raised to more than 80% by means of

10 suitable surface treatment or passivation. This may consist
of either organic molecules or a thin outer layer of an
inorganic material with a large energy gap, such as zinc
sulphidé or se,lénide( or é -combin_ation of both of these_

materials. -

- 15 In the example, CISeS nanocrystals were used, these
nanocrystals- - bei1ing passivat-ed wi_-th a thin layer of 2ZnS
E further coated with oleic écid to'form an LSC with a'iérge
surface,aréa and reduced reabsorption losses, and extended
coverage of the whole visible spectrum. This passivation of

20 the CISeS QD made 1t possible to preserve the spectral

emission‘ properties as well as the emission e'?ficiency of
the QD after 1its exposure to the radical 1initiators
required for the process of polymerization of the plastic
matrix. The 1ncorporation of the QDs 1i1nto a cross-linked
25 poly(lauryl methacrylate) matrix resulted 1in a polymer
sheet which was colourless and autonomous or self-

supporting, and had an excellent optical gquality. This
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incorporation does not glive rise to any detectable
chromatic distortion of the 1light transmitted, reflected

and diffused by the LSC. This sheet 1is therefore suitable

for incorporation into exlsting structures or new

structures, for example for forming or producing
photovoltaic windows.

By using the LSC made 1n this way, an optilical power
conversion efficiency of up to 3.2% of the 1incilident solar
radiation was obtained, a high wvalue by comparison with
that currently obtained with large devices. The maximum
value reported at present for LSCs with dimensions
comparable to the 1nvention (equal to 10 cm x 10 cm) 1is

1.8%, altho-ugh this 1s obtained by 'coatihg_ the reverse of

~the sheet with a reflective layer which greatly increases:

the effiCi‘ency,- but makes the device totally 'opaque- and
therefore unsuitable for architectural incorporation;
The optical absorption ‘and photoluminescence spectra‘

-

vent such as toluene

of the QODs dispersed 1n a common SO

are shown 1n Figure 2, which demonstrates the suitability
of these QDs for high-efficiency colourless LSCs. The

absorption spectrum (line A) extends over the whole visible

region and reaches the near infrared, thus ensuring optimal
utilization of the solar radiation, the shape of which at
sea level 1s represented by the line Z (spectrum A.M. 1.5
G). The photoluminescence spectrum (line B) 1is centred at
960 nm, where 1ts absorption 1s practically negligible and

the efficiency of the monocrystalline silicon solar cells
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1s at a maximum. In fact, an excellent overlap can be seen
between the luminescence spectrum and the external quantum
efficiency curve typical of a monocrystalline silicon
photovoltaic cell (line P) which reaches a maximum value at
the emission peak.

The poly(lauryl methacrylate).(PLMA) matrix was chosen
for use because this polymer has long side chains which
prevent the agglomeration of the nanocrystals, and has been
used successfully for the manufacture of polymer-QD
nanocomposites of high optical quality; The production
process consists 1n 1nitially dispersing the nanoparticles
1n a small volume of lauryl methacrylate (LMA) for about 3
hours;'to ensure ‘a fine dispersion of-the_individual-QDs.
The resulting mixturelis then added td a.volume of monomer

together with a cross-linking agent, for example ethylene

glycol dimethacrylate (EGDM). In particular, the ratio

between the QD—LMA and 3GDM mixturé used here 1s 20%:80% by
weight (w/w). A radical rhoto-initiator, for examplé that
known by the trade name Irgacure 651, was also added, 1in an
amount equal to 1% by weight (w/w).

After mixing for about 20 minutes and after treating
the whole mixture 1n an ultrasonic bath. for about 10
minutes, the solar concentrator was produced by the cell
casting procedure typical of the preparation of optical
polymer sheets. This 1s shown 1n Figure 3. In particular,
the homogeneous mixture produced as described above was

poured 1nto a mould 31 made of low-roughness tempered
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glass, and irradiated (this procedure being 1indicated by
the arrows 32 1in this figure) with light at 365 nm for 5
minutes to activate the radical polymerization. The
polymerization was then completed 1n the dark for 30
minutes, after which the waveguide was removed from the

moﬁld, cut and polished along the peripheral ed'ges (this

procedure being indicated by the arrow 34).

P

Because of the particularly large area of the final

device, the specimen was kept in the mould throughout'the

F

- polymerization process (5 minutes of irradiation and 30

minutes of rest) to prevent the development of cracks.

After this procedure, a final sheet-like material 35 of

high'optipal quality'was obtained.

Spectroscopic measurements on the resulting material
show thaf the opt'.ical pfoperties of the QDs." are entirely
resistant to ekpdsﬁre‘ to the radiCal polymerization
procedﬁre; Figuré 4 showélthe.absorption'speétrum (Line C)
and 'photoluminescencé spectrum (liné D) of the
nanoparticles 1in a solution of toluene and 1i1ncorporated
1nto the prhotopolymerized matrix of cross—linked
poly(lauryl methacrYLate) as described previously (lines E
and F .respectively) under excitation at 405 nm. The
absorption spectrum of the matrix 1s shown as the line G.

Figure 5 shows the absorption spectrum measured across
the thickness of the resulting sheet (line H) and the
photoluminescence and luminescence  spectra (lLines L)

measured when the concentrator was excited at an increasing
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distance “d” from one of the peripheral edges of the sheet
where the detector was located. The photolumilinescence
spectra collected 1n this way show a progressive fall in
intensity with the increase of “d”, caused only partially
by the reabsorption of the luminescence, and mainly due to
the loss of photons from the upper and lower faces of the

wavéguide. The latter effect 1s caused by the optical

diffusion from superficial and deep imperfections of the
polymer compound, which can easily be eliminated by

P
p—

improving the cell casting process. To clarify how much of

the measured loss 1s actually due to self-absorption, the

P

graph 1nserted 1in Figure 5 shows, for the purpose of

chparison,- t-_h'e normal_ized pho.t.olum:i._nesc_ence spectra whose
shape \}afiation depends exglusively on the absorption by
the Q@QDs a'nd' by the }-Dolymer% matrix itself (it. "sh.ould be
notéd thaﬁ the matrixlonly éxhibits wéak opfical_absorption
in. thé -op't.ic'al window concerned: see liné H 1n Figure '5) .
It will Dbe noted that ﬁhe distortion of the spectral
profile 1s minimal for long optical distances “d” (12 cm).
This additional analysis of the results demonstrates that
the suppression of reabsorption achieved with the CISeS
nanoparticlés passivated with ZnS used 1in the exemplary
embodiment examined here 1s particularly evident if it 1is
borne 1n mind that previously known luminescent solar
concentrators operating in a near 1infra-red region (using
nanoparticles based on heavy metals such as PbS) showed

about 70% of the optical loss due to reabsorption for
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optical paths (“d”) of less than 8 cm.

An important aspect of the development of luminescent
solar concentrators is that they can be used to obtain LSC-
based photovoltaic windows which are not coloured; that 1is
to say, they have no selective absorption of particular

wavelengths of 1light, thus preventing the distortion of

colour perception and the chromatic filtering of the
transmitted sunlight.

All these results are achieved by using ternary

semiconductor QDs of the IB-IIIA-VIA, type, comprising
transition metals of group Ip (or group 11 1in the IUPAC
nomenclature), metals of group IIIan (or group 13 1n the
LUPAC nomenclature) and chalcogens of group VIA (or group

16 in the IUPAC nomenclature), or alloys of these, or by

using quaternary semiconductors . of the aforesaid: type
comprising, for example, zinc as CuInZnSq,CuInZnSez or
AgInZnSz, AgInZnSe2. - o
Because of the invention, 1t 1s therefore possible to
produce luminescent solar concentrators with reduced
reabsorption losses based on colloidal nanocrystals with a
large Stokes shift (>O.2 eV) 1included 1n a plastic or
silica—based.glass matrix. By using these nanocrystals, 1t
is possible to overcome all the limitations encountered
previously with the use of either organic or QD-based
chromophores, these limitations being typically associated
with a partial coverage of the spectrum of sunlight and the

consequent intrinsically limited optical power conversion
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efficiency, and the strong colouring of the resultihg solar

concentrators, as well as the toxicity of the constituent

elements of QDs with large Stokes shifts.

In particular, with the embodiment described above, a

power conversion efficiency of up to 3..2% was obtained,
this being a high wvalue for an LSC with a large surface
area (12 cm by 12 cm).

Moreover, a concentrator prdduced according to the
invention 1s essentially free of colour, and therefore does
not introduce distortion into colour perception, or cause
any chromatic filtering of the transmitted sunlight.

o

A particular embodiment of the 1invention has been

'desCribed; however, other embodiments may be created in the_'

"light of the content of the preceding'description, and are

such that they are considered to fall within the scope of

the following claims.
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CLAIMS

1. Solar concentrator comprising a body (1) made of
polymer material or silica-based glass containing.colloidal
nanocrystals (2), characterized in that these nanocrystals
are nanocrystals of at least ternary semiconductor
chalcogenides,'containing transition metals of group Is, or
group 11 in the IUPAC nomenclature, metals of group IIIa, or
group 13 1n the IUPAC nomenclature, and at least one

chalcogen of group Via, or group 1o 1n the IUPAC

nomenclature.
2 . Solar concentrator according to Claim 1,
characterized 1in that the nanocrystals (2) have a

composition according to.the fo‘lowing formulation:

- MIMIIIAVI,, where

Mt is a transition metal of group Is, or group 11 1in the

IUPAC nomenclature,

. Mﬂﬁfis a transition metal of group IIIa, or group 13 1n the

TUPAC nomenclature,
AVl is a chalcogen of group VIa, or group 16 1n the IUPAC
nomenclature.

3. Solar concentrator according to Clalm 1,
characterized 1in that the nanocrystals (2) comprise alloys
of said at least ternary semiconductors.

4. Solar concentrator according to Claim 1,
characterized 1in that the nanocrystals (2) comprilse
quaternary semiconductors.

5. Solar concentrator according to Claim 4,
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characterized in that the nanocrystals have a composition
according to the following formulation:

MIMIIIAVI, RVI,, where

MI is a transition metal of group Ig, or group 11 1n the
IUPAC nomenclature,
MIII 31s a transition metal of group IIIa, or gfoup 13 1n the
IUPAC nomenclature,
AVl is a chalcogen of group VIa, or group 16 in the IUPAC
nomenclature,
BYI is a chalcogen of group VIa, or group 16 in the TIUPAC
nomenclature,
X are the atoms of the element BV, and

| 2—x-ére-the atoms of the elemént AVI,

6} Solar concéntfator according.  to Claim 1,
'characterized 1n that thénanocrystaiscontainmetals such
as coppér, silver, zinc, aluminium, indium and gallium.

7. Solar | concentratbr according . to Claim = 4,
characterized in that .the nanocrystals have a composition
according to the following formulation:

MIMIIIMIIAVI & where

MI is a transition metal of group IB,‘ or group 11 in the
IUPAC nomenclature,

MIII s a transition metal of group IIIa, or group 13 1n the
IUPAC nomenclature,

bﬂf.is a transition metal, and

AVl is a chalcogen of group VIa, or group 16 1in the IUPAC

nomenclature.
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8 . Solar concentrator according to Claim 4,

characterized in that the nanocrystals have a composition

according to the following formulation:

MIMIIIAVI, RBVi,, where
M! is a transition metal of group Is, or group 11 1in the

TUPAC nomenclature,

MIII 15 a transition metal of group IIIa, or group 13 1n the
TUPAC nomenclature,

MIl is a transition metal, and

AVI is a chalcogen of group VIa, or group 16 1n the IUPAC

nomenclature,

BYI i1s a chalcogen of group VIa, or group 16. in the IUPAC
homenclature, | -
X are‘the atoms of the element BYI, and
Z;X'are #he atoms of the element AVL
9. 'Sblar concentrator according :td Claim 1,

characterized in that the n'ano'crystals are free of heavy

metals.

10. Solar concentrator according to Claim 1,
characterized i1n that the nanocrystals have a large Stokes
shift of more than 0.2 eV.

11. Solar concentrator according to Claim 1,
characterized 1n that the plastic body 1s a polymer or
silica—-based glass matrix.

12. Solar concentrator according to Claim 9,
characterized 1n that this matrix compriseé at least one of

the following polymers: polyacrylates and polymethyl
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methacrylates, polyolefins, polyvinyls, epoxXy resins,
polycarbonates, polyacetates, polyamides, polyurethanes,
polyvketones, polyesters, polycyanoacrylates, slilicones,
polyglycols, polyimides, fluorinated polymers,
polycellulose and  derivatives such as methyl cellulose,
hydroxymethyl c¢ellulose, polyoxazines, and silica-based
glasses. .

13. Solar concentrator according to Claim 1,
characterized 1n that 1t has a sheet-like configuration in
which the nanocryStals are dispersed 1n a plastic or
silica-based glass matrix.

14. Solar concentrator according to Claim 1,

- characterized in that it has a film-like cdnfiguration.

15. Window for a building .or for a moving structure,
comprising -at' least one part made by usirig a luminescent

solar concentrator according to Claim 1.
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