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ABSTRACT One of the most detrimental loss mechanisms in Luminescent Solar Concentrators

(LSCs) is re-absorption of emitted light from the luminophore. Silicon Nanocrystals (SiNCs) offer
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a solution due to the high apparent Stokes-shift, but the poor absorption properties limit their
performance as LSCs luminophore. Coupling an organic dye to SINCs represents a smart approach
to obtain sensitization of SiINCs luminescence by the organic dyes, thus resulting in tunable and
improved optical properties of LSCs. In particular, 9,10-diphenylanthracene was employed as UV
sensitizer for SINCs in order to produce LSCs with aesthetic appearance suitable to smart window
application and optical efficiency as high as 4.25%. In addition, the role of the energy transfer
process on LSC performance was elucidated by a thorough optical and photovoltaic

characterization.

Luminescent Solar Concentrators (LSCs) were proposed for the first time in 1973 as a viable
alternative route to traditional Si-based solar panels, aiming at reducing the electricity costs and
offering a solution suitable for Building Integrated Photovoltaics (BIPV). After a period of silence,
mainly driven by the low cost of oil in the eighties, the research re-discovered this architecture in
the latest years, thanks to the development of engineered luminophores, guaranteeing improved
optical properties compared to standard organic dyes 2.

LSC architecture consists in a plastic plate embedded with luminescent species that extensively
absorb sunlight and emit in a spectral window where conventional Si-cells or GaAs cells have high
power conversion efficiency. A substantial portion of the light emitted by the luminescent species
can be concentrated to the edge of the plate (up to ~75% according to Snell’s law? for a
polyacrylate waveguide) by total internal reflection. The advantages provided by this simple setup
are related mostly to the possibility of preparing large area polymer plates with relatively simple

procedures and low cost, coupling it to small area, band-gap matched and highly efficient
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conventional PV cell. Advanced solutions include also sandwich structures, in which front and
bottom glass panels can improve light transport, by decreasing light reflection at the plastic surface
and re-absorption losses inside the active medium?®. In addition, this architecture allows the
preparation of transparent and colored polymer plates that can be used as large panels in windows
and facades, following the BIPV approach*”.

The record power conversion efficiency for an LSC-coupled PV cell is about 7.1% and it is
reported for a luminescent organic dye based LSC®. However, this value is not informative since
it is highly dependent on the dimension of the LSC and on the amount of light absorbed by the
LSC: colorless LSC absorbing only the UV component of the solar spectrum has a lower
efficiency’, but are best suited as smart windows. Several other classes of luminophores have been
employed in LSC devices, such as metal nanoclusters®, lanthanides hybrids’, conjugated
polymers!'® and molecular aggregates'!, but these approaches have been followed by limited
development due to either limited performance or poor stability.

In the last few years, the interest has moved towards LSC based on nanorods and quantum dots'?.
These luminophores appear as fascinating materials thanks to their optical properties, namely
higher photostability and simpler tunability of the luminescence color. Several examples are
reported embedding Cd'*'¢, Pb!7-!* and perovskite-based!*! quantum dots, obtaining relatively
good efficiencies. Recently some concerns about the use of toxic heavy metals in these applications
are emerging. As a consequence, research is now focused on heavy metal free QDs such as
CulnSxSe,x and Mn*""doped ZnSe QDs?*%, carbon dots?*?* and silicon nanocrystals (SiNCs).

SiNCs represent an interesting alternative to conventional binary or ternary alloy-based QDs for
multiple reasons?®: (i) viability and abundance of the main component, (ii) lack of toxicity, (iii)

robust surface functionalization by covalent bond, which ensures stability and dispersibility in
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different polymer matrices, (iv) tunable and size-dependent photoluminescence properties?’ and
(v) apparent large Stokes-shift related to their indirect band-gap nature. The last feature results in
negligible reabsorption in bulk polymer LSCs based on SiNCs, producing competitive optical
efficiency with a non-toxic, widely available luminescent material, as described in a seminal paper

1.2, Despite the extremely promising results, the peculiar optical properties of

by Meinardi et a
SiNCs come with some downsides, mainly arising from the poor absorption properties. Indeed,
due to the indirect nature of the optical transition, the absorption coefficient is scarce in the visible
region and gradually increases in the UV region, in contrast to the abrupt transition usually
observed in direct band gap QDs. Thus, in order to efficiently harvest the solar spectrum, a large
concentration of SINCs must be employed.

An accurate control on the shape of the absorption features is of the utmost importance for the

preparation of LSCs absorbing mainly in the UV-A region of the solar spectrum ( A =350-400 nm),

to be employed in BIPV. For conventional QDs, this is usually achieved by inorganic core-shell
structures or doping the material with transition metals*, where a high band-gap semiconductor is
responsible for the light absorption in the UV region and luminescence derives from the lower
band-gap semiconducting material. This approach has not been applied to SiNCs yet, since the
luminescence is strongly sensitive to surface chemistry, typically producing partial or complete
quenching of the nanocrystal, instead of luminescence tuning.

An appealing alternative approach employs an organic-inorganic hybrid material: organic
chromophores covalently attached to the surface of SiNCs absorb light and funnel the excitation
energy to the silicon core, the working principle of a light-harvesting antenna®®. As already proved
by our group, this approach is feasible with an efficient sensitization of the luminescence of

colloidal SiNC upon excitation in the UV3!32 visible 3* and also NIR** spectral region. By this
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approach it is possible to tune the absorption properties of the material and to preserve the
luminescence properties of the silicon core.

This work reports the synthesis and characterization of colloidal silicon nanocrystals
functionalized with 9,10-diphenylanthracene (DPA) derivatives and the preparation of polymer
LSCs based either on this new hybrid luminophores or on a physical mixture of DPA and SiNCs.
The DPA chromophore was selected because it absorbs in the UV-A spectral region and it does
not affect the optical appearance in the visible region. Energy transfer from DPA to SiNCs is
expected to occur for both LSCs via non-radiative or radiative mechanism. Thorough optical and
photovoltaic characterization is performed to investigate the properties of the prepared LSC

devices and to elucidate the role of the energy transfer process on them.

RESULTS AND DISCUSSION

SiNCs were produced by thermal disproportionation of hydrogen silsequioxane (HSQ, [HSiOz/2]n)
to obtain Si nanocrystals embedded in SiO». Etching the oxide matrix with HF yields free-standing
H-terminated Si nanocrystals®*’. The surface functionalization of hydride-terminated SiNCs
consisted in a two-step procedure: (i) hydrosilylation with chlorodimethylvinylsilane promoted by
diazonium salts (4-decylbenzene diazonium tetrafluoroborate),*® yielding chlorosilane-passivated
SiNCs (Figure 1a), (ii) post-functionalization by nucleophilic reagents: in the present case, the
acetylide derivative of diphenylanthracene formed in situ with nBuLi, yielding the Si-DPA

sample.

As control sample, alkyl-capped SiNCs (Si) were prepared by hydrosilylation of hydrogen-capped

silicon nanocrystals in presence of 1-dodecene and initiated with diazonium salt (Figure 1b).
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Figure 1. Schematic representation of the synthesis of (a) SINCs covalently functionalized with

9,10-diphenylanthracene chromophores (Si-DPA) and (b) alkyl-passivated SiNCs sample (Si).

Photophysical characterization in solution

The absorption and photoluminescence (PL) spectra of Si-DPA samples in toluene solution are
reported in Figure 2 (green line). The absorption spectrum exhibits the typical featureless
absorption of the silicon core gradually increasing in the UV region, as observed for Si sample,
plus the structured and sharp band of the diphenylanthracene chromophore limited to the UV-A
region. The overall spectrum perfectly matches the one of the control sample constituted by a
physical mixture of Si and DPA (Si+DPA, red line) with the same concentration, suggesting that
no ground state interaction is affecting their optical properties. On the basis of the molar absorption

coefficients of DPA ( & 375nm = 1.4 x 10* M! cm ™) and SiNCs ( € 430nm =1 x 10° M"! cm™! for 3.5

nm diameter, see SI for more details), we can estimate an average number of ca. 80 DPA
fluorophores per SiNC, resulting in a strong enhancement of the absorption properties of the Si-

DPA upon excitation in the A =350-400 nm region.
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Figure 2. a) Absorption spectra of Si (black line), Si-DPA (green line), DPA (blue line), and a
physical mixture of Si and DPA (Si+DPA, red line) with the same concentration as that of the
covalent sample. b) PL spectra of Si-DPA (green solid line, Aex = 375 nm) and Si+DPA (red line,
only DPA contribution, Aem = 390-580 nm) of two isoabsorbing solutions at the excitation
wavelength of 375 nm. For the sake of comparison, the PL spectra of Si-DPA corresponding to
100% energy transfer (dotted green line) and 0% energy transfer (dashed green line) are reported

(for more details, see SI). All spectra are registered at room temperature in air-equilibrated toluene.

Upon excitation at 375 nm, where most of the light (80%) is absorbed by DPA chromophores in
the Si-DPA sample, two emission bands are observed (green line in Figure 2b): one structured-
band centered at 440 nm and the other at ca. 750 nm. The high energy band is assigned to the
diphenylanthracene fluorescence and the low energy band is due to the Si core emission, by
comparison with the PL spectra of DPA and Si. Indeed, the band centered at 440 nm is observed
also in the control sample Si+DPA, the lower intensity of DPA band in the covalent sample being

due to a quenching process. The quenching efficiency (1,) is estimated to be 82% (see SI for

additional details) and it is due to a photoinduced energy transfer from diphenylanthracene to the
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Si core, as demonstrated by the sensitization of the Si core emission at 750 nm. Indeed, a close
match of the excitation spectrum performed at the SINC emission (Aem=750 nm) and the absorption
spectrum of Si-DPA is observed (Figure S3). The sensitization efficiency (7)) is estimated to be

70% (see SI for additional details), pointing to a very efficient energy transfer.

The PL quantum yield (PLQY) of the SiNCs in the Si-DPA sample is measured upon selective
excitation of the Si core at 460 nm: the resulting value is 26%, lower than that observed for the Si
sample (45%) under the same experimental conditions. Accordingly, the PL decay time is shorter
(50 ps) in Si-DPA compared to Si (90 us). The same effect has been previously reported by some
of us in the case of SiNCs functionalized by different organic chromophores®!-**24; it is likely due
to the presence of more defects at the surface of the Si-DPA sample, compared to the Si sample.

In this case, it is worth noting that the control sample (Si) has been obtained by a different synthetic

procedure (Figure 1) and this may impact on the resulting PLQY.

LSC preparation and optical properties

LSCs were obtained by thermal polymerization of an MMA/LMA monomer blend, in presence of
the luminophores and EGDM as cross-linking agent. LSCs based on different combinations of
chromophores were prepared: (i) alkyl-capped SiNCs (Si), (ii) pure DPA chromophores (DPA),
(ii1) SINCs covalently functionalized with DPA units (Si-DPA), (iv) a physical mixture of SiNCs
and DPA (Si+DPA) with the same absorptance as the covalent sample, in order to investigate the

role of the covalent bond with respect to the LSC optical performance.
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Figure 3. Digital picture of the SiNCs based LSCs under visible (a, b) and UV illumination (c).
UV-Vis transmittance spectra of the same LSCs (d) and CIE 1931 color space chromaticity

diagram reporting the color coordinates of the SiNCs based LSCs (e).

The prepared LSCs are transparent and almost colorless (Figure 3a and b), but they display
distinctive PL colors upon UV illumination (Figure 3¢). By comparing the absorption spectra in
the low energy region (4,,s = 600-700 nm), no evidence of aggregation is observed and the
average transmittance is higher than 85% (Figure 3d), proving the excellent degree of

transparency of the prepared polymer slabs and the lack of scattering centers. As previously
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observed in solution phase, both the featureless absorption band of SiNCs and the structured DPA
band are visible. The fraction of photons absorbed in the visible region of the solar spectrum mabs-
vis (Agps = 400-700 nm, integrated from transmittance spectra on AM 1.5G spectrum, Table 1)
ranges from 13% of the blank sample, whose apparently high value is due to surface roughness
and incident light trapping in the waveguide, to 27% of the Si sample. Since the absorptance is
providing only limited information about the visual appearance of the semi-transparent slab, we
calculated the color coordinates and the Color Rendering Index (CRI) using the CIE 1931

chromaticity diagram (details reported on the experimental section).

Table 1. Absorption properties (fraction of absorbed photons in the visible range, 1,;,s = 400-700

nm) and color coordinates of the prepared LSCs.

Tabs-vis X y CRI

blank 13% 0.344 0.356 99.0
DPA 14% 0.348 0.361 98.4
Si 27% 0.360 0.376 97.0
Si+DPA 24% 0.358 0.375 96.8
Si-DPA 24% 0.357 0.374 97.0

The color coordinates of the LSCs (Table 1) are located in the central region of the chromaticity
diagram reported in Figure 3e, indicating good achromatic or neutral color sensations with only a
small shift towards the yellow-orange region. The CRI values range from 99.0% for the blank
sample to 96.8% for Si+DPA sample. No shift is observed upon addition of DPA, proving that the

organic chromophore is only contributing to the absorption of the UV portion of the solar
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spectrum. These values lie in the color rendering group 1, fulfilling the highest CIE requirements
for indoor and outdoor illumination.

We then compared the PL properties of LSCs (Figure 4): in all samples the DPA band at 430
nm is significantly red-shifted with respect to the PL spectrum registered in solution (Figure 2b)
and PLQY drops from 95% for DPA in solution®” to 57% for DPA sample in the polymer matrix.
Re-absorption of emitted light is responsible for both the red-shift and the decrease of PLQY: re-
absorption processes are amplified in the LSC architecture by the long optical path in the polymeric
waveguide compared to solution phase. A further drop of DPA fluorescence is observed in Si-
DPA and Si+DPA samples. The strong drop in PL intensity in the Si-DPA sample was previously
observed in solution and results from the non-radiative energy transfer process. On the contrary,
the quenching of DPA PL in Si+DPA sample is related to a trivial energy transfer process. Indeed,
due to the amplified re-absorption processes in the long optical path LSCs, there is much larger
probability for the light emitted by DPA to be re-absorbed by SiNCs. The mechanisms of the
quenching processes is further confirmed by the analysis of the decay of DPA fluorescence
intensity (Figure S4): a shorter decay, corresponding to a lifetime of 2.5 ns, is observed for Si-
DPA, compatible with the presence of a new non-radiative process for the deactivation of the
fluorescent excited state of DPA, while Si+DPA sample exhibits similar lifetime with respect to

pristine DPA, about 8.5 ns and 7.2 ns, respectively.
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Figure 4. PL spectra of Si (black line), DPA (blue line), Si+DPA (red line) and Si-DPA (green
line) measured inside an integrating sphere by excitation of the larger surface of LSCs at 375 nm.
For the sake of comparison, the low energy band at 750 nm of Si-DPA was normalized on the

PLQY of sample Si.

The SiNCs PL band at 750 nm is not significantly affected by embedding in the polymer matrix in
terms of both shape and intensity: upon selective excitation of the Si core at 450 nm, PLQY is
43%, 45% and 27% for Si, Si+DPA and Si-DPA, respectively, values comparable to those
measured in solution phase (45% for Si and Si+DPA, 26% for Si-DPA). Upon excitation at 375
nm, no difference in the emission intensity at 750 nm is observed for Si, Si+DPA and Si-DPA
(after normalization for the intrinsic PLQY drop for SiNCs, Figure 4).

SiNCs PL intensity (upon excitation at 375 nm) is expected to be affected by two opposite effects:

(1) the inner filter effect decreases the SiNCs luminescence intensity, i.e. SINCs absorbs a reduced
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amount of light in Si+DPA and Si-DPA samples with respect to Si sample because of the co-
absorption of DPA chromophores; (ii) the energy transfer process occurring for Si+DPA and Si-
DPA samples increases the SINCs luminescence intensity. The lack of observable PL intensity
changes in Si+DPA and Si-DPA samples compared to the pristine Si sample proves that the two
effects are counterbalanced. Consistently, by applying a mathematical correction for the inner filter
effect to the registered spectra (Figure S5), both Si+DPA and Si-DPA samples exhibit higher PL
intensity with respect to Si sample. This proves the sensitization of SINCs PL by DPA in both
samples with similar efficiency, despite the different energy transfer mechanism described in the

previous section.

In order to get information about the optical efficiency of the LSC, we estimated the ratio of

photons emitted from the edges of the LSC with respect to the ones emitted by the whole LSC

. (1 : o
device (%), as previously reported by Coropceanu et al.*’. Upon excitation at 450 nm, where
tot

only the silicon core absorbs light, the ratio is about 74% for all samples containing SiNCs, a value

close to the maximum theoretical efficiency of 75% predicted by Snell’s law for a polyacrylate

waveguide (g = ’ 1- %) = 75%?): this is a demonstration of i) the scattering-free propagation

of the emitted light in the polymer matrix due to the good affinity between the hybrid dyes and the
polymer host, i1) lack of re-absorption, allowing an extremely high light trapping efficiency. Upon

excitation at 375 nm, where the absorption contribution of DPA is at its maximum, Si has similar

values to the one reported by exciting at 450 nm, while (Iedﬂ) values decrease to 56% and 54%
tot

for Si+DPA and Si-DPA samples, respectively. This drop is related to re-absorption losses of DPA
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PL, much stronger than that of the Si core PL. Indeed, DPA sample shows a much lower value of

this ratio (Imﬂ = 31%). Indeed, being the emission by randomly oriented DPA chromophores

tot

isotropic, the occurrence of multiple re-absorption and PL processes induces a randomization of
the optical path followed by the emitted photons, and a consequent increased probability of photon
losses from the top of the waveguide through the escape cone®!.

Further indication of this phenomenon can be assessed by comparing the PL spectra obtained

from the edge of the LSC at increasing excitation distance (Figure 5).
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Figure 5. a) Normalized emission intensities of diphenylanthracene (4., = 400-550 nm, open
symbols) and SiNC (4,,, = 550-900 nm, solid symbols) of Si+DPA (red), Si-DPA (green) and Si
(black) as a function of the distance between the excitation area on the top of the polymer slab and

the emission registered on one of the edges of the slab, as depicted in the schematic representation
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reported in panel b). The intensity was normalized to the illuminated area and to the emission

intensity obtained at 1 cm from the excitation.

The shape of the SiNC emission band at 750 nm is not affected by the distance between the
excitation spot on the top of the polymer slab and the emission registered on one edge of the slab
in Si-DPA (Figure S7a), Si+DPA (Figure S7b) and Si (Figure S7c¢), whereas the DPA
fluorescence band at 430 nm is strongly red-shifted upon increasing the distance between
excitation and emission because of the above-discussed re-absorption phenomena. As far as
intensity is concerned, the SINCs PL band intensity is almost stable upon increasing the distance
between excitation and detection (Figure 5, solid symbols), while DPA PL intensity is dropping
as a function of distance (Figure 5, open symbols). By fitting this decreasing trend with an
exponential curve, the expected intensity value of DPA fluorescence after 20 cm of optical path is
about 14% of the starting PL value extrapolated at 0 cm. The ratio between DPA and SiNCs PL
intensity as a function of the distance between excitation and emission shows the sole contribution
of SiNCs at large distances for both Si+DPA and Si-DPA samples (Figure S8d). A larger
contribution of DPA PL in the low distance-regime is visible for Si+DPA, while Si-DPA sample
is characterized by less variability across the distance range, since most of DPAs quenching
process is non-radiative and does not depend on the optical path.

The photostability of the LSCs was evaluated by irradiating the samples for 48h with AM 1.5G
simulated light. The measured spectra for Si-DPA and Si+DPA samples are reported in figure S8
and display a relatively slow degradation both for DPA and SiNCs PL contributions. A large drop
of PL intensity is observed for SiNCs in both samples in the first 8h, after which the PL intensity

stabilizes. On the opposite, the PL intensity of DPA follows a quasi-linear trend. While the overall
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intensity drop is higher for SINCs due to the initial degradation, SiINCs are more stable in the long
term. Indeed, for Si+DPA sample, the DPA intensity after 48h is about 75% of the one measured
after 8h, while the one of SiNCs is about 86%. Similarly, the ratios observed for Si-DPA sample

are 79% and 89% for DPA and SiNCs PL contributions, respectively.

Photovoltaic performance

The photovoltaic performance of our LSCs was evaluated by placing a custom-sized Si-PV cell
on one edge of the slab and letting the residual edges uncovered. Irradiation was perpendicular to
the slab surface with a conventional AM 1.5G solar simulator. We carried out a scan of the JV
characteristic, from which we calculated the main PV parameters for the different samples,
reported in Table 2. The shape factor, called G factor and defined as the ratio between the surface
of the top of the slab and the edges surface, was calculated considering the surface of all edges as

active (Table S1).

Table 2. Main PV parameters extracted from JV characteristics of a Si-PV cell attached to one

side of the prepared LSCs. G-factor and nop¢ are also reported, as described in the main text.

Jsc/ Voc / PCE / Nopt / TMopt, abs-
FF /¢
G mA/cm? | mV /% % % vis %o
Blank 2.86 1.31 382 54 0.27 1.04 -
DPA 2.70 4.05 463 62 1.16 3.59 -k
Si 2.64 4.14 452 60 1.12 3.54 25.7

When citing, please refer to the published version.
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Si+DPA 2.56 4.79 455 61 1.33 4.25 38.8

Si-DPA 2.98 4.05 440 59 1.05 3.08 28.1

* DPA Mopt, abs-vis Was not calculated due to negligible absorption contribution in the visible

region of the solar spectrum.

The area of the concentrator, physically in contact with the cell surface, was considered for the
estimation of the short-circuit current density (Jsc). A comparison of the blank sample with the
other samples evidences a slight increase in the open circuit voltage (Voc) and the Fill Factor (FF)
and a strong increase in Jsc, directly proportional to the increased emitted photon flux incident on
the PV cell, resulting in a large enhancement of PCE values. The Jsc for the blank sample is not
negligible due to the trapping of the incident light in the polymer waveguide, whose contribution,
whereas minimal, cannot be fully avoided. As a consequence, this value can be considered as a
baseline for the evaluation of the optical efficiency of the other LSCs.

DPA and Si samples display very similar results in terms of PCE, since the higher PLQY of
DPA is counterbalanced by the lack of re-absorption of Si, achieving similar results on this size
scale. We expect much larger values for Si compared to DPA upon scaling-up the devices to larger
size.

The Si+DPA sample is characterized by a PCE enhancement of about 15-20% with respect to
the pristine DPA and Si sample. On the opposite, the PCE of Si-DPA is slightly decreased because
of the lower PLQY of the silicon nanocrystals, as discussed in the solution phase characterization.

More information about the concentration efficiency of the LSC can be extracted from the

optical efficiency (7o, ) defined as follows*:
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where Jisc is the current density of the PV cell coupled to the LSC (i.e., Jsc values reported in
Table 2), Jsc is the current density of the same cell under direct illumination, i.e. 44 mA/cm? in
our setup, and G is the previously described size factor. The trend is exactly the same of that
observed for PCE values with a minimum 3-fold enhancement factor with respect to blank sample.
For comparison purpose, a previous paper on SiNCs based LSC reports®® an Nopt = 2.85%,
slightly lower than the one reported hereby for the reference Si sample, but in the same efficiency
range. Again, Si+DPA sample exhibits a robust increase with respect to pristine Si, proving that
the physical mixture of SINCs and DPA allows for an enhancement of the LSC performance. This
suggests that the Si+DPA non-covalent approach is an effective strategy to enhance SiNCs
performance in LSCs. The same trend is observed also applying the re-shaping factor, as
previously suggested'*, in order to take into account the mismatch between PV cell EQE and PL
spectra of the luminophores (Table S1). The largest increase in 14, 4 is displayed by the DPA
sample due to the poor match between c-Si EQE spectrum and PL band in the high-energy region
of the Visible spectrum, while smaller enhancement is observed for all samples containing SiNCs.
This proves the superior spectral superposition between SiNCs-based LSCs and the most
employed conventional c-Si PV cells.

On the other hand, while the covalent approach employed in Si-DPA does not positively
influence optical efficiency and PCE, the absolute value has to be evaluated as a function of the
absorption properties and the PLQY of the luminophore. Table 1 reports the fraction of photons
absorbed in the visible region (Mabs-vis) by the different LSCs. We estimated the corrected optical

efficiency mMoptabs by dividing Mopt by Mavswvis. This value is different from the internal optical
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efficiency reported elsewhere, since it does only take into account the absorption contribution in
the visible region. Therefore, its purpose is to compare performances of LSCs with different
absorptances in the visible region, where the aesthetical and functional properties of the LSC are
defined. Both Si-DPA and Si+DPA samples exhibit higher optical efficiency than Si, proving the
enhancement related to SiNCs sensitization from the organic DPA chromophores. Interestingly,
an enhancement was observed also for the Si-DPA sample, despite the lower PLQY resulting from
the functionalization process, pointing out that the sensitization resulting from DPA absorbing in
the UV region is able to compensate the detrimental drop of PLQY resulting from the synthetic
procedure, in case of perfectly iso-absorbing SiNCs in the visible region.

Finally, a comparison between the photovoltaic response of the prepared LSCs as a function of the
distance between the PV cell and the excitation position was performed, by analogy with the

optical characterization previously discussed (Figure 6).
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Figure 6. a) Schematic representation of PV response of the prepared LSCs as a function of the
distance between the excitation spot on the top of the polymer slab, and the PV cell, located on
one edge of the slab. b) Short circuit current densities, upon excitation of a 0.5x0.5 cm? area, as a

function of the distance between the center of the excitation area and PV cell. The contribution of
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direct excitation was removed by subtracting the reference values obtained with a blank polymer

slab.

The short circuit current density values measured for the samples containing SiNCs are basically
constant across the LSC main axis, consistent with the behavior discussed within the optical
characterization and typical for LSCs based on re-absorption free luminophores. The absolute
values are close, but a slight enhancement can be observed for the Si+DPA sample. On the other
hand, in the case of DPA sample, the maximum Jsc is achieved close to the PV cell, with even
higher values with respect to SINCs based LSCs, but these values are fading upon increasing the
optical path. For comparison purpose, the Jsc value for the DPA sample at 3.5 cm is about 6.5
times and 9 times lower than Si-DPA and Si+DPA samples, respectively. Once again, this
behavior is the typical fingerprint of re-absorption process for a low Stokes-shift, highly
luminescent organic luminophore and demonstrated the superior properties of the hybrid organic-
inorganic material in real-size devices, where the typical panel size will largely exceed the one

employed for this proof-of-concept study.

CONCLUSIONS

We have realized the first example of LSC based on hybrid organic-inorganic silicon
nanocrystals able to couple the absorption properties of an organic dye, namely 9-10-
diphenylanthracene, with re-absorption free luminescent SiNCs.

The PL and photovoltaic properties were compared for LSCs based on: (i) only the organic
chromophore (DPA), (ii) only SiNCs (Si), a physical mixture of the two components (Si+DPA)

and a covalent system (Si-DPA).

This item was downloaded from IRIS Universita di Bologna (https://cris.unibo.it/)

When citing, please refer to the published version.



https://cris.unibo.it/

The resulting LSCs are transparent and practical achromatic since DPA absorbs only in the UV
region and the SiNC concentration was kept quite low. In the cases of Si, Si+DPA and Si-DPA,
losses due to reabsorption of the DPA luminescence by DPA chromophores is minimized, so that
a much larger fraction of emitted light is guided to the edges: 74% for Si, ca. 55% for Si-DPA and
Si+DPA compared to 31% for DPA. SiNC luminescence is not affected by re-absorption
phenomena: the shape and intensity of their luminescence bands collected at the edges of LSC
devices is practically the same as a function of the distance between excitation and emission,
compared to a strong red-shift and decrease in intensity in the case of DPA luminescence. These
parameters are very significant in view of the construction of much larger LSC devices where re-
absorption losses strongly decrease LSC performances.

The best performances are obtained for Si+DPA sample, demonstrating that coupling organic
dyes and inorganic silicon nanocrystals is a promising route to enhance LSC performance.
Furthermore, its optical and photovoltaic performances are superior also with respect to the
covalent system Si-DPA because of the decreased PLQY of the Si core upon covalent
functionalization. In the Si+DPA LSC a trivial energy transfer mechanism, enhanced by the long
optical path typically encountered in LSC devices, minimizes the loss due to self re-absorption of
DPA luminescence. Optical efficiency as high as 4.25% is achieved with this device architecture
without affecting the optimal aesthetic properties of the device, whose high CRI values allow for
the utilization of this class of LSCs as solar windows for indoor illumination. This proof of concept
opens the way to a new class of hybrid luminophores for LSCs delivering tailored optical

properties and high efficiency.
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Supporting Information — Detailed experimental section containing synthetic procedure, LSCs

preparation and additional characterization (‘H-NMR, UV-Vis and photovoltaic) is included in the

Supporting Information file.
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