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Red-emissive carbon quantum dots enable high
efficiency luminescent solar concentratorst

Guiju Liu, © *3° Margherita Zavelani-Rossi, @ ¢ Guangting Han,? Haiguang Zhao & *2
and Alberto Vomiero*<®

Luminescent solar concentrators (LSCs) are large-area sunlight collectors for efficient solar-to-electricity
conversion. The key point for highly efficient LSCs is the choice of fluorophores, which need to have broad
absorption, high quantum yield and large Stokes shift. Among various fluorophores, carbon quantum dots
(C-dots) hold great promise as eco-friendly alternatives to heavy-metal-containing quantum dots (QDs)
due to their adjustable absorption and emission spectra, non-toxicity, low cost and eco-friendly synthetic
methods. However, due to the limited absorption band and relatively low quantum yield in the red region, it
is a challenge to obtain efficient LSCs based on C-dots. Here, we demonstrated highly efficient LSCs based
on red-emissive C-dots. The as-synthesized C-dots have a cubic structure, broad absorption covering
300-600 nm, and red emission (peak located at 595 nm), with a high quantum yield of ~65% and a large
Stokes shift of 0.45 eV. Transient absorption experiments of the C-dots revealed the ultrafast formation of
the broad emissive state (1 ps). Based on the excellent optical properties of the C-dots, the as-prepared
large-area LSC (10 x 10 x 0.52 cm®) exhibited an optimized external optical efficiency of 4.81% and
a power conversion efficiency of 2.41% under natural sun irradiation (70 mW cm™2). Furthermore, a tandem
LSC using green-emissive C-dots (top layer) and red-emissive C-dots (bottom layer) as fluorophores
exhibited an external optical efficiency as high as 6.78%. These findings demonstrate the possibility of using
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Introduction

Due to the world's energy shortage and air pollution, solar
technologies have attracted much attention and spurred a rapid
development. Among various types of solar technologies, solar
electricity is the most common means of using solar energy to
address the current energy crisis and climate change.'?
However, obtaining high solar-to-electrical power conversion
efficiency (PCE) and cost-effective solar cells is still a major
challenge in photovoltaic (PV) power generation. Luminescent
solar concentrator (LSC) coupling to solar cells is a simple yet
efficient technology to collect sunlight and to reduce the cost of
electricity.** A typical LSC consists of an optical waveguide in
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eco-friendly carbon-based nanomaterials for highly efficient large-area LSCs.

which suitable fluorophores are homogeneously dispersed.
Upon illumination, the fluorophores absorb sunlight from
different incident directions and re-emit light at shorter or
longer wavelengths through fluorescence. The majority of the
emitted light is propagated along the waveguide by total
internal reflection and collected into the solar cells attached at
the edges of the LSC.*® The LSCs could largely decrease the use
of expensive photovoltaic materials due to the small edges
compared to the large surface of the LSC. If the overall PCE of
the LSC-PV is over 6%, the LSCs could reduce the cost of
photovoltaic power generation.” The LSC-PV system could be
widely used in building-integrated photovoltaics (BIPVs) due to
its light weight, high transparency and tunable colors.'®'" In
addition, LSCs are also widely used in dark-field imaging,'
microreactors,” greenhouse coatings** and free-space optical
communications.”

The external optical efficiency of LSCs is defined as the total
number of photons emitted from the edges over the total
number of photons radiated from the top of the LSCs.>'® To
obtain high-efficiency LSCs, the key factor is to select high
quality fluorophores, which need to have broad absorption well
matched with Sun's spectrum, high quantum yield (QY), large
Stokes shift with a small overlap between the absorption and
emission spectra, and long-term stability.’® The broad absorp-
tion means the fluorophores can absorb more solar energy, the
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high QY means the fluorophores can re-emit more photons to
transmit to the edges for solar cell absorption, and the large
Stokes shift can decrease the reabsorption probability of the re-
emitted photons and reduce the energy loss during photon
transmission. In recent years, various types of fluorophores
have been used for fabricating high performance LSCs."”"**
Among these fluorophores, colloidal quantum dots (QDs) have
attracted a lot of attention due to their size and composition
tunable absorption/emission spectra, high QY and excellent
stability.?*"** However, the most efficient QD based LSCs contain
toxic elements (Pb or Cd), such as in CdSe/CdS, PbS/CdS or
CsPbCl,Br;_, QDs.”'”**?*> Considering the large-scale prepara-
tion and practical application, environmental pollution may be
a major issue for these heavy-metal-containing QD based LSCs.
Recently, a series of eco-friendly heavy-metal-free QDs were
synthesized and employed as fluorophores in LSCs, for example
AgInS,/ZnS, CulnS,/ZnS, Si QDs and carbon QDs (C-
dots).****%3° Among them, C-dots have a wide absorption band
and tunable emission spectra, an absorption coefficient
comparable to inorganic QDs, low cost and good stability,
which make them promising candidate fluorophores for
LSCs.*** For example, Zhao et al.*® used C-dots with a high QY
and large Stokes shift to prepare LSCs and obtained an external
optical efficiency of 2.2% (15 x 15 ecm?). Zhou et al.** reported
a laminated LSC based on C-dots with an external optical effi-
ciency of 1.1% (10 x 10 cm?*). However, these C-dots suffer from
(i) limited spectral coverage of the solar spectrum (usually
working mainly in the ultraviolet-blue region, with typically
a 300-500 nm absorption band) and (ii) low QYs because of the
existence of abundant structural and surface defects, which
lead to external optical efficiency lower than that of inorganic
heavy-metal-containing QD based LSCs (2-4% with dimensions
of 10 x 10 ¢cm?).>*** Moreover, the photo/thermal stability of
LSCs is still an open issue that prevents their practical
applications.

In this work, we demonstrated a highly efficient large-scale
LSC using red-emissive C-dots. The red-emissive C-dots
exhibit a broad ultraviolet-visible spectrum absorption (300-
600 nm), long-wavelength emission (550-700 nm), high QY
(~65%) and large Stokes shift (~ 0.45 eV). Transient absorption
measurements performed with high temporal resolution (~150
fs) revealed the ultrafast formation of the broad emissive state,
which takes place in about 1 ps. The LSC was prepared by
embedded C-dots in polymethyl methacrylate (PMMA) on
a glass substrate. The large-area LSC (10 x 10 x 0.52 cm?)
exhibits an optimal external optical efficiency of 4.81% and
a PCE of 2.41% under natural sun irradiation (70 mW c¢m™?)
after coupling to silicon solar cells. Moreover, a tandem LSC
using green-emissive C-dots and red-emissive C-dots (top and
bottom layers correspondingly) as fluorophores exhibited an
external optical efficiency as high as 6.78%.

Experimental section
Synthesis of C-dots

The red-emissive C-dots were synthesized using a solvothermal
method based on nitrated pyrenes and functionalized with
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boric acid (H;BO3).*® Firstly, pyrene was nitrated by mixing 2 g
pyrene and 240 mL HNO; (16 M) under 150 rpm stirring at 80 °C
for 24 h. After the reaction was stopped, 2 L distilled water was
added and stirred at room temperature for 24 h. Then the
nitrated pyrenes were collected after filtering and drying.
Secondly, the solvothermal method was used to produce C-dots:
2 g nitrated pyrenes and 1 g boric acid (H3BO3) mixed with
50 mL dimethylformamide (DMF) solvent were stirred and
ultrasonicated for 0.5 h. Then the mixture was transferred to an
autoclave for the solvothermal reaction at 180 °C for 12 h.
Finally, the as-synthesized C-dots were collected by high-speed
centrifugation and redispersed in toluene for further charac-
terization and used in fabricating LSCs.

Green-emissive C-dots were prepared using a space-confined
vacuum-heating approach.** Typically, 1 g citric acid, 2 g urea
and 1 g CaCl, were mixed with 2 mL water under stirring until
the aqueous solution was clear. Then the mixture was heated to
120 °C under vacuum for 30 min to pump away the water and
then gradually heated to 180 °C for 30 min and then to 250 °C
for 1 h. Finally, the product was dispersed in methanol and
centrifuged at 8000 rpm for 10 min. The supernatant was
transferred into dialysis bags with a molecular weight of 300 Da
for 12 h and then the C-dots/methanol solution inside the
dialysis bag was collected and dried. The C-dots were redis-
persed in methanol for further application in LSCs.

LSC fabrication

A film structured LSC was fabricated by a drop-casting
approach. In detail, 10 mL red-emissive C-dots dispersed in
toluene, containing 1.2-1.5 mg C-dots, were mixed with 2 g
polymethyl methacrylate (PMMA). The mixture was stirred for
12 h to obtain a clear mixture, which was drop-cast on the
surface of a glassy substrate (5 x 5 x 0.5 cm® and 10 x 10 x 0.5
cm?®) and dried at room temperature for 3 h until all the solvent
was evaporated. The volume of the QDs/polymer solution cast
on the substrate is 10 mL and 2.5 mL for the substrate with
a size of 10 x 10 x 0.5 cm® and 5 x 5 x 0.5 cm®, respectively.
The thickness of the LSC active layer is about 0.17 &+ 0.02 mm
measured by using a thickness gauge meter CHY-C2A. For the
green-emissive C-dot based LSCs, a 10 mL green-emissive C-dot
methanol mixture, containing 10-20 mg C-dots, 2 g polyvinyl
pyrrolidone (PVP) K30, and 1 g PVP K90, was obtained, and then
the same procedures as for the preparation of red-emissive C-
dot based LSCs was followed.

Characterization

Transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM) measurements were carried out using a JEOL
JEM 2100Plus TEM operating at 200 kV. X-ray photoelectron
spectroscopy (XPS) spectra were recorded using a Thermo
Scientific K-Alpha XPS spectrometer. Fourier transform infrared
(FT-IR) spectroscopy was carried out by using a Thermo Fisher
Scientific Nicolet iS5 FT-IR spectrometer. Absorption spectra
were recorded using a TU-1901 double beam UV-Vis spectro-
photometer. Photoluminescence (PL) spectra were collected by
using a Cary Eclipse fluorescence spectrophotometer with an
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excitation wavelength of 365 nm. Transient PL spectra were
recorded on an Edinburgh FLS980 fluorescence spectropho-
tometer. QY was recorded with an Edinburgh FLS1000 spec-
trofluorimeter equipped with an integrating sphere.
Femtosecond transient absorption measurements (fs-TA) were
performed using a Helios fs-TA spectrometer (Ultrafast Systems,
USA).

Excitation-distance dependence PL spectra were collected by
fixing the position of one LSC edge facing the detector and
exciting the LSC with a movable laser (Ax = 365 nm) perpen-
dicular to the top surface of the LSC. The spot size of the
exciting light was ~0.75 mm?®. The external optical efficiency of
the LSCs was measured under standard solar illumination
using a solar simulator (Newport) at AM 1.5G (100 mW cm ™ ?) or
under natural sunlight illumination. In order to irradiate the
full area of the LSCs, for the LSC with a size of 5 x 5 x 0.52 cm?®,
the measurement was performed under a solar simulator;
meanwhile for the LSC with a size of 10 x 10 x 0.52 cm?, the
measurement was carried out under natural sunlight illumi-
nation. During measurements, the solar cell was directly
coupled on one side of LSC edges. The application of anti-
reflection coatings and plasmonic and back-reflector design
strategies to overcome the photon energy loss in solar cells have
been reported in previous reports.*>*° In the LSC-PV system, to
avoid the inevitable loss of energy caused by coupling the solar
cell to the LSC, we used a transparent epoxy to connect the solar
cell with the LSC, which can decrease the reflections caused by
the different refractive index between the solar cell surface and
air. In the calculation of the efficiency, we estimated the total
power produced by the LSC as the power produced from one
side multiplied by four (for a square LSC). To validate this
procedure, we measured the produced power under the same
irradiation conditions at different sides of the LSC and we
found no discrepancy, within the measurement uncertainty, in
the measured power values from different LSC sides. To avoid
any reflection from the three sides, where no PV cell is placed,
we masked them with black tape, able to completely absorb the
radiation from the LSC. This way, we minimize possible over-
estimation of PCE coming from either reflected light or light
entering the lateral sides of the LSC, where no PV cell is placed.
The current-voltage (/-V) characteristics were measured by
using a Keithley 2400 Source Meter. Through measuring the
changes of solar cell current after direct solar irradiation and
LSC irradiation, the external optical efficiency (nop) can be
defined as:*

JLscs
— _ULSGs 1
Nopt Jse X G (1)

where J;scs and Jsc are the short circuit current density from the
solar cell coupled with the LSCs and from the same solar cell
under direct sunlight illumination. G is the geometric factor,
defined as a ratio between the area of the top surface and that of
the edges of the LSC (G = Asurface/Aedges)- For all the measure-
ments, three LSCs were fabricated using the same procedure
and the average optical efficiency was obtained for three sets of
measurements under similar light intensity. During efficiency
measurements at different temperatures, we used a heating
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plate to increase the temperature and used a hand-held infrared
thermometer to monitor the temperature change. The efficiency
test in the cooling process adopts the natural cooling method to
test the efficiency change at different temperatures when the
temperature drops to room temperature. Specifically, in the
positive temperature range from room temperature to 60 °C, we
used a heating plate to control the temperature, and we recor-
ded the J-V curves of the solar cell and LSC-solar cell system to
evaluate the efficiency of the device. For the negative tempera-
ture range, we used the change of PL spectra to evaluate the
change of the efficiency. The temperature was controlled with
liquid nitrogen, and the PL spectra were recorded in situ by
using an Edinburgh FLS980 fluorescence spectrophotometer.

For the stability study of the LSCs under different wavelength
irradiation, we selected three kinds of filters (350 + 5 nm, 450 +
5 nm, and 550 £ 5 nm) to filter the sunlight irradiated on the
LSCs, and compared them with the LSC without filters and the
LSC in a dark environment to study the efficiency variation of
the LSCs (5 x 5 x 0.52 cm®) under different wavelengths of
sunlight irradiation as a function of irradiation time. The
optical efficiency measurements were carried out under solar
simulator illumination. For the long-time stability study of the
LSCs, we used a large-area LSC (10 x 10 x 0.52 cm®) as an
example, and put it in a natural room for 2 months (ambient
atmosphere, humidity of 40-60%, day and night, and without
any light filter). Then the -V curve of the LSC-solar cell system
under outdoor natural sunlight illumination was obtained and
eqn (1) was used to calculate the external optical efficiency of
the LSC.

Results and discussion

The C-dots were prepared by a solvothermal approach with
surface functionalization based on small aromatic molecules
and boric acid. TEM characterization reveals the morphology
and microstructure of the as-synthesized C-dots, as shown in
Fig. 1. From the TEM image, it can be seen that the C-dots have
a typical spherical shape and the average size is ~2.88 nm with
highly uniform dispersion (Fig. 1a and b). The HRTEM image of
one individual nanoparticle (Fig. 1c) reveals that the C-dot has
a diamond cubic crystalline structure. The two planes with
a lattice spacing of 2.05 A and 1.87 A correspond to the (210) and
(211) planes of diamond cubic carbon. The full survey of XPS is
shown in Fig. S1a,T demonstrating that the main elements of C,
O, N, and B existed in C-dots. The high-resolution spectrum of C
1s and O 1s can be divided into two peaks, corresponding to
different bonds (C-C, C-O, and O-H). A single dominant peak
appeared in the B 1s spectrum, proving the boric acid func-
tionalization. The FT-IR spectrum of the C-dots (Fig. S2aft)
shows strong and broad stretching vibrations at 3648-
3270 cm ™, corresponding to the presence of O-H and N-H. The
peaks at 2961, 2923 and 2851 cm ™" could be ascribed to C-H
stretching vibrations. The peaks located at 1602 and 1506 cm ™"
can be attributed to the stretching vibration of the aromatic ring
skeleton (C=C). Moreover, the peak at 1261 cm ' can be
attributed to the C-O stretching vibration on the aromatic ring.
The bands at 1096 and 1023 cm ™' reflect the stretching

This journal is © The Royal Society of Chemistry 2023
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Fig. 1

vibration of the C-N group. The C-O, C-H, O-H and N-H
stretching vibrations observed by FT-IR confirm the presence of
the carboxyl, amide and hydroxyl groups on the surface of the C-
dots.**** Based on the above structural characterization, the
diagram in Fig. S2bt illustrates the structure and surface groups
of the C-dots.

Fig. 2a shows the ultraviolet-visible (UV-vis) absorption and
normalized PL spectra of the C-dots dispersed in toluene. It
shows that the C-dots have a broad absorption spectrum (from
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(@) TEM image and (b) size distribution of red-emissive C-dots. (c) HRTEM image of one red-emissive C-dot.

the ultraviolet to visible range, with onset at 600 nm and the
first-excitonic absorption peak at 490 nm) and red emission
ranging from 550 nm to 700 nm with a peak located at ~595 nm,
which means that they have a large Stokes shift of 0.45 eV. The
PL decay curve of the C-dots in toluene is shown in Fig. 2b,
which can be fitted by a single-exponential decay curve with a PL
lifetime of 8.6 ns. The QY of the C-dots was obtained by means
of an integrating sphere (Ax = 500 nm) coupled to a PL spec-
trometer. For the absolute QY measurement, the excitation and
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Fig. 2

(a) UV-vis absorption and PL spectra of the C-dots dispersed in toluene. (b) PL decay curve of the C-dots excited at A, = 375 nm and an

emission wavelength of 600 nm. (c) Experimental raw data of the absolute QY measurement of the C-dots in toluene.
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emission of both the QD sample and reference (background
without QDs, see the black line in Fig. 2¢) were measured to
compare. By comparing the differences in the sample and
reference data, the excitation (494.0-506.5 nm) and emission
(527.0-732.0 nm) spectra can be divided, and thus the number
of photons absorbed and emitted can be derived (Fig. 2c), which
shows that the C-dots have a high QY of ~66% in toluene,
mainly driven by the development of highly brilliant lumino-
phores. Using the QY and PL lifetime, we can calculate the
radiative and nonradiative decay rates of the C-dots. The QY can
be expressed as:

ks

Y @

The lifetime can be calculated as:

1
"kt ©)

T

where k, and k,, are the radiative and nonradiative decay rates,
respectively. The calculated k,, and k, were 3.9 x 10 > ns™ ' and
7.6 x 1072 ns™', respectively, indicating a dominate radiative
recombination mechanism. Both the high QY and single-
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exponential decay behavior point to efficient radiative recom-
bination processes in the red-emissive C-dots.

To further explore the exciton dynamics of the red-emissive
C-dots, fs-TA spectroscopy measurements were carried out by
the pump-probe technique, under excitation at 365 nm and
using a broad visible probe, with a temporal resolution of about
150 fs. The collected data are shown in Fig. 3. Fig. 3a displays
the contour plot, for the 430-720 nm probe spectral range, and
time delays up to 1000 ps. The two positive bands, peaked at
around 490 nm and 700 nm, represent photo-induced absorp-
tion processes and can be assigned to excited state absorption
(ESA); its evolution describes the excited state population. The
broad negative signal, peaked at ~594 nm and extending
roughly from 570 and 670 nm, spectrally coincides with PL and
thus accounts for stimulated emission (SE). Fig. 3b and c
display TA spectra at different time delays and TA kinetics at
selected wavelengths, respectively. It can be noted that the
excited state is populated in about 600 fs and reach its
maximum population in ~1 ps (see Fig. 3c). ESA has a very
broad band, which covers all the probed region, from 430 nm to
720 nm, as can be seen in the plot of Fig. 3b (light pink line in
Fig. 3b, at 0.5 ps time delay). In the spectral region around
594 nm we observe a competition between ESA and SE. Initially

/4

T T T
0,5 ps
o 1
—10
—— 1000

1 1 1 il 1
450 500 550 600 650 700
wavelength (nm)

490 nm

4 700 nm

365 nm

594 nm

Fig. 3 fs-TA ultrafast pump-probe measurements of red-emissive C-dots in toluene with a pump wavelength at 365 nm; (a) 2D map; (b) TA
spectra at indicated delay times (from 0.5 to 1000 ps); (c) TA kinetics at selected wavelengths (indicated also in panel b). (d) Scheme of the

electronic band structure and of the population dynamics.
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ESA is stronger than SE, but in ~1 ps SE overcomes ESA, and,
correspondingly, the TA signal changes sign: from positive to
negative (see the green line in Fig. 3c). This shows the evolution
of the emissive state: the formation of the broad emissive state
is ultrafast, it is stronger than any other absorption mechanism
and its fast formation outcompetes any other form of relaxa-
tion. This is consistent with the hypothesis of a single, well-
defined de-excitation channel.

On longer time delays, we observed some rearrangements in
the first 4-5 ps, and similar evolution for all bands on longer
time scales (up to 1 ns at least). In particular, two bands of ESA
(around 490 and 700 nm) show the same decay (Fig. 3c), and
this confirms the assignment of both ESA to the same starting
state. The SE band, at 594, shows a very slow decay, with a life-
time exceeding 1 ns, which is consistent with PL evolution. In
Fig. 3d we depicted a scheme of the band structure and of the
population evolution of the red-emissive C-dots.

The above excellent optical properties, especially the wide
absorption, fast and stable PL emission and high QY, make the
red-emissive C-dots a potential fluorescent material for efficient
LSCs. The LSCs were obtained by mixing the C-dots (synthesized
by a solvothermal reaction) with PMMA polymer/toluene and by
drop-casting on glass substrates (details in the Experimental
section). We further detached the QDs/PMMA from the glass
and measured the thickness of the as-prepared film using
a CHY-C2A thickness system for selecting 100 points in the film
(Fig. S3at). Fig. S3b¥ shows that the thickness of the film ranges
from 143 to 222 pm, with the main thickness distribution range
of ~150-190 um, indicating the uniformity of the film. Fig. 4a

View Article Online
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shows a typical LSC with the dimensions of 10 x 10 x 0.52 cm®
(G = 4.84) under simulated solar irradiation. It clearly shows
that the as-prepared LSC was semi-transparent and a clear
concentrated red light could be propagated to the edges of the
LSC. There was no significant difference in the absorption and
emission spectra for the C-dots dispersed in toluene and in the
PMMA polymer film (Fig. 4b and c). A slight peak position
variation of the C-dots in the LSC was most probably due to the
change in the refractive index of the matrix (toluene solution vs.
PMMA polymer). As shown in Fig. S4, the C-dots dispersed in
toluene, hexane and water exhibit different emission colors due
to the different refractive index. The PL lifetime of the C-dots in
the PMMA film was ~8.2 ns, showing a very slight difference
compared with the C-dots dispersed in toluene (Fig. 4d). The QY
of the C-dots in the LSC also shows a slight decrease compared
with that in toluene due to the effect of the medium (for
example the defects in the polymer lead to fluorescence
quenching), but it still maintained ~50% under 500 nm exci-
tation (Fig. 4e), indicating potential for BIPVs.

Following a method reported in the literature,>® we per-
formed distance-dependent PL measurements to evaluate the
distance dependence of the efficiency, as shown in Fig. 5a.
Fig. 5b shows the change of total PL intensity with increasing
the distance of the irradiation from the side edge. The inset in
Fig. 5b illustrates the measurement process of the distance-
dependent PL. For the LSC with the dimensions of 10 x 10 X
0.52 cm?, the PL intensity of the C-dots decreased with the
increase of the distance between the beam spot and edge of the
LSC. When the beam spot irradiated in the central region of the
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(a) Photograph of the red-emissive C-dot based LSC. (b) Absorption, (c) PL emission spectra with the same excitation wavelength of

365 nm and (d) PL decay curves of the C-dots in toluene and PMMA polymer. (e) The numbers of photons absorbed and emitted in the QY

measurement of the C-dots in the LSC.
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spectrum) as a function of the distance of the irradiation from the side edge. Inset shows the schematic of the measurement. (c) J-V curve of the
LSC-solar cell system upon natural sunlight illumination (~70 mW cm~2). Inset shows the photograph of the LSC (10 x 10 x 0.52 cm®) under
a solar simulator. (d) The variations of the external optical efficiency of the LSC with temperature changes.

LSC (5-7 cm away from the edge of the LSC), the PL intensity of
the device maintains a nearly stable value. This means that the
optical efficiency of the LSC decreased with the increase of the
light propagation distance due to the reabsorption and G. This
phenomenon has been widely reported and used to evaluate the
reabsorption loss in LSCs.>”*** In our case, the reabsorption is
very low, as verified by Fig. 5a, where the shape of PL is almost
unaffected, meaning that very weak resorption is present. In
generally, in addition to the reabsorption loss due to the re-
absorption and re-emission, the energy loss in an LSC is also
affected by the following aspects: transmitted light (non-
absorption of incident photons), partial light loss due to non-
unity of the QY (<100%), surface reflection and the escaped
light below the critical angle. To further understand the
distance-dependent efficiency of the LSCs, the external optical
efficiency (nop) of the LSCs was calculated. The theoretical
optical efficiency of the LSCs is defined as the edge emitted
photons over the total incident photons. It can be calculated
as:*

(4)

Nopt = MNabs X Ninternal
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where 7,15 is the absorbed sunlight by the LSCs and the 9internal
is the internal quantum efficiency of the LSC. The 7,5 of the
LSC can be calculated as:*

Jo. Tn(D) (1 = e@®)da
abs = (1 — R = 5
Nabs ( ) J~0 [1 (A)d/l ( )
where I;,(2) is the solar irradiation, «(2) is the absorption coef-
A2
ficient «(1) = In(10) %, in which A(4) is the absorption of the

LSC, and d is the thickness of the LSC. R is the reflection coef-
ficient, which is associated with the refractive index of the LSC.
The Ninternal Of the LSC can be expressed as:*

J~w nQYntrap
0 1+ ﬂa(A)L(l - nQYnlrap)
Jo. IpL()dA

where 74y is the QY of the QDs in LSCs, Ip, is the measured PL
emission spectrum, g factor is a numerical value fixed to 1.4 as
reported by Klimov et al.,* L is the length of the LSC, and 7p is
the efficiency of light trapping into the LSC.

The calculated external optical efficiency of the LSCs is
shown in Fig. S5.1 In the simulation, the sunlight absorbed by

Ioi (2)d2

(6)

Minternal =

This journal is © The Royal Society of Chemistry 2023
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the LSC was ~15.3% of the total solar spectral energy (Fig. S5at)
and the QY of the C-dots was set to 65%. As shown in Fig. S5b,
the optical efficiency shows a decrease with the increasing
length of the LSC. We further measured the optical efficiency of
the LSC by coupling a solar cell at the edge of the LSC (details in
the Experimental section). In the case of large-area LSCs (10 x
10 x 0.52 cm®), the power intensity was 70-80 mW cm ™2, which
was determined by the natural sunlight irradiation (Qingdao,
China). In the case of the small-area LSCs (5 x 5 x 0.52 cm®),
the power intensity was set at 100 mW cm > (AM 1.5G standard)
using a calibrated solar simulator. The measured optical effi-
ciency of the LSCs was 4.5 + 0.3% (10 x 10 x 0.52 cm®) and 4.8
+0.2% (5 x 5 x 0.52 cm®). Although the experimental result is
systematically lower than the calculated optical efficiency due to
the scattering of the surface or lower absorption, the variation
trend of efficiency with size is consistent with the theoretical
results (Fig. S5bf). As shown in Fig. 5c, the optimal optical
efficiency of the LSCs (10 x 10 x 0.52 cm®) was measured to be
4.81% under natural sunlight illumination (70 mW c¢m™>). This
is the highest efficiency of LSCs based on C-dots,**?*¢%°
compatible with the 75% trap efficiency,” thanks to their large
absorption range, high QY and large Stokes shift. To under-
stand the actual contribution of the C-dots to the optical effi-
ciency, we further tested the J-V curve of the PMMA film/glass-

78 mWicm? —solar cell

(a) *7 green LSC-solar cell

View Article Online
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solar cell system without luminophores, as shown in Fig. S6.}
The result indicates that 98% of the optical efficiency of the LSC
is contributed by the C-dots. A comparative analysis of the
performance of LSCs based on different types of C-dots is also
reported in Table S1 in the ESIL.{ The LSC-Si solar cell configu-
ration exhibits a PCE of 2.41% under natural sunlight (70 mW
ecm?), which is larger than most of the reported C-dot based
LSCs?*3#%%51 and comparable to doped-C-dot based LSCs.*
LSCs are supposed to be used outdoors under various
conditions, and the thermal stability plays an important role in
the LSC system. Furthermore, the temperature dependence of
the efficiency was measured, as shown in Fig. 5d. It can be seen
that when the temperature increased from room temperature to
60 °C, the n,p gradually decreased. When the temperature
further decreased to room temperature, the efficiency
increased. The thermal stability of the as-fabricated LSCs
maintained 89% of its original value even at a high temperature
of 60 °C, which is comparable to previous reports (Table S27).
We used negative temperatures to characterize the efficiencies
over a wide temperature range (Fig. S71). The results show that
the integrated PL intensity can maintain 77% of its highest
value at —50 °C. Considering that the PL intensity determines
the optical efficiency of the LSC, we used the variation of PL
spectra to evaluate the change of the efficiency in the negative

——solar cell
—— LSC-solar cell

78 mWi/cm?

2 Nopt: 4-37%

0.0 0.2 04 0.6

Fig. 6

irradiation (78 mW cm™)
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temperature range. It can be seen that the PL peak position
shows no obvious changes while the PL intensity increased and
then decreased when the temperature increased from —30 °C to
50 °C. This means that the efficiency also increases first and
then decreases as the temperature rises from —30 °C to 50 °C.
When the temperature is set at 0 °C, the PL intensity is the
highest, which indicates that LSCs have the highest efficiency
when the temperature is 0 °C. All the results demonstrate the
outstanding thermal stability of the C-dot based LSCs.

To further improve the optical efficiency of the LSC,
a tandem structure was designed based on C-dots as fluorescent
materials. In this structure, green-emissive fluorescent C-dots
were embedded in PVP to prepare a green-emissive LSC film
(details in the Experimental section). Fig. S8t shows that this
kind of C-dots in methanol have an absorption spectrum
covering the 300-460 nm range. After excitation at 365 nm, the
C-dots exhibit a broad PL emission in the 450-650 nm range
with a peak located at ~520 nm. Their lifetime is 16.2 ns longer
than that of the above red-emissive C-dots (8.6 ns). Similar to
red-emissive C-dots, after the green-emissive C-dots are
embedded into the PVP polymer, the absorption, PL emission
spectra and PL decay curves also show a slight difference due to
the change of the refractive index of the surrounding (Fig. S87).
Furthermore, following the same measurement method, we
performed distance-dependent PL measurements as shown in
Fig. 89.1 For the green-emissive LSC (10 x 10 x 0.52 cm?), the
PL intensity of the C-dots decreased with the increase of the
distance between the irradiation beam spot and edge of the
LSC, which is similar to the red-emissive LSCs due to the
reabsorption energy loss and G.

The optical efficiency of the green-emissive C-dot based LSC
is 3.00% under the irradiation of natural sunlight (78 mW
cm ?), as shown in Fig. 6a. Under the same operation condi-
tions, the red-emissive C-dot based LSC exhibits an external
optical efficiency of 4.37% (10 x 10 x 0.52 ¢cm®) (Fig. 6b). For
the tandem structure, the green-emissive C-dot based LSC was
placed at the top of the red-emissive C-dot based LSC, as shown
in Fig. 6¢c. In this structure, the optical efficiency of the green
LSC is still maintained at 3.00%, while the efficiency of the red
LSC is decreased from 4.37% to 3.78% (Fig. 6d), due to the
absorption of the top layer. Thus, the total optical efficiency of
the tandem structure is 6.78%, which is the highest ever re-
ported efficiency among all the different configurations and
types of C-dot based LSCs.3*3346-49

To investigate the long-term stability of the C-dot based
LSCs, we measured the external optical efficiency variation of
the LSCs (5 x 5 x 0.52 ¢cm®) upon different sunlight illumina-
tion (350 &+ 5 nm, 450 + 5 nm, 550 + 5 nm, full solar spectrum
and dark) under natural conditions (Fig. S10t). The results
show that the UV and visible light in the absorption range of the
C-dots can both lead to the decrease of the optical efficiency.
Under the same conditions, when there is no light irradiation,
the efficiency of the LSCs also decreases, especially when the air
humidity is high (>80%). This means that both sunlight and
moisture can influence the properties of the LSCs. When the
LSC (10 x 10 x 0.52 cm®) was placed in a natural room for 2
months, the efficiency decreased to 3.46% (Fig. S117), keeping
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72% of its initial value, indicating a good stability of the device.
Further to improve the stability, encapsulating the device with
epoxy glue or a laminated structure can be used to isolate the C-
dots from the external environments (air, moisture or other
chemicals).

Conclusions

In conclusion, we demonstrated large-area and highly efficient
LSCs based on red-emissive C-dots. These C-dots possess
a broad absorption range of 300-600 nm, high QY of ~65% and
large Stokes shift of ~0.45 eV. These features make the C-dots
suitable as a promising fluorophore for highly efficient LSCs.
Large-area LSCs (10 x 10 x 0.52 cm?) based on these C-dots
exhibit a record external optical efficiency of 4.81%, and after
coupling to silicon solar cells, they show a PCE of 2.41% under
natural sunlight illumination (70 mW cm™?). By placing
a green-emissive C-dot based LSC on the top of the LSC to form
a tandem structure, the external optical efficiency was improved
up to 6.78%. After placing the LSC under natural indoor irra-
diation for 2 months, the efficiency maintained 72% of its initial
value. These findings demonstrate that the eco-friendly carbon-
based nanomaterials are promising luminescent materials for
highly efficient large-area LSCs.
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