Open Access Article. Published on 05 November 2019. Downloaded on 11/21/2019 4:15:01 PM.
This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Nanoscale
Advances
View Article Online

PAPER

Cite this: DOI: 10.1039/c9na00527g

View Journal

High-performance laminated luminescent solar
concentrators based on colloidal carbon quantum
dots
Haiguang Zhao,

*ab Guiju Liub and Guangting Hana

Luminescent solar concentrators (LSCs) are light-weight, semitransparent and large-area sunlight
collectors for solar-to-electricity conversion. To date, carbon quantum dots (C-QDs) have attracted a lot
of attention due to their size/shape/composition tunable optical properties, high quantum yield,
excellent photostability, lower toxicity and simple synthetic methods using earth-abundant and low-cost
precursors. However, due to the overlap between their absorption and emission spectra, it is still
challenging to fabricate high-eﬃciency LSCs based on C-dots. In this work, we used C-QDs to fabricate
semi-transparent large-area laminated LSCs (10  10 cm2). C-QDs have the absorption spectrum
ranging from 300 to 550 nm with a Stokes shift of 0.6 eV. By optimizing the concentration of C-QDs,
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the laminated LSC exhibits a highest hopt of 1.6%, which is 1.6 times higher than that of a single-layer LSC
(100 mW cm2). In addition, the laminated LSC exhibits a power conversion eﬃciency of 0.7% under
natural sunlight illumination (62 mW cm2) with excellent photostability. These ﬁndings suggest that
laminated structured LSCs could be used for eﬃcient solar energy harvesting compared to single layer
or tandem structured LSCs based on colloidal C-QDs.

1. Introduction
Luminescent solar concentrators (LSCs) are light-weight,
semitransparent and large-area sunlight collectors for eﬃcient
solar-to-electricity conversion.1–5 A typical LSC consists of an
optical waveguide coated or embedded with emissive uorophores. Upon illumination, the uorophores absorb sunlight
and convert it into uorescence. Because of the total internal
refraction, the emission can be guided to the edges of the LSC. A
photovoltaic cell is coupled at the edges of the LSC and it
converts the concentrated uorescence to electricity. As the
lateral area of an LSC is larger than that of the edges, the use of
expensive PV materials (e.g. single-crystalline silicon) is
reduced.1,2 Once the external optical eﬃciency (dened as the
ratio of the power of photons emitted from the LSC edges to the
total power of photons impinging on the LSC through the top
surface) of the LSC is higher than 6%, the LSC technology can
largely reduce the cost of electricity.6 Another advantage in LSC
technology is that one can control the optical properties of
uorophores in order to adjust the colour, transparency and
performance of the LSCs.1 It is still a big challenge to obtain
high optical eﬃciency LSCs due to the lack of eﬃcient
uorophores.1,2,5,7–11
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Eﬃcient uorophores need to have wide absorption, high
quantum yield (QY), good separation of emission and absorption spectra and high stability.2 Up to now, many types of uorophores have been selected and used as building blocks for
LSCs, including organic dyes/polymers, perovskite nanocrystals
(NCs), quantum dots (QDs), upconversion NCs, proteins and
carbon quantum dots (C-QDs).1,2,6–26 Among them, C-QDs, also
known as carbon dots (C-dots), have attracted a lot of attention13,27–31 due to the following factors: (i) their broad absorption, high quantum yield (QY), low-cost, and eco-friendly toxicmetal-free composition; (ii) the simple wet chemistry
approaches using earth-abundant, low-cost precursors in large
quantities; (iii) some of the C-QDs are very photostable; and (iv)
last but not least, the absorption and emission spectral overlap
can be engineered by tuning the size/shape/composition and
surface conditions of the C-dots. Recently, eﬃcient and stable
LSCs were fabricated by using C-QDs as eﬃcient uorophores
(Table 1).10,12,18,32–36 For example, Gong et al. for the rst time
prepared single-layer LSCs based on N-doped C-QDs with an
optical eﬃciency of 3.94% (LSC dimensions: 2.5  1.6 cm2);32
Zhou et al. prepared a tandem LSC based on two types of C-dots,
achieving an external optical eﬃciency of 1.1% (LSC dimensions: 10  10 cm2);35 Talite et al. fabricated single-layer LSCs
based on in situ cross-linked C-QDs with an external optical
eﬃciency of 12% (LSC dimensions: 3  3 cm2).18 Due to their
excellent photostability, C-QDs were also used as the topprotecting layer for tandem LSCs to enhance the stability of
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Table 1

LSC

hopt (%)

LSC dimensions
(cm2)

Ref.

C-dotsb
C-dots
N-doped C-dots
C-dotsa
Cross-linked C-dots
Proteins
Si QDs
CuInS/ZnS QDsb

1.6
1
3.94
1.1
12
2.58
2.9
8.1

10  10
10  10
2.5  1.6
10  10
33
2.5  2.5
12  12
10  10

This work
This work
32
35
18
24
14
7

a

Tandem LSCs based on two types of C-QDs with diﬀerent emissions.
Laminated LSCs with the polymer/QD matrix inside glass. All other
LSCs have a single layer architecture.

b

the bottom-layer LSC based on inorganic NCs (e.g. perovskite
NCs10 and CdSe/CdS QDs12).
To date, the major challenge in C-QD based LSCs is the lower
external optical eﬃciency compared to other types of uorophores (e.g. inorganic QDs, dyes and perovskite NCs) with
identical LSC dimensions.1,3,4 Except a few blue-emitting C-dots,
which can only absorb 5% of sunlight in the UV range and have
good separation of emission and absorption spectra,35 most of
the C-QDs have an overlap between absorption and emission
spectra.18,32,33,37 As an LSC is quite large (up to meters), a small
overlap between the absorption and emission spectra could
lead to signicant reabsorption energy loss.32,35 Currently there
is still a lack of eﬃcient methods to produce C-QDs with a small
overlap between the emission and absorption spectra with high
QYs. Compared to a single layer structure of LSCs, a laminated
structure of LSCs can improve the optical eﬃciency of the LSCs
by decreasing the energy loss because of the decrease of
geometric factor (G).7,26 However, due to the decrease of the G
factor, more solar cell materials are required on the edges of the
laminated or tandem LSCs, which increases the cost of electricity. A laminated LSC can be integrated simply with solar cells
on its edges, unlike tandem LSCs, in which two layers of solar

cells need to be integrated separately with the LSCs.12 To the
best of our knowledge, until now there are no reports for
laminated LSCs using colloidal C-QDs, except inorganic QDs
(CuInS2 and CdSe/CdS).7,26
In this work, laminated LSCs were fabricated by using CQDs as uorophores. The C-QDs were prepared using
a hydrothermal reaction.30,31 The LSC based on C-QDs has the
absorption spectrum ranging from 300 to 550 nm with a QY of
50% in methanol solution. We investigated the C-QD
concentration eﬀect on the reabsorption energy loss in laminated LSCs. By optimizing the concentration of C-QDs in
polyvinyl pyrrolidone (PVP), the LSC (10  10 cm2) exhibits
a highest hopt of 1.6% (100 mW cm2) and a PCE of 0.7%
under natural sunlight illumination (62 mW cm2). In addition, the LSC based on C-QDs exhibits excellent photostability, indicating that C-QDs are promising candidates for
durable LSCs.

2.
2.1

Results and discussion
Structure of C-dots

The C-QDs were synthesized via a hydrothermal approach
using phloroglucinol as the precursor.30,31 The morphology
and structure of the as-synthesized C-QDs were characterized
by transmission electron microscopy (TEM), as shown in
Fig. 1a. The C-QDs have a typical spherical shape with a mean
size of 1.74  0.6 nm (Fig. 1b). The selected area electron
diﬀraction (SAED) pattern in the inset of Fig. 1a indicates that
the structure of the C-QDs is a hexagonal graphene structure.
The high-resolution TEM (HRTEM) image of an individual CQD (inset of Fig. 1a) further reveals the graphene crystalline
structure of C-QDs. The measured d spacing is around 2.12 Å,
corresponding to the (100) plane of the hexagonal graphene
structure.
2.2

Optical properties of C-dots

As shown in Fig. 2a, the as-synthesized C-QDs have an absorption
spectrum ranging from 300–550 nm with a broad photoluminescence (PL) spectrum (400–700 nm). The broad

(a) Representative TEM image of C-QDs. Insets are the HRTEM image of an individual C-QD and SAED pattern. (b) The size distribution of
C-QDs.

Fig. 1
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Fig. 2 Absorption and PL spectra of C-QDs dispersed in methanol solution. (b) PL spectra of C-QDs dispersed in methanol solution with
diﬀerent concentrations of C-QDs. C0 is 1 mg mL1. The excitation wavelength is lex ¼ 380–440 nm for (a) and 380 nm for (b). The insets of (a)
are the photographs of C-QDs dispersed in methanol under normal conditions (left) and upon simulated sunlight irradiation (100 mW cm2).

absorption and emission in this work are diﬀerent from the reported narrow absorption and emission using the same
approach, which is because we did not purify the as-synthesized
C-QD solution via silica column chromatography.30,31 The broad
absorption and emission are mainly because of the wide size
distribution of C-QDs. The broad absorption can match well the
Sun's spectrum and contributes to the improved optical eﬃciency in LSCs based on C-dots. The obtained QY in this work is
around 50  5% in methanol solution, which is lower than that
of the narrow-band triangular C-QDs as reported (up to 72%).30
The C-QDs exhibit a rst-excitonic absorption peak at 3.02 eV and
an emission peak at 2.36 eV, resulting in a large Stokes shi of
0.66 eV. This value is larger than that of most of the inorganic
uorophores.2,11,22 However, it is diﬃcult to evaluate the reabsorption energy loss based on only Stokes shi for large-sized
LSCs as we still observe a large overlap between the absorption
and PL spectra. A bright colour was found for the C-QDs upon
simulated sunlight illumination (inset Fig. 2a). With the increase
of C-QD concentration from C0 to 3C0 (C0 ¼ 1 mg mL1), there is
slight variation of PL intensity and PL peak position (Fig. 2b).
However, with higher C-QD concentration, the emission peaks
red-shi to 512 (4C0) nm and 520 nm (5C0), respectively, with
a signicant decrease of PL intensity (20% for 4C0 and 50% for
5C0). This phenomenon may be due to the reabsorption energy
loss with high concentration.32,33 As shown in Fig. 2a, the emission peak positions do not depend on the excitation-wavelengths,
indicating the close-bandgap emission nature in C-QDs prepared
using phloroglucinol.30,31 Other than the typical surface-related
excitation-dependent emission in C-dots,37 the as-prepared CQDs exhibit excellent stability.30 There is no signicant variation in optical properties regarding the QY and absorption/
emission peak positions aer 6 month storage a t ¼  20  C,
indicating the very good colloidal and optical stability of C-dots.

2.3

Fabrication of laminated LSCs

C-QDs with diﬀerent concentrations in PVP/methanol solution
were drop-cast on a glass substrate (10  10  0.9 cm3).26 Aer
This journal is © The Royal Society of Chemistry 2019

drying at room temperature, the C-dots/PVP glass was heated at
60  C, and another glass slide was placed on top of the lm with
one kilogram weight on the top to fabricate the laminated LSC
(detailed preparation information is included in the Experimental section) (Fig. 3a). Compared to single-layer LSCs or
tandem LSCs, in laminated LSCs, the C-QD layer was sealed
inside two glass slides, which can isolate the C-QDs and prevent
their direct contact with dust, chemicals, moisture, oxygen etc.
In addition, one can easily integrate LSC technology into existing window manufacturing processes.7 The as-prepared laminated LSC is semitransparent (Fig. 3b). The absorption
spectrum of the solid-state laminated LSC is shown in Fig. 3d,
which is consistent with its absorption spectrum in solution
(Fig. 2a). The absorption of the thin-lm LSC matches the Sun's
spectrum in the UV and visible range, with 10% overlapping
with the Sun's spectrum (Fig. 3d) (details are included in the
Experimental section). Upon one sun illumination, a clear
concentrated yellow-orange light can be seen from the edges of
the LSC (Fig. 3c). There is no signicant PL peak and width
variation, considering the similar concentration of carbon QDs.
The obtained QY of the carbon QDs in the PVP lm is around
40%.

2.4

Eﬃciency in laminated LSCs

Following the method reported in the literature,26 we set up the
distance-dependent PL measurement as shown in the inset of
Fig. 4b. The PL spectra of C-QDs exhibit continuous red-shis
with the increase of the distance (L) between the excitation
light spot and the edge of the LSC (Fig. 4a and c). Meanwhile the
integrated PL area decreases with the increase of L. As the PL
spectrum (PL shape, peak width and PL area) of the LSC is
strongly sensitive to the reabsorption, these results indicate
reabsorption energy loss in LSCs.37 The red-shi of the PL peak
with the increase of C-QD concentration in solution or in lms
could be due to the reabsorption eﬀect when the concentration
of C-QDs is 5C0. The PL area decreasing rate follows well
a typical exponential decay; with an L of 7.5 cm, the PL area
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Fig. 3 (a) Scheme of the preparation process for laminated LSCs based on C-QDs. Photographs of the LSC under ambient (b) and one sun (100
mW cm2) illumination (c). LSC dimensions, 10  10  0.9 cm3. (d) Absorption and calculated solar absorption of the LSC and solar spectrum (AM
1.5G). The concentration of the C-QDs in PVP was calculated to be 2.5 wt% in PVP based on the data obtained by thermal gravimetric analysis
(TGA).

retains 56% of its initial value (Fig. 4b), suggesting that we could
improve the optical eﬃciency of the LSCs by adjusting the size
of the LSC.
To further clearly understand the L dependent optical eﬃciency in LSCs based on C-dots, we calculated the external
optical eﬃciency (hopt) of the LSCs based on a reported
method (details included in the Experimental section).38 In the
simulation, the QY of the LSCs is 40%, and the thickness is
xed as 1 mm (overall thickness of 9 mm for the LSC). As
shown in Fig. 5a, the hopt of LSCs using C-QDs with a concentration of 1 wt% drops slightly with the increase of the length

of the LSC. When the L is 100 cm, hopt retains 57% of its initial
value. In contrast, the hopt of LSCs with a C-QD concentration
of 4 wt% drops exponentially with the increase of the length.
When the L is 100 cm, hopt retains 25% of its initial value,
which is mainly due to the reabsorption. The LSC based on CQDs with a concentration of 2.5 wt% can retain 43% of the
initial hopt (100 cm) with an hopt of 0.83%. Assuming that the
C-QDs (2.5 wt%) have a QY of 100%, the LSC exhibits an hopt of
2%. These results are the straightforward evidence that the
optical eﬃciency of the C-QD based LSCs can be largely
improved by optimizing the concentration of the C-dots. It is

Fig. 4 (a) PL spectra measured at diﬀerent optical paths (L) for the C-QD based LSCs. Integrated PL area (b) and emission peak positions (c) as
a function of detection distance (L). The excitation wavelength is 380 nm. The inset of (b) is the scheme for distance-dependent PL
measurement. The concentration of the C-QDs is 2.5 wt% in PVP.
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Fig. 5 (a) The calculated and measured external optical eﬃciency of LSCs based on C-QDs with a QY of 40% and diﬀerent C-QD concentrations, and a QY of 100% with a concentration of 3C0. (b) J–V response of silicon PVs attached on the edge of the LSC under natural sunlight (62
mW cm2). (c) The external optical eﬃciency of LSCs with a C-QD concentration of 2.5 wt% was measured using a power meter upon 400 nm
illumination (500 mW cm2).

worth mentioning that once the dimensions of the LSC based
on C-QDs are large enough (>0.5  0.5 m2), the slight overlap
between the absorption and emission spectra will lead to
strong reabsorption energy loss. Thus the nal optical eﬃciency is dominantly contributed by the emission spectrum
without any overlap with the absorption spectrum of C-dots. In
other words, we still can use C-QDs for fabricating highly
eﬃcient LSCs by optimizing the overlap range between the
emission and absorption spectra and the QY.
We further prepared laminated LSCs with diﬀerent C-QD
concentrations (1–4 wt%) and measured the hopt of the LSCs
by coupling a power meter at the edge of the LSCs. hopt can be
calculated as:38
hopt ¼

Pout  Aedge
Pout
¼
Pin  ALSC
Pin  G

where Pout is the power intensity of the LSC on the edge, Pin is
the power intensity of the LSC on the surface under direct
illumination (100 mW cm2), Aedge is the area of the edges of the
LSC, ALSC is the area of the top of the LSC and G is calculated to
be 2.8 (top area of 100 cm2 and area of all edges of 36 cm2). The
LSCs can absorb 3.7, 7.5 and 10% of the Sun's spectrum when
the C-QD concentration increases from 1 wt%, 2.5 wt% to
4 wt%, respectively.38,39 With the increase of the C-QD concentration, the hopt values of LSCs are 0.7  0.07 (1 wt%), 1.6  0.1
(2.5 wt%) and 1.3  0.1 (4 wt%). The lower optical eﬃciency at
higher concentration is mainly due to the strong reabsorption
energy loss. In addition, in the single-layer architecture, the LSC
only exhibits an hopt of 1  0.1 (2.5 wt%), which is much lower
than that of the laminated LSC. The current obtained highest
optical eﬃciency (1.6% under one sun illumination) is comparable with those reported for the LSCs based on C-QDs and
other uorophores (Table 1).
To show the real application of laminated LSCs based on Cdots, we measured the PCE and stability of the LSCs under the
natural environment (Summer, Qingdao). The PCE of the LSC
was measured by using a calibrated silicon PV (Zolix QE-B1).

This journal is © The Royal Society of Chemistry 2019

Under natural sunlight (Qingdao, China, June 24), the PV cell
exhibits a JSC of 25 mA cm2, a Voc of 0.58 mV, a ll factor of 0.64
and a PCE of 9.3% (Fig. 5b). As the standard PV cell has a PCE of
15%, the calculated natural light intensity is 62 mW cm2.
The LSC based on C-QDs (2.5 wt%, QY of 40%) with an active
area of 1.6 cm2 exhibits a JSC of 4.5 mA cm2, a Voc of 0.495 V,
and a ll factor of 0.56 (Fig. 5b). Based on these data, the PCE of
the LSC is 0.7% under natural light. The LSCs based on C-QDs
exhibit excellent photostability. Upon 400 nm illumination (500
mW cm2), there is no notable integrated PL area decrease aer
8 h under the natural environment. Following the literature,22 as
the absorption of the LSC at 400  5 nm is around 0.5 mW
cm2, we calculated the acceleration factor to be 1000, which
translates into 5.4 years of exposure to natural sunlight (average
50 mW cm2 and 8 hours per day).

3.

Conclusions and perspectives

In conclusion, we demonstrated eﬃcient and stable laminated
LSCs based on C-dots. The reabsorption energy loss in LSCs is
strongly dependent on the concentration of C-dots. By optimizing the concentration of C-dots, the LSC exhibits a highest
hopt of 1.6% (100 mW cm2) and a PCE of 0.7% under natural
sunlight illumination (62 mW cm2) with excellent photostability. The as-obtained PCE of the laminated LSC is 1.6 times
higher than that of a single-layer LSC due to the decrease of the
geometric factor. In view of the low-cost synthesis procedure
using earth abundant precursors, excellent optical properties,
and high stability under normal conditions, our ndings indicate that the laminated structure has great application potential
for fabricating highly eﬃcient and stable LSCs compared to
single layer and tandem structured LSCs. Future research
direction may focus on the synthesis of C-QDs with emission in
the near infrared region, a high QY and small overlap between
the absorption and emission through structure design or
surface modication.
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4.1

hinternal ¼

Synthesis of C-dots

C-QDs were prepared via a hydrothermal approach. Typically,
phloroglucinol (0.5 g) was mixed with 10 mL of ethanol. Aer
10 min of sonication, the clear solution was transferred into
a 25 mL Teon-lined autoclave, followed by adding 2 mL of HCl
(37%) as the catalyst. The mixture was heated at 200  C for 9 h
and naturally cooled down to room temperature (25  C). The
mixture was transferred into a 100 mL beaker and heated to
70  C for 30 min. Then the mixture was transferred into dialysis
bags with a molecular weight of 1000 Da for 12 hours. The Cdots/methanol solution inside the dialysis bag was collected
for further characterization and use in fabricating LSCs.

LSC fabrication

The fabrication of the LSC based on C-QDs was performed by
following our previous report. In detail, diﬀerent concentrations of C-QDs were dispersed in methanol/PVP solution (PVP
K30 concentration: 200 mg mL1). The mixture was sonicated
until a clear solution (5 mL) was obtained. Then the mixture was
drop-cast on the surface of a glass slide and dried at room
temperature for 2 h until all the solvent evaporated. The glass
dimensions are 10  10  0.4 cm3. Then another glass slide
with the same dimensions was placed on top of the C-dots/PVP
thin lm. The laminated glass was heated to 60  C with a two
kilogram weight on the top for 12 hours. The bubbles between
the top glass and the PVP/C-QD layers can strongly aﬀect the
optical eﬃciency of the LSCs, and thus in this work, the laminated LSC was placed in a vacuum for 12 h until all the bubbles
between the glass slides were pumped away. The thickness of
the C-dots/PVP lm was measured to be 1 mm.

4.3

Simulation

The external optical eﬃciency of the LSCs is expressed as
following based on the reported literature:38
hopt ¼ hAbs  hinternal

(1)

where hAbs is the fraction of absorbed sunlight by the LSC and
hinternal is the internal quantum eﬃciency of the LSC.
hAbs can be calculated as:38
ðN


Iin ðlÞ 1  eaðlÞd dl
ðN
hAbs ¼ 0
(2)
Iin ðlÞdl
0

In which a is the absorption coeﬃcient [calculated as
A
a ¼ lnð10Þ , where d is the eﬀective length (1 mm C-dots/PVP
d
thin lm) and A is the absorption of the LSC measured from
the absorption spectra], and Iin is the sun irradiance.
A spectrally averaged internal eﬃciency (hinternal) over the PL
emission of the QDs was calculated as:38,39

Nanoscale Adv.

hQY PTIR

SPL ðlÞdl
1 þ baðlÞLlsc 1  hQY PTIR
ðN
SPL ðlÞdl

(3)

0

in which SPL(l) is the PL emission spectrum; b is a numerical
value xed as 1.4 and Llsc is the length of the LSC. Assuming an
isotropic emission, PTIR is dened by the escape cone identied
using the critical angle q of the air/glass interface:38
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
 2ﬃ
nair
PTIR ¼ 1 
(4)
n

4.4
4.2

0

Characterization

TEM characterization of the C-QDs was carried out using a JEOL
2100F TEM equipped with an EDS spectrometer and SAED.
Absorption spectra were acquired with a UV-2600 UV-Vis spectrophotometer (Shimadzu) with a scan speed of 600 nm per
minute. Steady state PL characterization of the C-QDs and the
LSCs was performed on an Edinburgh FLS980 instrument. In the
liquid sample, the front-emission was collected, and in the LSC,
the edge-emission was measured. The QYs of the C-QDs were
measured using Rhodamine 6G as the reference. The refractive
index of glass and PVP/C-QD lm was measured using a WAY-2S
Albert refractometer (INEA). TGA was carried out in a ow of
nitrogen at 10  C min1 using a TG209F3 TGA (Netzsch).
The external optical eﬃciency of the LSCs was measured
under natural light (62 mW cm2, which was directly measured
by using a commercial calibrated Zolix QE-B1 solar cell). The
power meter (Newport Model 843-R) was directly coupled on one
edge of the LSC for optical eﬃciency measurement. The calibrated PV cell (Zolix QE-B1) was used to measure the PCE of the
LSC. The PV cell was coupled directly on one edge of the LSC
(active area: 0.9 cm  2 cm). Due to the structure of the power
meter or calibrated solar cell, the air gap between the LSC and
measured devices is around 1 mm. In the optical eﬃciency or
PCE calculation, we consider all edges were coupled with solar
cells. The stability of LSCs (external optical eﬃciency vs. illumination time) based on C-QDs was measured using a power meter
upon illumination (400 nm light emitting device, 500 mW cm2)
under ambient conditions at 25  C with a humidity of 40%.
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