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a b s t r a c t

Luminescent solar concentrators are low cost photovoltaic devices, which reduce the amount of

necessary semiconductor material per unit area of a solar collector by means of concentration. The

device is comprised a thin plastic plate in which luminescent species (fluorophores) have been

incorporated. The fluorophores absorb the solar light and radiatively re-emit part of the energy. Total

internal reflection traps most of the emitted light inside the plate and wave-guides it to a narrow side

facet with a solar cell attached, where conversion into electricity occurs. The efficiency of such devices

is as yet rather low, due to several loss mechanisms, of which self-absorption is of high importance.

This work demonstrates that type-II semiconductor hetero-nanocrystals may offer a solution to the

self-absorption problem in luminescent solar concentrators.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

Luminescent solar concentrators (LSCs) have been proposed as
alternative photovoltaic (PV) devices, as they require less semi-
conductor material per unit of generated power, compared with
conventional PV-technologies. While initially introduced as a
means for better exploitation of high efficiency solar cells [1–3]
and therefore for cost reduction, recently the focus has shifted
towards LSCs as a promising concept for integration of PV into
buildings [4,5].

LSCs are essentially thin sheets of transparent plastics, in which
luminescent species (luminophores) are dispersed (Fig. 1). Long and
slim solar cells are attached to the small side faces such that their
collection surface is directed to the plastic plate. Sun light enters the
sheet through the large top face and is absorbed by the incorpo-
rated luminophores, which re-emit light. The wavelength of the
re-emitted light is different from the incoming wavelength, just like
the propagation direction. Because of this change in direction a
large fraction of the re-emitted light cannot leave the plate through
the plastic–air interface, as it is in the regime of total internal
reflection (TIR). Therefore the light is wave-guided until it reaches
the solar cell.
ll rights reserved.
This way the light entering a large face Atop ¼ a � b is diverted
onto a small face ASC ¼ b � d of the solar cell. The maximum
achievable geometric concentration factor for an LSC-device with
one solar cell face and three faces with perfect mirrors is

G¼
Atop

ASC
¼

a � b

b � d
¼

a

d
, ð1Þ

where a, b and d are the length, width and thickness of the plastic
sheet. The wavelength of the re-emitted light depends on the
choice of the luminophore, which is ideally chosen such that the
emission band matches the maximum of the spectral response of
the solar cell. The solar cell will thus operate with a higher
efficiency than under broad spectrum illumination [6,7].

The best, so far obtained efficiencies are still modest (7.1% [8],
6.9% [9]), and have been obtained for rather small devices (a few
cm2). The low efficiencies and limited dimensions of the currently
available LSCs are due to a number of loss mechanisms. These loss
mechanisms have been discussed in detail in the work of Roncalli
et al. [10], and therefore will be only briefly addressed here. The
optical loss mechanisms involved are partial surface reflection
and parasitic absorption by the plastic sheet [11]. More significant
losses occur due to non-radiative energy dissipation by the
luminophores when their quantum yield ZLQE is low, as well as
by light emission or reflection within the escape cone of the
plastic–air interface, such that no TIR can take place [12]. For a
single PMMA–air interface approximately 25% of the photons are
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thus lost (loss factor Pconic � 0:25) [2,13]. Further losses occur due
to self-absorption. In this case, luminophores in the LSC re-absorb
previously emitted photons before they can reach the solar cell.
Upon every re-absorption event the photon energy can be
dissipated again through one of the above mentioned loss
channels, even if the re-absorbed photon was being transported
in the wave-guiding mode towards the solar cell before the self-
absorption event occurred. Even in an idealised LSC with TIR-
escape losses only, the trapping probability for every emitted
photon is Ptrap ¼ 1�Pconic ¼ 0:75. Consequently for a given input
energy flux Fin the output flux Fout decreases after an average of
N�1 re-absorptions per photon to

Fout ¼FinZN
LQEð1�PconicÞ

N : ð2Þ

This equation shows that re-absorption maximises the occurring
losses as the light output into the solar cell decreases exponen-
tially with the number of re-absorption events [13]. This limits
the size of LSC plates and thus the maximum concentration ratio.
Therefore, it is essential to tackle the self-absorption problem in
order to improve the efficiency of LSCs.

Re-absorption can be minimised by using luminophores that
have a negligible absorption cross-section at their emission
energy (Self-absorption cross-section: Section 2.2). This implies
that their emission spectrum should be well separated from their
absorption spectrum, i.e. the Stokes shift should be reasonably
large. Among the luminophores with the required optical proper-
ties, colloidal type-II semiconductor hetero-nanocrystals are par-
ticularly promising. Semiconductor hetero-nanocrystals (HNCs)
consist of two (or more) different materials joined in the same
particle by hetero-interfaces. Depending on the energy offsets
between the valence and conduction band levels of the materials
that are combined at the hetero-interface, different carrier loca-
lisation regimes will be observed after photoexcitation (Fig. 2)
[14]. In type-I HNCs both carriers are primarily localised in
the same material, whereas in type-II HNCs electrons and
holes are spatially separated, creating a spatially indirect exciton
(see Section 2.1.2 below for details). The photon emitted upon
Fig. 1. Principle of operation of a LSC for building integrated PV.

Fig. 2. Schematic representation of band structure in type-I QDs (left) and type-II

semiconductor QDs (right). The spatially direct band gap energies are indicated as

solid arrows. The spatially indirect one is shown as a broken line.
radiative recombination of the spatially indirect exciton will have
a lower energy than the band gap of both components of the HNC,
and thereby its re-absorption probability is greatly reduced. Type-
II HNCs have been successfully synthesised in recent years by a
number of groups [14–17]. Recently, the suitability of type-II
HNCs for application in LSCs has been theoretically investigated
for the first time [18].

In this work, we compare the self-absorption behaviour of
several types of widely applied luminophores (viz., three different
organic dyes and CdSe QDs) with that of recently available CdTe/
CdSe type-II HNCs. In order to do so, we developed a liquid model
LSC device, consisting of a quartz cell in which the studied
luminophore solution can be quickly and easily exchanged. The
loss mechanisms in this model LSC are the same as in a real LSC,
and therefore our experiments offer a convenient and reliable
way to evaluate the potential of luminophores for application
in LSCs.
2. Background

2.1. Materials

2.1.1. Dyes

Organic luminescent dyes have been the first choice for LSCs,
due to their high quantum yield and easy incorporation into
PMMA or other polymer matrices. On the other hand, dyes emit in
the visible range, which is at significantly higher energy than the
band gap of silicon, thus leading to thermalisation losses in the
silicon solar cell. A disadvantage from the perspective of LSCs is
the usually narrow bandwidth of absorption for dyes, which
results in conversion of only a fraction of the solar spectrum.
This can be overcome, e.g., by the use of multiple LSC-plates,
where dyes with different absorption spectra are incorporated [9].
Furthermore an additional limitation of dyes is that they fre-
quently suffer from photo-degradation.

Rhodamine 6G has been suggested for application in LSCs
already in the first publications for its high quantum yield (95%
[1,19]). The absorption band is however narrow. The Lumogen
product group of BASF, which was specially designed for the
application in LSCs [20], is commonly used as reference dye in
LSCs [9,21–24]. Long-term outdoor studies have demonstrated its
advantageous low degradation [12]. Moreover the overlap
between absorption and emission is smaller than for other dyes
such as Rhodamine 6G.

2.1.2. Colloidal semiconductor nanostructures

Colloidal semiconductor nanocrystals have also attracted a lot
of interest as luminophores for LSCs. These nanocrystals are
coated with a monolayer of organic molecules that render them
easily dispersible in a variety of solvents, making solution
processing of these materials extremely facile [14]. Moreover,
quantum confinement effects become important for sufficiently
small nanocrystals of direct band gap semiconductors. For this
reason, colloidal semiconductor nanocrystals are typically
referred to as colloidal quantum dots (QDs) or quantum rods,
depending on their aspect ratio. In the strong quantum confine-
ment regime the optical properties depend strongly on the
nanocrystal size and shape, since the band gap becomes larger
with decreasing nanocrystal size [25,14]. This effect can be
exploited to adjust the emission wavelength of the QD to the
maximum of the spectral response of the solar cell. QDs are ideal
light harvesters and spectral converters for LSCs, since they have
very broad absorption spectra (any photon with energy equal to
or higher than the band-gap is efficiently absorbed) and narrow
emission spectra [26]. Colloidal QDs can be easily produced by
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wet-chemical methods, achieving photoluminescence quantum
yields as high as 80% [14,27].

The chemical stability of single composition QDs upon air
exposure is typically low [14]. A commonly used strategy to
improve the stability of QDs is coating with a shell of a wider
band gap semiconductor, in such a way that a type-I hetero-
nanocrystal (HNC) is obtained (e.g., by growing a ZnS shell over a
CdSe core QD) [14]. Colloidal type-I QDs have been shown to be
more stable against photo-degradation than dyes [21], which is
an important prerequisite for long-term light harvesting. A
number of recent publications have demonstrated the application
of colloidal type-I QDs as luminophores for LSCs [26,28–30].
However, the Stokes shift for single composition QDs and type-I
HNCs is very small (o20 meV) [14]. The efficiency of LSCs based
on type-I HNCs is thus limited by self-absorption losses. From
this perspective, the recently introduced type-II HNCs (Fig. 2)
are promising fluorophores for LSCs. As mentioned in the
Introduction, the self-absorption cross-section of type-II HNCs
is expected to be negligible, due to the large spectral separation
between the emission peak and the lowest energy absorption
edge [14,31,32,16]. Type-II colloidal HNCs have been realised for
a number of compositions (e.g., CdTe/CdSe, ZnSe/CdS, etc.)
[14,31,32,16]. In this study we focus on CdTe/CdSe HNCs, since
high quality colloidal HNCs of this composition have become
recently available [31,17,33].
2.2. Self-absorption cross-section

Self-absorption occurs when there is a finite probability for a
luminophore to absorb the light emitted by the same species. This
is visualised in an overlap between the spectra of absorption AðlÞ
and emission FðlÞ. This overlap sSA quantifies the self-absorption
cross-section per 1 cm optical path as

sSA ¼
1

K

Z 1
0

FðlÞAðlÞ dl

with K ¼

Z 1
0

FðlÞ dl: ð3Þ
Fig. 3. TEM images of the colloidal nanoparticles investigated in this work: CdSe-QDs, S

CdSe type-II dot-core/rod-shell nanorods (TII-an).
This expression gives the fraction of the emission that is absorbed
by the luminophore itself while travelling through 1 cm of the
medium. This optical path-length was chosen because it corre-
sponds to that used for the absorption measurements in solution.
The integration is carried out between the boundaries of the
wavelength in the emission spectrum. The self-absorption cross-
section can be used to characterise luminescent species from their
emission spectra and absorption spectra.
3. Materials and methods

3.1. Materials

The dyes used for the experiment were purchased as powders.
Rhodamine 6G was obtained from Radiant Dyes Laser & Acces-
sories GmbH dissolved with absolute ethanol for experiments.
Lumogen Orange and Lumogen Red were supplied by Kremer
Pigmente as ‘‘94738 Fluoreszenzorange’’ and ‘‘94720 Fluoreszenz-
rot’’ and used as solutions in anhydrous toluene. Colloidal CdSe
QDs were synthesised following the method reported by Peng
et al. [15]. Colloidal type-II CdTe/CdSe HNCs with two different
shapes were investigated: concentric CdTe/CdSe/ZnS core/multi-
shell QDs (hereafter labelled TII-iso) and CdTe/CdSe dot core/rod
shell hetero-nanorods (hereafter labelled TII-an). The TII-iso type-
II QDs were synthesised following a method introduced by Zhang
et al. [17]. The method described by Zhong and Scholes [33] was
used to synthesise the TII-an type-II nanorods. Silica nanoparti-
cles were synthesised for reference scattering measurements
following the method described by Koole et al. [34]. Representa-
tive transmission electron microscopy (TEM) images of the
nanoparticles synthesised in this work are provided in Fig. 3.

3.2. Optical characterisation

Absorption spectra of solutions of the luminophores were
recorded with a Perkin-Elmer double beam UV/Vis spectrophot-
ometer, using the solvent as the reference. The amount of
ilica nanospheres, CdTe/CdSe/ZnS core/multishell type-II HNCs (TII-iso), and CdTe/
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scattered light was negligible in all cases. Therefore, the absorp-
tion (A) could be obtained directly from the measured optical
densities (a) as A¼ 1�10�a ¼ 1�T. The quantum yield was
measured with an integrating sphere using sufficiently diluted
samples (sub-microM concentration range). The setup was an
Edinburgh Instruments spectrofluorimeter with double-grating
excitation and emission monochromators, and a 450 W Xenon
lamp as the excitation source. Colloidal QDs and HNCs were
excited with a xenon lamp at lex ¼ 400 nm, Lumogen Orange at
lex ¼ 450 nm. The intensity of the excitation light was measured
in the domain of the excitation wavelength ol75nm4 after it
had passed the sample oTsample(l)4 and after it had passed the
solvent onlyoTsolvent(l)4 . After the recorded spectra were cor-
rected by the sensitivity function (SðlÞ) of the detector, the
difference of the two intensities was attributed to absorption.
The emission spectra were measured under the same conditions
as the absorption, but detected over a broader spectral region
starting at a wavelength 5 nm longer than that used for excita-
tion. The emission spectra were recorded for the excited sample
solution (Fsampleðl)) and for the solvent only (FsolventðlÞ) and
subsequently corrected. Integrating the emission and absorption
as

F ¼

Z 1
lexþ5 nm

FsampleðlÞ�FsolventðlÞ
SðlÞ

dl, ð4Þ

A¼

Z lexþ5 nm

lex�5 nm

TsolventðlÞ�TsampleðlÞ
SðlÞ

dl, ð5Þ

results in the luminescence quantum yield:

ZLQE ¼
F

A
: ð6Þ

3.3. Intensity profiles

The measurements of self-absorption effects were conducted
with a position-adjustable excitation source that illuminates
different spots in the material so that the optical path length
travelled by the emitted light inside the luminophore solution can
be varied (Fig. 4). A Spectral Products ASBN-D2-W100F-L Halogen
lamp (power 100 W, colour temperature 3000 K) filtered through
a band filter at ð520725Þ nm was used as excitation source. The
use of narrow-band light for excitation was necessary to allow
luminophores with widely different absorption spectra to be
reliably compared. The optical densities of the luminophore
solutions were adjusted to 0:1770:04 at 520 nm, in order to
ensure that the amount of light absorbed by different samples
was comparable (see spectra in supplementary information).
However, it should be noted that the effective photon absorption
cross-section for different luminophores could not be rendered
identical, since the excitation bandwidth 725 nm was not
sufficiently narrow to prevent variations due to the different
Fig. 4. Schematic representation of the set
absorption band shapes. Nevertheless, these variations have no
impact on the validity of the conclusions drawn from the experi-
ments, since we compare only the fraction of the emitted light
that is lost due to self-absorption, and not the absolute intensities.

An optical fibre with a slit exit aperture and a lens was used to
focus the excitation light on a quartz cell (the liquid model LSC
device) (Fig. 4). The quartz cell was screw capped to prevent
oxidation of the luminophore solution inside. The internal volume
of the cell was 10 mm �10 mm �35 mm. The bottom of the
quartz cell was mounted in firm contact with a second optical
fibre, which collected the emitted light and guided it to a
monochromator and subsequently to a CCD (Spectra Pro 300i
from Action Research) to record the emission spectra. The cell
with the collection fibre could be moved along the x-axis with a
step-size of several micrometres. When operating with air-
sensitive samples, the cells were filled under nitrogen atmo-
sphere. The x-axis was chosen to point upwards to collect
eventual gas bubbles in the bottleneck of the quartz cell, such
that they could not influence the measurement. Toluene was
employed as solvent for all the samples but Rhodamine 6G, which
was dissolved in Ethanol.
4. Results and discussion

4.1. Characterisation

The absorption and emission spectra are provided in Fig. 5. The
self-absorption cross-section of Rhodamine 6G was calculated to
be 8.5% and its quantum yield was taken to be 95% [19]. The
quantum yield of Lumogen Orange was found to be 95%. The self-
absorption cross-section was calculated to be 6.7%. The absorp-
tion spectra of the semiconductor QDs (Fig. 5) are much wider
than those of the dyes, since they consist of a large number of
different exciton transitions that partially overlap producing a
spectrally broad absorption spanning from the band edge to the
UV. The self-absorption cross-sections of the semiconductor QDs
were calculated to be 52.2%, 2.5%, and 0.2%, for CdSe, type-II-iso,
and type-II-an QDs, respectively. The quantum yields of the
semiconductor QDs were found to be 27% and 48%, for CdSe and
type-II-iso QDs, respectively. The absorption and emission spectra
of type-II-an QDs are similar to those of type-II-iso QDs, and are
shown in the supplementary information.

4.2. Self-absorption effects

The emitted light can subsequently be absorbed by the emit-
ting medium itself. As the Lambert–Beer law states, the prob-
ability for absorption grows exponentially with increasing path
the light has to travel through the medium. The longer the path
between the spot of excitation and the detector, the higher the
probability for this process to occur and to repeat itself. In a
up for intensity profile measurements.



Fig. 5. Normalised absorption and emission spectra of diluted solutions of selected dyes (Rhodamine 6G, top right, and Lumogen Orange, bottom right) and colloidal

semiconductor nanocrystals (CdSe, top left, and CdTe/CdSe/ZnS core/multishell type-II HNCs, bottom left). Note that the absorption spectra are given in 1-Transmission (1-T)

scale.

Fig. 6. Emission spectra of CdSe quantum dots recorded at different distances

from the excitation spot.
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weakly luminescent sample, such as the CdSe QDs investigated
here (Fig. 6), the measured emission peak-intensity drops rapidly
with increasing optical path. Although a spectral shift of the peak
is observed, the position of the red band edge of the peak remains
unchanged.

For single composition QDs (e.g., CdSe QDs) and type-I HNCs
the energy of every emitted photon is up to a few (o20) meV
lower than the band gap of the emitting quantum dot [14,35,36].
This is the intrinsic (or resonant) Stokes-shift. The so-called global
(or non-resonant) Stokes-shift is larger and its origin is found in
the fact that real samples always consist of an ensemble of QDs of
slightly different sizes. The size distribution of the ensemble of
QDs is reflected in the line width of the optical transitions, which
becomes broader due to inhomogeneous broadening, and in the
non-resonant Stokes shift, which increases for larger size disper-
sions and higher concentrations [36]. The increase in the non-
resonant Stokes shift is due to the fact that the absorption cross-
sections at energies far above the band-edge scale with the
volume [37]. Therefore, larger QDs will absorb relatively more
light, resulting in a red-shift of the ensemble PL spectrum from
the statistically weighted maximum at excitation energies far
above the band-edge (such as those used in the present work).
Moreover, self-absorption also leads to a concentration- and
optical path-length-dependent increase in the observed non-
resonant Stokes shift. Fig. 6 shows that this increase is primarily
due to the shift of the emission peak to lower energies with
increasing number of self-absorption events, which can occur as a
result of increasing optical path lengths (Fig. 6) and/or increasing
concentrations. A requirement for the self-absorption process is
that the photon energy must be equal to or larger than the band
gap of the absorbing QD. Therefore, photons emitted by the
largest QDs in the ensemble do not have sufficient energy to be
re-absorbed by most of the QDs in the ensemble, and therefore
have a higher probability of reaching the detector. In contrast,
photons emitted by smaller QDs carry sufficient energy to be
absorbed by most members of the QD-ensemble and therefore are



Fig. 7. Effects of self-absorption on intensity (left) and on peak position (right) of colloidal CdSe QDs.

Fig. 8. Absolute intensity profiles for CdSe QDs, type-II-an QDs, Lumogen Orange,

Lumogen Red, Rhodamine 6G, and silica nanoparticles. Note that the signal for

silica nanoparticles is totally due to scattering of the excitation light, since these

particles are non-luminescent.
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more likely to be absorbed before reaching the detector. This is
consistent with the observed loss in intensity in the range 530–
570 nm and the almost unchanged red shoulder starting from
580 nm, as the optical path increased (Fig. 6). The overall effect is
the loss in total intensity and a total red-shift as shown in Fig. 7
for CdSe QDs.

The intensity decrease appears exponential (Fig. 7, left). Never-
theless the behaviour cannot be strictly exponential, because the
fraction of absorbed photons is not constant. It depends on the
wavelength of the input photons, which changes upon every self-
absorption event.

The integration of the recorded emission spectra provides a
measure for the amount of light that would reach the solar cell at
the side-face of a luminescent solar concentrator. We have per-
formed the same analysis on a selection of dyes and colloidal
semiconductor QDs and HNCs. The same experiments were also
carried out on non-luminescent silica nanoparticles of comparable
size (25 nm) to the QDs (5–15 nm) in order to provide a reference
for potential losses due to light scattering. The results show that the
impact of light scattering is negligible (Fig. 8, black line).

Although the optical coupling throughout the measurement of
one sample is constant, that cannot be guaranteed when the
sample is changed, since small variations in the optical alignment
between the cuvette and the in-coupling and out-coupling fibres
may occur. Moreover, the quantum yields and absorption band
shapes within the wavelength range of the excitation light are not
the same for the different luminophores. Therefore, in order to
allow the self-absorption characteristics of the different samples
to be properly compared, we normalised the intensities with
respect to that acquired at the closest distance (d¼5 mm) from
the detector (Fig. 9).

All samples show intensity losses over the first half of the
optical path. The observed losses are summarised in Table 1. The
quantitative differences allow the classification of the investi-
gated luminophores in three distinct groups: those with a strong
intensity loss (group A: CdSe QDs), those for which the output is
moderately reduced (group B: Lumogen and Rhodamine dyes),
and those for which the output is only slightly reduced (group C:
both type-II HNCs). The increase in intensities at longer optical
paths observed in some cases can be explained by the increas-
ingly stronger reflection of excitation light as the bottleneck of the
quartz cell is approached.

4.3. Red-shift

As discussed above for CdSe QDs, the increase of the optical
path length travelled by the emitted light prior to detection leads
to a red-shift of observed emission peak (Figs. 6 and 7). However,
the magnitude of the red-shift is not the same for different
luminophores, as can be clearly seen in the emission spectra of
the type-II-iso QDs (Fig. 11) and Lumogen Orange (Fig. 10). To
allow the different luminophores to be compared the red-shift Dl
is calculated as

Dl¼ lmaxðdmaxÞ�lmaxðdminÞ, ð7Þ

where lmaxðdÞ denotes the wavelength at which the emission
attains its maximum. The argument d is the length of the optical
path at which the spectrum was recorded.

The observed intensity loss in groups A and B can be confidently
attributed to self-absorption as it is accompanied by a red-shift of
the peak (Fig. 12). This red-shift is also correlated to the intensity
drop: the luminophore with the strongest intensity loss (CdSe QDs)
also reveals the largest red-shift (and lowest quantum yield) (see
Table 1). The spectra of the group B are only slightly red-shifted,
however, with a well pronounced trend to increase.

4.4. Type-II QDs in comparison with other luminophores

For type-II HNCs a red-shift can be formally calculated with
Eq. (7). However, facing the relatively strong data scattering



Fig. 9. Normalised intensity profiles of a selection of dyes (left) and semiconduc-

tor nanocrystals (right).

Table 1
Summary of the key quantities determined in the present work for a number of

luminophores: CdSe QDs, Rhodamine 6G (R6G), Lumogen Orange (Lumo O), CdTe/

CdSe/ZnS-core/multishell type-II QDs (TII-iso), and CdTe/CdSe dot-core/rod-shell

type-II nanorods (TII-an): ZLQE, luminescence quantum yield; sSA, self-absorption

cross-section; Dl, spectral shift after 30 mm optical path length; Loss, relative

intensity loss after 30 mm optical path length; and x, integrated absorption

spectra from 300 to 800 nm normalised with respect to Lumogen Orange.

Sample ZLQE (%) sSA (%) Dl (nm) Loss (%) x

CdSe QDs 27 52.2 11.0 57 4.04

R6G 95 8.5 4.0 7.0 1.31

Lumo O 95 6.7 2.2 7.5 1.0

TII-iso – 2.5 �0.6 3 4.13

TII-an 48 0.2 �0.6 3 4.02

Fig. 10. Emission spectra of Lumogen Orange recorded at different distances from

the excitation spot.

Fig. 11. Emission spectra of type-II-iso quantum dots recorded at different

distances from the excitation spot.

Fig. 12. Shift of maximum of the emission band with increasing optical path of a

selection of luminophores related to the initial position.
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(Fig. 12) it is more meaningful to consider the mean value of the
shift, which is �0.6 nm for both type-II HNC samples (Table 1).
This average is of the same order of magnitude as the resolution
of the monochromator used (0.5 nm) and hence a strong indicator
for no red-shift at all. Together with the minimal intensity loss
this indicates the absence of self-absorption in type-II samples.

The long wavelength part of the emission spectra of the type-II
HNCs could not be recorded accurately as the sensitivity of the
used CCD is very low beyond 860 nm (Fig. 11). Since the intensity
drops mostly at the blue end of the spectrum eventual
self-absorption effects could be detected if present. The red
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(l4860 nm) part of the spectrum is not entirely reliable. This
inaccuracy means that the intensities reported here for TII-iso and
TII-an QDs represent a lower limit, and the overall output flux
might be larger.

From all the investigated samples the type-II HNCs show the
least self-absorption effects. Even if compared with the dye with the
best performance (Lumogen Orange, Fig. 10) the photons emitted
by the type-II HNC samples seem almost unaffected by the amount
of material they travelled through. It should be pointed out that
monochromatic excitation was used in our experiments. Although
these conditions are suitable to allow the self-absorption properties
of different luminophores to be reliably compared, they do not
reveal an important advantage of colloidal semiconductor NCs:
their broad absorption spectrum. In order to account for the total
amount of light that could potentially be absorbed by the different
luminophores under excitation by a broad band source (like the sun)
we have integrated their absorption spectra from 300 to 800 nm,
and normalised the result with respect to the total absorption cross-
section of Lumogen Orange (quantity x in Table 1). The amount of
emitted light F is then given by

F ¼ x � ZLQE: ð8Þ

If this is taken into account one can conclude that under uniform
broad band excitation the light output of type-II-iso HNCs at 1 cm
optical path length would be � 2 times larger than that of the
Lumogen Orange, despite its lower PL QY (48% vs. 95%, see Table 1).
However, PL QYs as high as 80% have been reported in the literature
for CdTe/CdSe type-II HNCs similar to those investigated in the
present work [36], demonstrating that the high outputs reported
here for type-II HNCs can be even better with proper optimisation of
the sample preparation.
5. Conclusions

In this work, we have compared the self-absorption behaviour
of a number of luminophores in a model liquid LSC: colloidal CdSe
QDs, Rhodamine 6G, Lumogen Orange, Lumogen Red, and colloi-
dal CdTe/CdSe type-II hetero-nanocrystals (HNCs). Our results
clearly demonstrate that the re-absorption losses of type-II CdTe/
CdSe HNCs are negligible with respect to the other luminophores
investigated. This shows that type-II colloidal QDs are promising
materials for Luminescent Solar Concentrators, as they have the
potential to strongly minimise the efficiency losses induced by
self-absorption. Moreover, their emission in the near infra-red
(900 nm) is of high importance for application in LSCs, since it
matches the region of maximal spectral response of crystalline
silicon solar cells. In this spectral range, organic dyes do not
perform well, due to a combination of lower quantum yields
(� 50% or below [38]) and poor photostability.

Furthermore, the broad absorption spectra of these colloidal
HNCs make them excellent light harvesters, which should further
increase the potential light output of LSCs. The quantum yield of
the type-II HNC samples investigated in this work is � 50%, but
PL QYs as high as 80% have already been reported for similar
structures [36]. It is thus clear that the use of type-II HNCs in LSCs
may offer sizable benefits with respect to other commonly used
luminophores. It remains, however, to be investigated whether
these colloidal type-II HNCs can be easily dispersed into polymer
matrices without loss of efficiency.
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