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Abstract. Quantum dots are proposed as luminescent species in luminescent solar concentrators in 
combination with thin film silicon solar cells. As both tuning absorption and emission properties of 
quantum dots is possible by adapting process conditions, as well as tuning the band gap of thin film 
silicon solar cells, an optimum combination is expected to exist for which the conversion efficiency 
of the whole device is maximum. As a first step we have employed ray-tracing modeling to 
determine the efficiency of a luminescent concentrator using several quantum dots and 
heteronanocrystals with varying Stokes’ shift and absorption cross sections. A maximum efficiency 
of 5.9% is found for so-called Type II heteronanocrystals.  

Introduction 

Widespread deployment of photovoltaic (PV) technology is inhibited by cost. Lowering the cost per 
unit of generated power continues to be the key driver in PV research and development. Financial 
support is still required, e.g., by means of investment subsidies or feed-in tariffs, however, as cost is 
reducing, this financial support per unit of power or energy is reduced as well, until grid parity is 
reached. At that point, the price of electricity that a consumer is required to pay to the utility equals 
the one of PV, and feed-in tariff schemes are not needed anymore. Grid parity is expected to be 
possible within between 5-10 years for all countries in Europe.  

Conversion of the incident solar spectrum to monochromatic light would greatly increase the 
efficiency of solar cells. Down conversion or rather down shifting was suggested in the late 1970s 
to be used in so-called luminescent solar concentrators (LSC), also referred to as fluorescent 
concentrators [1-8]. To these LSCs one or more solar cell(s) were attached. LSCs consist of a highly 
transparent plastic, in which luminescent species, usually organic dye molecules, are dispersed, see 
Fig. 1. These dyes absorb incident light and isotropically emit it at a red-shifted wavelength, with 
high quantum efficiency. Internal reflection ensures collection of part of the emitted light in the 
solar cell(s) at the side(s) of the plastic body; this holds in particular for a plastic body with high 
geometrical symmetry [9]. The energy of the emitted photons ideally is only somewhat larger than 
the band gap of the attached solar cells, to ensure near-unity conversion efficiency, and an increase 
in solar cell efficiency can be expected. Also, it was suggested to use a number of different organic 
dye molecules of which the re-emitted light was matched for optimal conversion by different solar 
cells. This is similar to using a stack of multiple solar cells, each sensitive to a different part of the 
solar spectrum. Efficiencies of ~30% were expected [10,11]. 

 

Advances in Science and Technology Online: 2010-10-27
ISSN: 1662-0356, Vol. 74, pp 176-181
doi:10.4028/www.scientific.net/AST.74.176
© 2010 Trans Tech Publications, Switzerland

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of Trans
Tech Publications, www.ttp.net. (ID: 130.203.136.75, Pennsylvania State University, University Park, USA-21/02/16,04:46:53)

http://dx.doi.org/10.4028/www.scientific.net/AST.74.176


 

 
Fig. 1. Schematic 3D view of a luminescent concentrator. AM1.5 light is incident on 
the top. The light is absorbed by a luminescent particle. The luminescence from the 
particle is randomly emitted. Part of the emission falls within the escape cone 
(determined by the angle (θc)) and is lost from the luminescent concentrator at the 
surfaces (1). The other part (2) of the luminescence is guided to the solar cell by total 
internal reflection [12].  

 
Research over the past three decades has been focused on [13]:  1) absorbing all photons with 

wavelength >950 nm, and emit them red-shifted at ~1000 nm, for use with c-Si solar cells; 2) have 
as low as possible spectral overlap between absorption and emission spectra to minimize 
reabsorption losses; 3) have near unity luminescence quantum yield; 4) have low escape cone 
losses; 5) are stable outdoors for longer than 10 years; 6) are easy to manufacture at low cost. Much 
progress has occurred, which is illustrated by the recent efficiency record of 7.1% [14] for organic 
dyes in PMMA, as a result of a optimization study guided by modeling [12]. 

The present lack of NIR dyes will prohibit further increase of conversion efficiency towards the 
30% limit. Here, quantum dots (QDs) or nanorods may have to be used, as their broad absorption 
spectrum is favorable. LSCs in which QDs are incorporated are referred to as quantum dot 
concentrators (QDCs) [15]. However, they should be emitting in the NIR at high quantum 
efficiency, larger than the present ~70-80%, with a large Stokes’ shift. The latter would be possible 
by the use of type II QDs, as their Stokes’ shift could be large, see Fig. 2, but presently their 
stability and QE are not high enough. Note that these QDs actually are heteronanocrystals (HNCs), 
as the core consists of CdTe and the shell of CdSe [16]. Moreover, the present Stokes’s shift of 
~300 nm is too large, as a large part of solar spectrum (in the case of Fig. 2 between 600 and 900 
nm) is not absorbed. Stability could be improved using multishell QDs [17], while interfacial 
alloying can be optimized to obtain type II QDs with desired properties [18]. Such type II QDs, i.e., 
with Stokes’ shift of 50-100 nm are presently developed, and hold promise in LSCs in combination 
with thin film silicon solar cells. Optimum absorption and emission properties can be tailored to 
match the band-gap of the used thin film cell, as band gap engineering of such cells is controllable 
by adjusting processing conditions [19].  

As a first step towards such an optimized QDC, a modeling study is pursued in this paper. Using 
actual absorption and emission properties of several QDs (ranging from pure type I QDs via 
mixtures to a pure type II QDs), a ray-trace model [12,20] is deployed for a QDC coupled to a c-Si 
solar cell.   
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Fig. 2. Schematic representation of Type I (CdSe-ZnS) quantum dots and Type II 
(CdSe-CdTe) heteronanocrystals, and their respective normalized absorption and 
emission spectra [18,21].  

Methodology 

Ray-trace simulations. The 3-D ray-tracing model for QDCs used here is based on standard ray-
tracing principles. Any ray representing light of a certain wavelength travelling in a certain 
direction, is traced until it leaves the system, e.g., by absorption or reflection at interfaces. The 
model [20] applies statistical averaging of the absorption, which leads to a large reduction of 
computation time. The main extension to the standard ray-tracing model is the handling of the 
absorption and emission by the luminescent species in the QDC. The model has proven to be well 
able to explain experimental results on practical LSC devices of reflection and transmission 
measurements, as well as LSC photo response [12].  

The QDCs used in the study consist of a polymethylmethacrylate (PMMA) plate (refractive 
index n=1.49, absorption coefficient 1 m-1) in which QDs are dispersed. The dimensions of the 
square plate are 50x50x5 mm3. The bottom mirror is a Lambertian with air-gap. The internal 
quantum efficiency of the solar cell used for the simulation is larger than 90% for 400-1000 nm; 
this c-Si cell is characterized by a short-circuit current density of Jsc=40.283 mA/cm2, an open-
circuit voltage of Voc=0.604 V, a fill factor of FF=0.764, and an efficiency of η=18.59 % (measured 
5×2.5 cm2 sized cell) [22].  

The ray-trace model yields the photon fraction as a function of wavelength collected by the solar 
cell. The short circuit current Jsc per cell is calculated using  
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where fc  is the photon fraction per side, nph the photon number density of the used incident AM1.5 
spectrum (m-2s-1), AFSC the area of the plate (m2), APV the area of one cell (m2) and q the elementary 
charge (1.6022×10-19 C). To calculate the open-circuit voltage Voc fill factor FF, and efficiency η we 
use the following equations [23]: 
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with Js the diode saturation current density, kB the Boltzmann constant (1.3806503×10-23 J/K), T the 
temperature (K), voc the reduced open-circuit voltage, and Pin the incident power density. 
 
Quantum dot characteristics. Several Type I QDs. with either CdSe (4.3 nm) or CdTe (2.6 nm) 
core and CdTe/CdSe HNCs with a CdTe core (2.6 nm) and increasing CdSe volume fraction were 
selected. At very high CdSe volume fractions, Type II HNCs are obtained [16]. Absorption cross 
sections are shown in Fig. 3 for the selected QDs and HNCs. For comparison, also the absorption 
cross section of two organic dyes (CRS040 and Red305) are depicted. These dyes have been used in 
LSC optimization studies [12]. We used quantum efficiency for QDs and HNCs of 70%; for the 
Red305 dye 95% was used. 

 
Fig. 3. Absorption cross section of CdSe and CdTe quantum dots and CdTe/CdSe 
heteronanocrystals with a CdTe core (2.6 nm) and increasing CdSe volume fraction, 
compared to organic dyes CRS040 and Red305.  Data from [16] and [12].  

Results 
We have modeled QDCs using all available data for QDs and HNCs, and have determined the 
conversion efficiency of the whole device. For comparison, also an LSC with the Red305 dye was 
modeled. All simulations have been performed as a function of QD/HNC concentration, in order to 
find the optimum case. Results are shown in Fig.4 and Table 1. For the LSC with the Red305 dye 
an optimum LSC efficiency of 5% is obtained at a concentration of 1x1023 m-3. For all luminescent 
species also the lowest energy absorption peak and the integrated cross section from that peak up tp 
3.1 eV, and the emission maximum are listed. For most species the Stokes’ shift is small, only 
several nm. For the HNC with 88% CdSe the Stokes’ shift is ~140 nm; the largest Stokes’ shift is 
315 nm for the CdTe/CdSe HNC. For all QDs and HNCs the wavelength-dependent absorption 
cross sections are similar. The integrated cross section depends on the position of the lowest-energy 
absorption peak and therefore differs for the samples. Note that the CdSe/ZnS core shell QD has a 
5-10 times larger cross section between 300-500 nm compared to other QDs and HNCs, albeit that 
the cross section at the lowest-energy absorption peak is about equal to HNCs with this peak at 
about the same position.  
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The LSC/QDC efficiency clearly depends on concentration of the luminescent species in the 
LSC/QDC. For the QDs and HNCs we observe a maximum at a certain concentration, which 
depends on the total cross section and the emission wavelength of the particular QD/HNC. In case 
of the CdSe core shell QD, the concentration in the QDC at which the QDC efficiency is maximum 
is nearly an order of magnitude smaller compared to other QD/HNCs, which is due to the much 
higher total absorption cross section.  

We also observe that the larger the emission wavelength, the higher the QDC efficiency. This is 
due to the larger part of the solar spectrum that is absorbed. Note, that the highest QDC efficiency is 
obtained for the HNC for which the absorption cross section is zero at wavelengths larger than 800 
nm. This shows also that self-absorption leads to lowering of the QDC efficiency.  

 

 
Fig. 4. LSC/QDC efficiency as a function of dye/QD/HNC concentration for all 
selected species, see also Table 1.  

 
Table 1. Properties of LSC/QDCs for different luminescent species. 

 
Luminescent 

species 
Lowest-
energy 

absorption 
[nm] 

Integrated 
cross section 
up to 3.1 eV 

[m2] 

Emission 
maximum 

[nm] 

Concentration 
in LSC/QDC 

[m-3] 

LSC/QDC 
maximum 
efficiency 

[%] 
Red305 dye 572 ~10-21  1x1023 5.00 
CdSe core 596 1.8 x 10-19 605 1e24 2.65 

CdSe core/shell 599 5.6 x 10-19 609 5e23 2.73 
CdTe core 540 - 544 5e23 1.91 

CdTe/39% CdSe 615 0.8 x 10-19 617 1e24 2.70 
CdTe/52% CdSe 701 1.0 x 10-19 710 2e24 3.87 
CdTe/88% CdSe 525 4.4 x 10-19 765 2e24 4.75 

CdTe/CdSe 585 - 900 1e25 5.90 
CdTe/CdSe, no 

absorption 
>800nm 

585 - 900 5e25 7.46 
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Conclusion 

We have determined QDC efficiency for different QDs and HNCs by varying the concentration of 
these species in the QDC by employing ray-trace modeling. A maximum QDC efficiency is found 
for Type II HNCs of 5.9%. Total absorption cross section should be enhanced, which is possible by 
capping the HNCs with a proper shell, alike the CdTe/ZnS core shell QDs. The QDC with Type II 
HNCs outperform the LSC with the Red305 dye. This is very promising, as the present quality 
HNC is not yet optimized. Therefore, a QDC with 10% efficiency is within reach.  
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