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The effect on solar cell performance of planar converters containing quantum dots �QDs� as
wavelength-shifting entities on top of multicrystalline silicon cells was investigated by means of
model studies with varying incident spectra. These included global, direct, and diffuse spectra with
Air Mass �AM� values ranging from 1 to 10. In case of AM1.5, a planar converter with QDs emitting
at 603 nm yields a short-circuit current increase of 6.3%, 9.6%, and 28.6% for direct, global, and
diffuse irradiation, respectively, as a result of the larger blue/green content of diffuse spectra with
respect to direct and global ones. For other AM values, similar results are calculated, with a lower
increase toward high AM values. © 2005 American Institute of Physics. �DOI: 10.1063/1.2099532�

One of the major challenges photovoltaic research is fac-
ing today is to increase solar cell conversion efficiency by
making better use of the solar spectrum.1,2 Besides the de-
velopment of multijunction cells, deployment of spectral
conversion, either down- or upward,3 has been pursued. Em-
bedding both down- and upconversion materials together in
one matrix would, in its optimized form, lead to conversion
of the solar spectrum to a near-monochromatic one. Solar
cell design would then need to be optimized for the resultant
near-monochromatic spectrum, and solar cell efficiencies are
expected to be far beyond the present 5–15% values of com-
mercially available cells. As a first step in this direction,
research has been performed on the so-called luminescent
concentrator �LC�.4 It was reported that the availability of
semiconductor quantum dots �QDs� as downconverting ma-
terials in LCs would make higher conversion efficiencies
possible.5

Instead of using LCs, planar converters containing
wavelength-shifting entities on top of standard solar cells
may be a simple and cheap application of spectral downcon-
version for the enhancement of solar cell performance. The
wavelength-shifting entities should shift the wavelengths
where the spectral response is low to wavelengths where the
spectral response is high. QDs present in a plastic layer on
top of a solar cell modify the incident Air Mass �AM� 1.5
global �AM1.5G� spectrum such that the short-circuit current
of the underlying multicrystalline silicon �mc-Si� increases
by about 10%.6 As diffuse spectra are blueshifted with re-
spect to direct and global ones, it is expected that the use of
a downconverter yields better solar cell performance com-
pared to the standard AM1.5G incident spectrum. This is of
importance for areas at moderate-to-large latitudes as the
amount of diffuse irradiation may equal that of direct irradia-
tion on an annual basis,7 while direct irradiation conditions
prevail in areas broadly located around the equator. In this
letter, we will investigate the effect of various incident spec-
tra on performance of solar cells on to which planar spectral
converters are applied. This entails global, direct, and diffuse
spectra of AM values ranging from 1 to 10.

For solar cell performance testing, the AM1.5G standard
is widely used, see, e.g., Ref. 8. This global spectrum con-
sists of a direct and a diffuse part, with contributions of 82%
and 18%, respectively. In this letter, spectra were calculated
for clear sky conditions using the solar irradiance model
SPECTRAL2 �Ref. 9� with standard atmospheric values: Tur-
bidity 0.27 at 0.5 �m; ground albedo 0.2; precipitable water
1.42 cm; total ozone 0.34 atm cm. For ease of calculation,
longitude and latitude were both set at zero degrees, hence
AM1 spectral conditions are present at noon at the vernal
equinox �March 23�. The time of day was varied from noon
toward the morning to calculate global, direct, and diffuse
spectra at AM values between 1 and 10. The irradiation in-
tensity is found to decrease from 1090 W/m2 at AM1 to
176 W/m2 at AM10. In addition, the diffuse fraction in the
wavelength range of 300–593 nm increases from 30% at
AM1 to 70% at AM10. Interestingly, the peak positions of
the diffuse spectra remain about constant at 450 nm, while
those of the direct and global spectra redshift from 550 and
480, respectively, to 860 nm.

The configuration studied is a highly transparent layer
containing CdSe QDs on top of a mc-Si solar cell.10 The size
of the QDs is taken such that both blue and green light is
absorbed and emitted in the red, which corresponds to an
optimum spectral response of the solar cell. Depending on
the QD concentration also unabsorbed blue and green light
enters the solar cell. For solar cell simulation, we take the
standard baseline n-p-p+ mc-Si cell developed at the Energy
Research Centre of the Netherlands,10 which has parameters
that are typical of low-cost commercial products. It has an
area of 10�10 cm2, a thickness of 300 �m, and a shallow
diffused emitter of 50 � / sq. The front broadband reflectance
is 9% across the solar spectrum, as a result of the front sur-
face antireflection coating �71 nm thick silicon nitride with a
refractive index n=2.1�. The thickness of the back-surface
field is 9 �m; the p+-doping level is of 4�1018 cm−3. The
performance of the solar cell is simulated with the simulation
programme PC1D �version 5.8�.11 The calculated performance
parameters �short-circuit current Isc, open-circuit voltage Voc,
fill factor FF, and efficiency �� are 31.2 mA/cm2, 0.603 V,
0.771, and 14.5%, respectively, for AM1.5G standard
irradiation.a�Electronic mail: w.g.j.h.m.vansark@chem.uu.nl
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Upon absorption of photons by QDs, the incident
spectrum, �s���, is modified. The amount of absorbed
photons �a��� is determined from the QD absorption spec-
trum, which depends on QD size, their concentration
in the converter layer, and thickness of this layer. This ab-
sorbed amount is subtracted from the incident spectrum:
�sa���=�s���−�a���. The QDs re-emit light at a redshifted
wavelength, and the amount of emitted photons �e��� is cal-
culated from the QD emission spectrum. A quantum effi-
ciency of 0.8 is assumed,12,13 as well as the assumption that
three-quarters of the emitted photons are directed toward the
underlying solar cell, due to internal reflection in the con-
verter layer.14 Note that these data reflect an ideal case. The
amount of emitted photons is then added to the modified
AM1.5G spectrum, �sae���=�sa���+�e���, and the result-
ing spectrum serve as input for the solar cell simulation
model.

Absorption of photons is calculated by using the
Lambert–Beer equation: The photon flux density ��x ,�� af-
ter passing a distance x in a film with absorption coefficient
���� equals ��x ,��=�0���exp�−����x�, with �0��� as the
incident photon flux density. The exponential term ����x
equals ��CD, with �� as the molar extinction coefficient
�M−1 cm−1�, C as the chromophore concentration �M�, and
D as the thickness of the film �cm�. The molar extinction
coefficient is determined by scaling the normalized absorp-
tion spectrum such that the molar extinction coefficient ��

at 350 nm equals ��=1.438�1026 a3 as reported by
Leatherdale et al.15 The QD radius a is determined from the
absorption maximum and the known relation with particle
diameter.16 The QD absorption maximum was 594 nm, cor-
responding to a QD radius of 2.1 nm. The QD concentration
is varied from 1 nM to 10 mM with a converter thickness D
of 0.1 cm. As the product CD determines the amount of ab-
sorption and spectral change, optimum values for QD con-
centration are related to the thickness of the converter.

The effect of spectral conversion by the inclusion of
various concentrations of QDs on the AM1.5 diffuse incident
spectrum is shown in Fig. 1. Starting at a concentration of
1 �M, an appreciable amount of photons is absorbed in the
blue part of the AM1.5 diffuse spectrum, while the modified
spectrum is increased at the QD emission wavelength
�603 nm�. For higher concentrations, this effect is clearly

much stronger. The effect of QD inclusion on all spectra is
similar to the one shown in Fig. 1.

Figure 2 shows the relative change in short-circuit cur-
rent as a function of QD concentration. Between 1 nM and
1 �M, no appreciable effects are observed. A maximum rela-
tive increase is obtained for all spectra at a concentration of
100 �M. This increase is 9.6%, 6.3%, and 28.6% for the
global, direct, and diffuse spectrum, respectively. The in-
crease in case of the global spectrum �9.6%� compares well
with the linear combination of data obtained for diffuse and
direct spectra �10.2%�, taking into account their fractions in
the global spectrum. For higher concentrations, the effect
levels off. Here, the beneficial effect is counteracted by the
increased absorption due to the high concentration. It should
be noted that in practice the results for the highest concen-
trations are less reliable due to the fact that re-absorption is
not taken into account in our simulations. The calculated
relative increase in short-circuit current is also found for
maximum generated power Pmax. The open-circuit voltage
and fill factor only slightly decrease over the full range from
1 nm to 10 mM �not shown�.

For the whole range of global, direct, and diffuse
AM1-10 spectra, we simulated solar cell performance
changes for the QDs emitting at 603 nm for a concentration
range from 1 nm to 10 mM. The results show similar behav-
ior as a function of QD concentration as in the case of
AM1.5 �Fig. 2�, i.e., the relative change in short-circuit cur-
rent is found maximal for a concentration of 100 �M. For
this optimal concentration, results are shown in Fig. 3, where
the maximum relative current increase is depicted as a func-
tion of AM for global, direct, and diffuse spectra. The in-
crease in short-circuit current is largest for the AM1 diffuse
spectrum, i.e., 31.4%, which decreases to 20.2% for AM10.
For global spectra these values are 11.9% and 1.5% for AM1
and AM10, respectively. In the case of direct spectra, the
increase in short-circuit current changes into a decrease be-
tween AM5 and AM6. The maximum increase is 8.2% for
AM1; for AM10 the decrease is −1.1%.

The results can be explained by a combination of factors.
First, the peak positions of direct and global spectra redshift,
while the diffuse spectra do not shift and remain constant at
450 nm. Second, the diffuse fraction in the wavelength re-
gion of interest for the QDs used here �i.e., photons with
wavelengths in the range of 300–593 nm can be absorbed�

FIG. 1. Calculated modified AM1.5 diffuse spectra for QD concentrations
from 1 �M to 1 nM.

FIG. 2. Relative short-circuit current as a function of QD concentration for
the AM1.5 global direct, and diffuse spectra.
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increases from 30% at AM1 to 70% at AM10. Third, as
shown in Fig. 4, the spectral content for diffuse spectra in
this wavelength region relative to the total content is much
larger than that of global and direct spectra. As a conse-
quence, beneficial effects on performance for diffuse spectra
are much more pronounced that for global and direct spectra.

In summary, the inclusion of a planar converter contain-
ing wavelength-shifting entities, such as QDs, allows for a
better use of the solar spectrum. QDs shift the wavelengths
where the spectral response of a solar cell is low to wave-
lengths where the spectral response is high. In this letter, we
showed that QDs—with a center emission wavelength of
603 nm included in a planar converter on top of a mc-Si
solar cell—are capable of increasing short-circuit current by

6.3%, 9.6% and 28.6% for AM1.5 direct, global, and diffuse
spectra, respectively. For other AM values, similar results are
calculated, with a lower increase toward high AM values.
The large increase in short-circuit current for diffuse spectra
is a result of a larger blue/green content of diffuse spectra
compared to direct and global spectra in combination with
the blue response of solar cells that generally is worse than
their red response. The implications for the use of planar
converters in outdoor conditions are clear, especially in re-
gions on earth where diffuse spectral conditions are as im-
portant as direct ones. With planar and/or LCs, more use can
be made of diffuse spectra, leading to an overall improved
performance.
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