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a b s t r a c t

In this investigation, plasmonic coupling between luminescent species (lumogen yellow, and silver
nanoparticles (Ag NPs) has been exploited to produce significant enhancement in absorption and fluores-
cence emission of lumogen yellow dye luminescent downshifting (LDS) layers. The optimum dye concen-
tration in a poly(methyl,methacrylate) polymer LDS layer of �100 lm thickness was established.
Subsequently, plasmonic coupling with Ag NPs was introduced and optimum concentration has been
determined for the composite plasmonic Luminescent Down-Shifting (pLDS) layers. The optimum plas-
monic coupling has been observed to produce fluorescence emission enhancement of up to 81% for the
dye-pLDS layers. The pLDS layers were deposited on top of CdTe mini-modules to investigate the action
of plasmonic interaction in LDS layers. It has been demonstrated that the addition of pLDS layers contain-
ing lumogen yellow dye increases the short circuit current density (Jsc) of CdTe devices between 300 and
500 nm. An increase of �100% has been achieved. External quantum efficiency (EQE) measurements of
the pLDS layers have also shown significant improvement below 500 nm reaching 25–40%, while
increased efficiency was confirmed with current–voltage (J–V) measurements.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Harvesting solar energy has the potential to reduce carbon
emissions and to provide clean energy to contribute to sustainable
development. Most of the photovoltaic (PV) research to date has
focused on achieving higher PV conversion efficiency at lower cost.
In order for high efficiencies to be achieved in PV technologies,
energy loss mechanisms must be reduced. One principle energy
loss in the conversion of solar energy to electricity is related to
spectral losses, whereby low energy photons are not absorbed by
the solar cell while high energy photons are not used efficiently.
There is potential to increase PV device efficiency by making better
use of short wavelength light. Luminescent down-shifting (LDS) is
an optical approach to increase a solar cell’s spectral response by
using luminescent materials to convert high short wavelength
photons (300–500 nm) to longer wavelength where solar cell effi-
ciency is higher (Van Sark et al., 2005; Klampaftis et al., 2009,
2012; Ross et al., 2012, 2014; Ahmed et al., 2013, 2016a;

Kennedy et al., 2015; Chander et al., 2015; Bella et al., 2015;
Griffini et al., 2015; Di Lorenzo et al., 2016). A typical LDS device
consists of luminescent species (organic dyes/quantum dots/rare
earth materials) doped in a transparent polymer sheet applied on
top of the PV cell (McIntosh et al., 2009; Rothemund et al., 2011;
Ahmed et al., 2012a, 2012b; Kennedy et al., 2015; Ahmed et al.,
2016a). The first research using LDS layers ‘‘on top of’’ PV cells
was by Hovel et al. (1979). However, the concept of LDS appears
frequently in the literature in the late 1970s, when LDS was uti-
lized for an optical concentration process in so-called luminescent
solar concentrators (LSC) (Weber and Lambe, 1976; Goetzberger
and Greubel, 1977; Levitt and Weber, 1977; Gallagher et al.,
2007; Kennedy et al., 2009; Meredith et al., 2009; Chandra et al.,
2015).

Plasmonic Luminescent Down-Shifting (pLDS) is a new optical
approach to increase the PV device efficiency by using plasmonic
coupling between luminescent materials and metal nanoparticles
(MNP) (Ahmed, 2015; Ahmed et al., 2016b). The optical properties
of fluorescent species can exhibit dramatic spectral changes in the
presence of metal nanoparticles (Reisfeld et al., 1988; Stranik et al.,
2005; Noguez, 2006; Ghosh and Pal, 2007; Stranik, 2007; Fort and
Gŕesillon, 2008; Catchpole and Polman, 2008; Chandra et al., 2010,
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0038-092X/� 2016 Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail address: hahmed@tcd.ie (H. Ahmed).

Solar Energy 141 (2017) 242–248

Contents lists available at ScienceDirect

Solar Energy

journal homepage: www.elsevier .com/locate /solener

http://crossmark.crossref.org/dialog/?doi=10.1016/j.solener.2016.11.036&domain=pdf
http://dx.doi.org/10.1016/j.solener.2016.11.036
mailto:hahmed@tcd.ie
http://dx.doi.org/10.1016/j.solener.2016.11.036
http://www.sciencedirect.com/science/journal/0038092X
http://www.elsevier.com/locate/solener


2012; Reisfeld, 2010; Ahmed et al., 2016b). In previous work quan-
tum dot pLDS layers have been demonstrated to improve the short
circuit current density of c-Si and DSSC devices, reaching up to
�22% in the region 300–500 nm, demonstrating the possible
improvement due to the action of plasmonic interaction (Ahmed
et al., 2016b). In this paper pLDS layers of lumogen yellow dye will
be investigated for CdTe mini-module solar cells and the results of
which are new and original.

1.1. Plasmonic interaction

When light interacts with the surface plasmon resonance (SPR)
at the surface of metals such as silver it can result in a surface plas-
mon polariton. In this state the electric field associated with the
light is highly amplified in a small evanescent region near the sur-
face of the metal nanoparticles (MNPs) (Stranik et al., 2005; Ghosh
and Pal, 2007; Fort and Gŕesillon, 2008; Ahmed et al., 2016b).
When a fluorescent species is placed in the range of enhanced local
electromagnetic filed (EM) field, plasmonic interaction takes place,
which can enhance the light absorption and fluorescent emission
rates (Stranik et al., 2005; Fort and Gŕesillon, 2008; Chandra
et al., 2010, 2012; Ahmed, 2015; Ahmed et al., 2016b).

There are two enhancements due to the presence of MNPs: (i)
an increase of the excitation rate and (ii) an increase in the lumi-
nescent quantum yield (LQY). Both are a function of the plasmonic
resonance of MNPs. The enhancement is maximized for excitation
if the SPR resonance overlaps with the excitation peak wavelength
of the luminescent material while the enhancement is maximized
for LQY if the SPR resonance overlaps with the peak emission
wavelength (Ghosh and Pal, 2007; Stranik, 2007; Fort and
Gŕesillon, 2008). The focus of this study is to investigate the
enhancement due to the increase in the excitation rate.

The average excitation rate of the fluorophore molecule is
directly proportional to the EM filed intensity and given as (Fort
and Gŕesillon, 2008);

Cexc / eðkÞjp̂exc � E1j2

where eðkÞ is the molecular absorptivity of the fluorophore mole-
cule, p̂exc is the transition dipole moment and E1 is the incident plus
the surface plasmon enhanced EM field. The enhanced electric field
vector decays exponentially away from the surface of MNPs
(Lakowicz et al., 2002; Stranik et al., 2005; Chandra, 2013), and
therefore in order to modify the luminescent material absorption
and excitation rate it is important to place the fluorescent species
in this enhancement region.

There is an optimum spacing before the plasmonic affect can
take place. If the distance between the luminescent particle and
MNPs is too small then non-radiative transfer of the excitation to
the metal becomes likely and the emission is quenched
(Lakowicz et al., 2002, 2004; Stranik, 2007; Chandra et al., 2012).
If the luminescent species is placed beyond this quenching zone,
the fluorescence enhancement should reach a maximum and then
decrease as the distance increases (Stranik, 2007). In general plas-
monic interaction can be controlled (Chandra et al., 2010; Chandra,
2013) by orientation of the luminescent species with respect to the
MNPs surface, the surface plasmon resonance wavelength of MNPs,
the spacing between MNPs and luminescent species and/or the
spectral overlap of the SPR with the absorption and emission bands
of the luminescent species. In this work, plasmonic interaction is
controlled by the spectral overlap of the SPR with the absorption
of the luminescent species and by the spacing between the lumi-
nescent material and the MNPs. The spacing is manipulated by
controlling the concentrations of both luminescent species and
the MNPs.

2. Materials and method

2.1. Materials

The luminescent material used in this investigation was organic
dye lumogen yellow developed and manufactured by BASF, Ger-
many. A clear polymer poly(methyl methacrylate) (PMMA) (Carl
Roth GmbH+Co.KG) was used for the encapsulation of LDS layers.
The MNPs used for the plasmonic interaction was silver (Ag) sup-
plied by Sigma Aldrich. It was chosen because the SPR of the Ag
particles is in the UV region (at 399 nm) which can be tuned in
the synthesis process to match the absorption peaks of lumogen
yellow dye. The preparation of the Ag NPs followed the method
reported by Ledwith et al. (2007) which produces highly stable
shaped particles. Ag NPs of triangular and spherical shapes, with
triangular shapes being dominant, were produced. The particles
were quite uniform in size distribution with an average diameter
of 45 ± 5 nm. SEM analysis of the Ag NPs has been reported in
our previous study (Ahmed et al., 2016b). Dimethylformamide
(DMF) solvent (density 0.944 g/ml at 20 �C, refractive index 1.43)
purchased from Sigma Aldrich was used as common solvent for
both Ag NPs and lumogen yellow dye.

2.2. pLDS layers and devices fabrication

2.2.1. Optimisation of lumogen yellow dye concentration
The required quantity of the dye was dispersed in DMF solution,

and subsequently sonicated for 15 min in an ultrasonic bath. Dye/
DMF solution was added to PMMA solution (50 wt%) magnetically
stirred for further 20 min. A homogeneous solution with a range of
different concentrations (0.05, 0.15, 0.30, 0.60, 0.90, 1.10 and
1.30 wt%) were prepared, drop casted on glass substrates (size
15 cm � 15 cm � 1 cm) and left in an oven (800 mbar at a temper-
ature of 25 �C) for 72 h to cure. Layers were removed from the glass
substrate after the curing process by making a small cut at one of
the edges and slowly lifting up the layers. Uniform layers were
obtained when removed from the glass substrate. The average
thickness of the layers was measured by a white light interferom-
eter technique and found to be 0.95 ± 0.05 lm.

2.2.2. Optimisation of pLDS composite layers
The optimum concentration of the dye was mixed with the Ag

NPs/DMF solution and sonicated in an ultrasonic bath for 25 min,
added to the PMMA solution, and magnetically stirred for further
20 min and then placed in an ultra-sonic bath for another
15 min. A homogeneous solution with different Ag NP concentra-
tions (varied from 0 to 40 ppm; 0 ppm refers to sample containing
only dye) were prepared. The same process as in Section 2.2.1 was
undertaken for the composite layers fabrication. Varying the con-
centration of the Ag NPs allowed the optimization of the maximum
fluorescence enhancement of the dye composite layers.

2.2.3. pLDS devices fabrication
The CdTe mini-modules (15 cm � 15 cm) were purchased from

Advanced Solar Power INC, China. The modules were have an
active area of 196 cm2 after masking. Devices were fabricated by
directly depositing the LDS layers on top of the CdTe mini-
modules surface, using PMMA solution to glue the layers. The
deposited layers were left for three days to dry and stick to the
cells as presented in Fig. 1. In order to determine the performance
of the CdTe modules before and after downshifting layer encapsu-
lation, the electrical characterization of a reference CdTe solar cell
(shown in Fig. 1a) was compared with a CdTe solar cell encapsu-
lated with dye-LDS layer (Fig. 1b), and with pLDS composite layer
(Fig. 1c). A few bubbles were observed in the fabricated devices
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which indicated an air gap between the LDS layer and the CdTe
mini-modules.

2.3. Characterisation techniques

2.3.1. Spectroscopic characterization
UV/Vis/NIR absorption spectroscopy was used to measure the

absorption characteristics of the down-shifting layers. The UV/
Vis/NIR absorption spectrometer used was a Perkin Elmer Lambda
900 using an integrating sphere configuration to minimize the
effect of scattering losses due to the presence of Ag NPs. A blank
PMMA sample was used as a reference during the measurements.
The emission spectra of the LDS layers were measured by optically
pumping samples using a monochromated light source using
Luminescence spectrometer Perkin Elmer LS55B.

2.3.2. I-V measurements
Current-Voltage measurements were performed with a Keithley

2400 SMU (Source Meter Unit). The light source used was a metal
halide discharge lamp (Griven, GR0262). An additional low inten-
sity UV lamp (0.49 mW/cm2), is introduced so that spectral mis-
match is minimized in the region 300–400 nm where the LDS
material absorption is most significant. With this arrangement a
solar simulator set-up of class B was achieved. The percentage of
spectral irradiance within six defined wavelength bands (300–
1100 nm) according to the ASTMG173-03 standard and corre-
sponding% values for the Griven light source with and without
an additional UV lamp was reported in our previous paper
(Ahmed et al., 2016b). Five current–voltage measurements were
taken for each device and results were averaged. The deviation
between measurements was less than 3%.

2.3.3. External quantum efficiency (EQE) measurement
The EQE system used was Bentham PVE300 of one sun (1000W/

m2) during the measurements. The system uses a monochromatic
probe source from a TMc300, 300 mm focal length monochroma-
tor, and a dual Xenon/quartz halogen light source providing opti-
mum illumination from 300 to 1100 nm with uncertainties of 5%.
The monochromatic beam area is 1.85 mm2 and is directed at the
centre of the cell, measuring the photocurrent generated by the cell
at each wavelength.

3. Results and discussion

Fig. 2 shows the measured absorbance spectra for lumogen yel-
low dye LDS layer of different concentrations. It has been observed

that the peak absorbance intensity increased from 0.06 for
lower concentration (0.05 wt%) to 1.4 for higher concentration
(1.30 wt%).

Fig. 1. CdTe mini modules (196 cm2). (a) A clear module, (b) encapsulated with dye-LDS layer and (c) with dye-pLDS composite layer.
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Fig. 2. Absorbance spectra for lumogen yellow day LDS layers of different
concentrations.
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Fig. 3. Emission spectra for lumogen yellow dye LDS layers of different
concentrations.
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Fig. 3 displays the emission spectra measured for lumogen
yellow dye LDS layers using emission scan mode at excitation
wavelength of 380 nm. It is has been observed that the emission
reached its maximum at a concentration of 0.9 wt% and then
decreased for higher concentrations. It is seen from emission mea-
surements that the spectra are slightly red-shifted with increasing
the dye concentration. However significant red-sift occurs after
concentration of 0.9 wt% onwards due to so-called inner filter or
self-absorption effects. The inner filter effects are results of two
processes, first: absorption of the excitation light: this occurs when
using a high concentration of the absorbing molecules, where a sig-
nificant fraction of incident light is absorbed very close to the front
wall of the cuvette. As a result, emitted light may not be visible to
the detector. Second: absorption of the emitted light: re-
absorption occurs at higher concentrations as emitted photons
are absorbed by another molecule before reaching the detector.
In both cases, the inner filter effects change the spectrum and
intensity of the emitted light.

The integrated absorbance and integrated emission for the LDS
layers with their different dye concentrations is shown in Fig. 4.
From fluorescent spectroscopy measurements, 0.9 wt% is the opti-
mum concentrations for lumogen yellow dye. Higher than these
concentrations the emission intensity starts to decrease. This opti-
mum concentrations was used when incorporating with the silver
nanoparticles in the composite layers fabrication.

Fig. 5 shows absorbance measurements of the different pLDS
composite layers prepared with plasmonic coupling of Ag NPs
and lumogen yellow dye. The Ag NPs have retained their optical
properties during re-dispersion in PMMA and in the curing process.
The extinction spectra of Ag NPs in DMF solvent and in PMMA lay-
ers was reported in our previous study (Ahmed et al., 2016b).

It was observed that the absorption increased with increasing
Ag NPs concentration (up to 90% relative increase). The enhance-
ment was calculated as the difference between the absorption
spectrum with and without Ag NPs. This enhancement was found
to be strongly dependent on the spectral overlap between the
luminescent materials absorption peak and the Ag NPs extinction
peak (Ahmed, 2015; Ahmed et al., 2016b); a greater overlap leads
to higher absorption (Stranik, 2007; Ahmed et al., 2016b).

The observed enhancement of the absorbance can be attributed
to the presence of the Ag NPs which enhanced the local photon
mode density in the vicinity of the fluorescent particle (Reisfeld,
2010; Ahmed et al., 2016b).

Fig. 6 shows the emission measurements of the pLDS composite
layers where the excitation wavelength was at 380 nm. The
enhancement was calculated as the difference between the emis-
sion spectrum with and without Ag NPs. It can be seen from
Fig. 6 that the emission increased with increasing Ag NPs concen-
tration, reaching a maximum at concentration of 20 ppm, and
decreased at higher MNPs concentration.

The measured emission enhancement vs the change in absor-
bance and Ag NPs concentration for pLDS composite layers is sum-
marized in Fig. 7. The maximum emission enhancement for the
pLDS composite layer was found to be 81% relative to the blank
dye-LDS layer. The optimum concentration for Ag NPs was found
to be at 20 ppm.

Fig. 8 shows the J-V curves for CdTe mini modules-under GR062
illumination for dye-LDS and for the pLDS layers. The increase in
the current generation for the plasmonic layer is clearly visible
compared to LDS layer containing only dye, and the CdTe bare cell.
J-V characteristics for CdTe mini-modules with and without Ag NPs
incorporation in LDS layers are presented in Table 1.

The electrical characterization showed an increase of 6.1% in the
current density due to the presence of the dye when compared to
the bare CdTe mini module. An enhancement of 11.3% was calcu-
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lated for the pLDS composite layer. The differences observed in the
current density for the composite layer can be explained by the
enhancement due to the presence of the Ag NPs in the pLDS layer
(Ahmed et al., 2016b).

The measured EQE of the different configurations are shown in
Fig. 9. The EQE of the CdTe mini-modules devices shows an
improvement in EQE, reaching 15–30% between 300 and 500 nm
for dye-LDS layers. However the addition of the dye-LDS layer
results in a slightly reduced EQE between 490 and 510 nm. This
is due to the overlap between the absorption and emission spectra
which causes self-absorption (Ross et al., 2012; Ahmed et al.,
2016a, 2016b). This reduction however is offset in the plasmonic
layer which shows a significant increase of 25–40% between 300
and 500 nm.

The measured values of Jsc and the measured EQE are related.
The gain in short-circuit current density (Jsc) from LDS layers is
compared with that expected from the EQE measurements using
the following equation (Ross et al., 2012);

JSc ¼ q
Z k2

k1

uðkÞEQEðkÞdk ð1Þ

where q is the electron charge, u is the photon flux, k1 and k2 define
the range of the spectrum for which Jsc is to be calculated, and EQE
is the measured external quantum efficiency. The Jsc was calculated
from AM1.5G ASTM standard and from Griven GR0262 solar simu-
lator. The uncertainty of the Jsc results is ±5% due to the uncertainty
of the EQE measurements. The relative increase was calculated for
all CdTe devices for both light sources at the range 300–500 nm
(where the dye is absorbing and the action of the LDS layer is more
significant) and at 300–900 nm while J-V results, such as those pre-
sented in Fig. 9 and Table 2 were useful for confirming trends.

Jsc calculated for the AM1.5G ASTM standard was found to be
higher compared to Griven solar simulation which is due to the
spectrum mismatch between lamps (Ahmed, 2015; Ahmed et al.,
2016b). The results discussed here are for Griven solar simulation
however, the results obtained from the AM1.5G calculations con-
firm the same trend.

Table 2(a) shows Jsc calculated for CdTe mini-modules using a
Griven GR0262 solar simulation and in (b) using AM1.5G ASTM
for the dye-LDS layer with and without plasmonic interaction. An
increase of 48.5% was calculated in the Jsc at 300–500 nm for the
dye-LDS layer compared to the CdTe mini module, while 97.9%
was calculated for the pLDS composite layer. The enhancement
in Jsc due to the Ag NPs in the composite layer was found to be
33.3% compared to the LDS layer with only dye. At 300–900 nm
the composite layer has shown an increase of 11.1% compared to
5.9% for the dye when they are both compared to the CdTe mini
module.
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Table 1
Measured J-V characteristic of CdTe mini-modules under Griven GR0262 + UV lamp solar simulator with dye-LDS layer and pLDS composite layer.

Jsc (mA/cm2) Voc (V) FF ɳ (%) DJsc %
± 0.03

CdTe 11.5 10.9 0.52 5.3 –
Dye-LDS 12.2 10.9 0.54 5.8 6.1
pLDS 12.8 11.0 0.57 6.6 11.3
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Fig. 9. EQE spectrum of CdTe mini-modules with no (i) LDS layer, (ii) with dye-LDS
layer and (iii) with dye-pLDS composite layer.
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4. Conclusion

This work has studied the first reported plasmonic down shift-
ing layers (pLDS) for CdTe solar cells. Composite layers were suc-
cessfully fabricated by drop casting on glass substrates with
varying Ag NPs concentration from 0 to 40 ppm while fixing lumo-
gen yellow dye concentration to an optimum concentration of
0.9 wt%. This allowed the manipulation of spacing between the
Ag NPs and the lumogen yellow dye particles. The presence of sil-
ver nanoparticles produced a plasmonic interaction that has signif-
icantly improved the absorption and emission of lumogen yellow
dye molecules. A 90% relative increase in the absorption and an
81% for the emission intensity was calculated for lumogen yellow
dye at Ag NP concentration of 20 ppm. These enhancements of
the absorption and emission are promising for the enhancement
of the performance of PV devices utilizing luminescent downshift-
ing layers.

For the first time, plasmonic LDS has been shown to improve
the Jsc of CdTe mini-modules devices reaching up to �100% in
the region 300–500 nm for pLDS composite LDS layer of lumogen
yellow dye and Ag NPs, demonstrating the possible improvement
due to the action of plasmonic interaction in the composite layers.
Results from both J–V and EQE measurements confirm this
improvement. The presence of Ag NPs produced a surface plasmon
response that has significantly improved the absorption and emis-
sion of lumogen yellow dye.
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DJsc ± 0.05%
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