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a b s t r a c t

In this study, Eu2þ-doped barium silicate (Ba2SiO4:Eu2þ) nanophosphors dispersed in a surfactant
solution were spin-coated on commercially available silicon solar cells to form colloidal crystals on the
surface. The crystals then act as luminescence down-shifting centers to generate low-energy photons for
incident ultraviolet light. The fluorescence from the Ba2SiO4:Eu

2þ nanophosphors was further enhanced
by coating a metal-enhanced layer composed of Ag nanoparticles and a SiO2 spacer. The solar cells
showed an enhancement of 0.86 mA/cm2 in short-circuit current density and approximately 0.64%
increase in power conversion efficiency when coated with nanophosphors, SiO2 spacers, and Ag
nanoparticles. The properties of cells integrated with the metal-enhanced layer were characterized to
identify the roles of nanophosphors and Ag nanoparticles in improved light harvesting. These
experiments demonstrated that the colloids of Ba2SiO4:Eu

2þ acted as luminescence down-shifting
centers in the ultraviolet region and the metallic nanoparticles also helped to enhance fluorescence in
the visible region to increase light absorption within the measured spectral regime.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

The maximum efficiency of a single-junction solar cell is
constrained by the Shockley–Queisser limit [1], which defines
the maximal output power as a function of the bandgap in a solar
cell. Limitations set on the maximum efficiency of the cells are due
to the loss mechanisms in solar cells, such as sub-bandgap-energy
photon loss [2] and thermalization of charge carriers caused by the
absorption of high-energy photons with energies larger than the
bandgap of the solar cell. These fundamental losses directly lead to
an efficiency limit of approximately 30% for a material with a
bandgap of 1.1–1.3 eV under non-concentrated Air Mass 1.5 (AM
1.5) illumination [1].

Various schemes have been proposed to overcome this funda-
mental efficiency limit for single-junction solar cells [3–5]. How-
ever, these steps are either difficult to implement or expensive to
mass produce. One way to surpass this limit is using a lumines-
cence down-shifting (LDS) process to absorb high-energy photons
and re-emit them at longer wavelengths such that the photo-
voltaic device exhibits a significantly better response. The applica-
tion of an LDS layer was first demonstrated in the late 1970s to
improve the poor spectral response of solar cells to short-
wavelength light. The LDS layer can help harvest full solar energy

by expanding the operating spectral range toward the ultraviolet
(UV) range. A recent theory demonstrated that a conversion
efficiency of 38.6% can be achieved under unconcentrated sunlight
using a silicon solar cell with an ideal LDS material [6]. Detailed
reviews of the progress in this area can be found in Refs. [7–14].

An increase of 0.3% (absolute) was reported when an organic
luminescent dye is included in the ethylene vinyl acetate (EVA)
encapsulation layer of multicrystalline silicon photovoltaic mod-
ules [15]. Thermodynamic evaluation and analysis involving both
lossless and lossy theoretical limits have further demonstrated
that 7% efficiency improvement in efficiency can be achieved using
a perfectly down-converting material [16]. The down-conversion
process increases the short-circuit current while retaining the
open-circuit voltage. For semiconductor nanoparticles, the high
surface-to-volume ratio may possibly create a high concentration
of mid-level trap states and coalesce into a band that function in
doubly radiative emission processes in an efficiency manner
[5,16,17]. Therefore, the increase in surface traps could be advan-
tageous for the LDS process for the nanophosphors as well.
Furthermore, if nanoparticles are embedded within the top layer
of the solar cells, then the scattering becomes inconsequential and
the inherent scattering property in a down-converting layer could
be solved. This becomes an advantage for any three-dimensional
configuration of the down-conversion layer [16]. For example,
YVO4 nanophosphors were directly integrated into the textured
solar cell surface without host materials. The proposed hybrid
system showed a 4% enhancement in short-circuit current density
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and approximately 0.7% in power conversion efficiency using AM
1.5 illumination [18].

At the other end of the spectrum, interactions of metallic
surface or particles are attracting increased interest. Near-field
interactions are those occurring within a wavelength distance of
an excited phosphors/fluorophores [19,20]. The spectral properties
of fluorescence materials can be altered by near-field interactions
with the electron plasma present in metals by several methods
that have not been used in classical fluorescence experiments.
Experimental results showing the effects of fluorophore-to-silver
distance on the emission of cyanine-dye-labeled oligonucleotides
suggest that silver island films yield improved fluorescence mea-
surements and maximum fluorescence enhancements occur at
approximately 9 nm from the metal surface [21]. The effects of
metals on fluorescence are explained using a concept based on
radiating plasmons [22]. Wavenumber matching considerations
can be used to predict whether fluorophores at a given distance
from a continuous planar are emitted or quenched. A twofold
enhancement in structured fluorescence is also observed in
perylene in close proximity to silver island films [23]. The emission
of cerium-doped yttrium aluminum garnet (YAG:Ce) phosphor
thin films can be enhanced by surface plasmon coupling to a
suitably nanostructured silver-island layer. The photolumines-
cence intensity is significantly enhanced by capping Ag islands
with a 10 nm-thick SiO2 layer as a dielectric medium [24].

The current study demonstrates the increase in conversion
efficiency of Si solar cells by combining rare-earth element-doped
barium silicate (Ba2SiO4:Eu2þ) nanophosphors, Ag NPs, and SiO2

dielectric spacer directly onto the textured surface of the devices.
Ba2SiO4:Eu2þ is a widely used optical material with many good
features, including excellent thermal efficiency and high lumines-
cent quantum efficiency [25,26]. UV or visible excitation for
Ba2SiO4:Eu2þ nanophosphors produces broadband luminescence
with peak wavelengths of 505 nm. Therefore, Ba2SiO4:Eu2þ phos-
phors are promising UV-absorbing spectral converters for solar
cells because they possess broadband absorption throughout the
entire UV region (300–450 nm) and they enable the emission of
intense visible lights. Thus, these materials are well suited for
spectral conversion in solar cells. The current study aims to
investigate the quantum efficiency enhancement associated with
metal-enhanced light harvesting and energy transfer properties of
Ba2SiO4:Eu2þ nanophosphors.

2. Experimental

Fig. 1 shows a schematic diagram of the synthesis of a micro-
textured cell surface covered with nanophosphors, SiO2 dielectric
layer, and Ag NPs (Ba2SiO4:Eu2þ/SiO2/Ag NPs). The crystalline Si
(c-Si) solar cell device used was manufactured following the

procedures reported in Ref. [27]. Given that incident UV radiations
mostly produce electron–hole pairs near the device surface,
photo-generated carriers easily disappear by recombining with
surface defects, which can lead to inferior cell efficiency. However,
in the presence of the Ba2SiO4 nanophosphors on the front side,
more photons can be absorbed closer to the depletion regionwhen
the UV photons are luminescence down-shifted to the visible
region. The built-in electric field automatically separates the
photo-generated electron–hole pairs and enhances the photovol-
taic effect.

Barium nitrate (Ba(NO3)2), europium nitrate pentahydrate (Eu
(NO3)3 �5H2O), tetraethyl orthosilicate (TEOS), and ethylene glycol
(EG) were purchased from Sigma-Aldrich. Citric acid (CA) and 28%
ammonium hydroxide (NH4OH) were supplied by Showa (Chemi-
cal Co., Ltd., Tokyo, Japan). Ag NPs dissolved in deionized water at a
concentration of 100 ppm and average diameters of 10–20 nm
were purchased from Particular GmbH. All reagents were used as
received.

(Ba1�xEux)2SiO4 (0rxr0.09) compounds were synthesized by
the typical Pechini method. Stoichiometric amounts of Ba(NO3)2,
Eu(NO3)3 �5H2O, and CA were dissolved in deionized water. Sub-
sequently, TEOS mixed in ethanol and EG were added to the
mixture solution under vigorous stirring, and the pH was adjusted
to 2 with NH4OH. The molar ratio of CA to cations and to EG was
4:1:2. The solution was heated on a hot plate at 80 1C for 3 h to
yield a transparent solution, and then the temperature was
increased to 150 1C for water evaporation. When the solution
turned into a viscous brown gel, it was dried at 100 1C in air
overnight. A fine precursor powder was produced by calcining the
dry gel in air at various temperatures (250–500 1C) for a few hours.
After eliminating organic content, the porous powder was ground
and annealed at 900 1C for 6 h in reducing atmosphere (5%
H2þ95% N2). Then, Ba2SiO4:7% Eu2þ phosphor with pale-green
appearance was obtained.

To determine the optimum SiO2 film thicknesses and nanopho-
sphor concentration for maximizing the fluorescence intensity in
the visible region, the Ba2SiO4:Eu2þ/SiO2/Ag NPs layers were first
fabricated on a planar Si surface. The Ba2SiO4 nanophosphors were
dispersed in ethanol to obtain a 1, 2, and 3 mg/ml solutions,
respectively. Spin-coating was used for nanophosphor deposition.
Using 1, 2, and 3 mg/ml of the Ba2SiO4 nanophosphors, uniform
and perfect-light-scattering thin films with a thickness of approxi-
mately 100 nm were obtained under properly controlled spin-
coating rates. Six samples with SiO2 spacer thicknesses ranging
from 5 nm to 100 nmwere deposited onto the nanophosphor layer
using a plasma-enhanced chemical vapor deposition (PECVD)
system followed by spin-coating of the Ag NPs. The decay times
of the metal-enhanced and down-shifted photoluminescence
were measured using a time-correlated single photon counting
(TCSPC) system with spectral resolution and system response of
0.1 meV and 300 ps, respectively. To determine the optimal parti-
cle density of the nanophosphors, electrical characterizations on
solar cells coated with nanophosphors of different densities were
performed by varying the concentrations of the nanophosphors
solution from 1 mg/ml to 3 mg/ml.

After optimal parameters were determined, the integrated
Ba2SiO4:Eu2þ/SiO2/Ag NPs layers were fabricated on textured
c-Si solar cells. The c-Si cells with and without Ba2SiO4:Eu2þ/
SiO2/Ag NPs layers were evaluated at room temperature based on
the illuminated current density versus voltage (J–V) characteris-
tics, external quantum efficiency (EQE), and reflectance. Photo-
current was analyzed using a solar simulator under the Air Mass
1.5 Global (AM 1.5G) illumination condition (100 mW/cm2, 25 1C).
The EQE was measured using an AM 1.5G standard spectrum and
an Optosolar simulator (SR-150). The reflectance spectra of the
samples were recorded using a UV–vis–NIR spectrophotometer

Fig. 1. Schematic of textured cell structures covered with Ba2SiO4:7% Eu2þ

nanophosphors, SiO2 layer, and Ag NPs.
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(Hitachi U-4100) at wavelengths ranging from 200 nm to 1200 nm.
X-ray diffraction (XRD) of the samples was measured using a
Bruker AXS D8 advanced automatic diffractometer with Cu Kα
radiation. The PL spectra of the nanophosphors were measured
using a Spex Fluorolog-3 Spectrofluorometer equipped with a
450 W Xe light source. The quantum efficiency (QE) of the
nanophosphors was measured using an integrating sphere, whose
inner face was coated with Spectralon equipped with a spectro-
fluorometer (Horiba Jobin-Yvon Fluorolog 3-22 Tau-3). The corre-
sponding optical absorbance (φ) and quantum efficiency (η) were
calculated using the equations from Ref. [28].

3. Results and discussion

Fig. 2 (a) shows the scanning electron microscopy (SEM) image
of the Ba2SiO4:7% Eu2þ nanophosphors. The nanophosphors had a
needle-like shape with an average diameter of �40 to 50 nm and
a length of approximately 140 nm. The size distribution of the
nanophosphors was further confirmed by dynamic light scattering
(DLS) measurements. Fig. 2(b) shows the photoluminescence
excitation (PLE) and fluorescence spectra of the Ba2SiO4 nanopho-
sphors in ethanol. The fluorescence spectrum showed a major
emission at 505 nm when the particles were excited at a wave-
length of 350 nm. The PLE spectrum was measured at a fixed
detection wavelength of 505 nm. The spectrum showed a broad
resonance expansion from 300 nm to 450 nm with a peak cen-
tered at around 360 nm, indicating that the Ba2SiO4 nanopho-
sphors exhibited the photon down-shifting by absorbing UV
photons and converting them into visible light with a high
luminescent QE of approximately 40%.

The low-magnification SEM image in Fig. 3(a) shows the as-
prepared Ba2SiO4/SiO2/Ag NPs layers on the planar Si surface at a
concentration of 2 mg/ml. The presence and compositions of the
nanophosphors were confirmed by energy-dispersive spectro-
scopy (EDS) results (Fig. 3(b)). The thickness of the as-deposited
SiO2 spacer layers was verified by the EDS mapping technique.
For example, Fig. 4(a) and (b) shows the EDS mapping results of a
sample deposited with a 100 nm-thick SiO2 layer. The aforemen-
tioned Ag NPs dispersed in deionized water were then spin-coated
onto the SiO2 dielectric layers. The EDS spectrum and SEM image
of the very dilute Ag NP coated on the texture surface of the c-Si
solar cells are shown in Fig. 5. The estimated Ag NP density was far
below 4�107 cm�2. The Ag NPs were also found to form small
aggregates on the texture. Fig. 6 shows the down-shifted PL
spectra excited at 396 nm of nanophosphors separated from the
Ag NPs as a function of dielectric layer thicknesses. The PL
intensity as a function of oxide thickness only is also shown in
the inset of Fig. 6. The spectrum of the nanophosphors without the
metal-enhanced layer is also displayed for comparison. The
enhancement in PL intensity strongly depended on the SiO2 layer
thickness and reached the maximum at a thickness value of 15 nm.
The intensity considerably decreased with increased layer thick-
ness of SiO2 above 60 nm. Base on the PL results (inset of Fig. 6),
the plasma ion bombardment during the growth of the SiO2 layer
has a minimum effect on the quality of phosphor layer. The time-
resolved spectra for the samples were obtained, and the PL decay
times were determined by the methods provided in Ref. [24,29].
The decay times were plotted as a function of SiO2 layer thick-
nesses in Fig. 7. At the maximum PL enhancement, we extracted a
decay time of 612.6 ns, which was much shorter than the case
without the metal-enhanced layer. This result indicated that
nearby Ag NPs can increase the intrinsic radiative decay rate of

Fig. 2. (a) SEM image of the Ba2SiO4:7% Eu2þ and (b) PLE (black curve) and PL (red curve) spectra of Ba2SiO4 nanophosphors in ethanol. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. (a) Low-magnification SEM image of Ba2SiO4 nanophosphor colloids deposited directly on the planar Si surface and (b) EDS spectrum of Ba2SiO4 nanophosphors.
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the nanophosphors, i.e., to modify the rate at which a nanopho-
sphor emits photons. Our results suggested that the maximum
fluorescence enhancement occurred at around 15 nm from the Ag
NPs, in good agreement with earlier reports [21,24].

Electrical characterizations of solar cells coated only with Ba2SiO4

nanophosphors with varying concentrations of nanophosphors

solution from 1mg/ml to 3 mg/ml are shown in Fig. 8. These results
were used to determine the optimal nanophosphor density for a
better power conversion efficiency. Fig. 9 displays the high-
magnification SEM cross-section images of the Ba2SiO4 nanophosphor
coated on the texture Si solar cell surface. The highest efficiency
increase (�0.2%) was achieved when the solar cell surface was
covered with nanophosphors at 2 mg/ml. The cell efficiency deterio-
rated when the particle densities were higher than 3mg/ml. This
phenomenon was attributed to the substantial absorption in the UV
region by nanophosphors, which led to the considerable loss of the
original UV transmittance toward the cell. Fig. 10 shows the J–V
characteristics of the solar cell at the maximum enhancement. The
performance of the cell without nanophosphors was also presented
for comparison. Voc and FF remained almost unaffected with increased
Jsc from 41.18 mA/cm2 to 41.51 mA/cm2 with the integrated nanopho-
sphors. Therefore, the enhancement in cell efficiency can indeed be
attributed to the increase in photocurrent and light absorption.

Subsequently, a series of solar cell samples was prepared and
characterized at different preparation stages based on the struc-
tures in Fig. 1 using an optimal concentration of 2 mg/ml Ba2SiO4

nanophosphor solution and SiO2 layer thicknesses of 10, 15, and

Fig. 4. (a) Cross-section SEM image of the SiO2 spacer. (b) EDS mapping results of the 100 nm thick SiO2 layer in (a). Distribution profiles of oxygen and silicon are plotted in
blue and red, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. SEM image and EDS results of dilute Ag NPs on texture c-Si surface.

Fig. 6. Down-shifted PL spectra excited at 396 nm from nanophosphors separated
from the Ag particles as a function of SiO2 spacer thicknesses. The inset shows the
PL intensity as a function of oxide thickness only and after the ion bombardment in
the PECVD process.

Fig. 7. Decay times of down-shifted PL from nanophosphors as a function of SiO2

layer thicknesses. Decay time of the sample coated with nanophosphor only is also
displayed for comparison.
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20 nm. The electrical characterizations of these solar cells are
summarized in Fig. 11. The conversion efficiencies slightly
increased when the cells were coated with nanophosphors only.
The efficiency increased by nearly 0.7% when the solar cell surface
was covered with Ag NPs and a 20 nm SiO2 spacer.

Fig. 12 shows the changes in the reflectance of the solar cells at
maximum performance. The spectra of the bare solar cells and
cells with nanophosphor only are also displayed for comparison.
The most significant change in the reflectance was observed in the
spectral region around 320 nm, which may be ascribed to the
absorption by Ba2SiO4 nanoparticles. However, at the optimal
nanoparticle density of 2 mg/ml, the reflectance in the UV only
decreased by o4% compared that in the cell without nanopho-
sphors and metal-enhanced layer. This result indicated that the
EQE of the original cell in the UV was unaffected by the presence
of the metal-enhanced layer.

EQE measurements were performed to understand the
mechanisms underlying the enhanced cell efficiency. The EQE of
the c-Si solar cells prepared at maximum performance was
measured relative to the bare cells without nanophosphors and
metal-enhanced structures (Fig. 13). The observed EQE enhance-
ment between 500 nm and 600 nm is possibly due to increased
lateral light scattering by the Ag nanoparticles, which tends to
guide the light into directions that are then totally internally
reflected. The presence of the nanophosphors clearly increased

EQE in the UV, indicating that the increase in photocurrent was
mostly due to the enhanced absorption of UV by nanophosphors.
The EQE measurements agreed with the reflectance results,
indicating that the cell response improved in the UV wavelength
ranges because of the combined effects from LDS and PL enhance-
ment by Ag NPs.

Fig. 14 shows the J–V characteristics of the solar cell at
maximum enhancement. The performance of the bare cell is also
presented for comparison. The results showed that Voc and FF

Fig. 9. Cross-section SEM images at high magnification of the Ba2SiO4 nanopho-
sphors coated on the texture Si solar cell surface at 3 mg/ml.

Fig. 10. J–V characteristics of the solar cell coated with nanophosphors only at the
optimal areal nanophosphor density.

Fig. 11. Efficiency enhancement of solar cells with nanophosphor only and with
nanophosphorsþmetal-enhanced layer as a function of spacer thickness.

Fig. 12. Reflectance spectra of the solar cells prepared at different stages.

Fig. 8. Enhancement in power conversion efficiency and short-circuit current as a
function of nanophosphor concentrations.
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remained almost unaffected with increased Jsc from 41.18 mA/cm2

to 42.04 mA/cm2 with the integrated Ba2SiO4 nanophosphors and
metal-enhanced layer. Therefore, the enhancement in cell effi-
ciency can indeed be attributed to the increase in photocurrent
and light absorption. This finding agreed with the improved EQE
(Fig. 13).

Ba2SiO4 nanophosphors are LDS materials with a wide UV
absorption band and a high luminescent quantum efficiency
(�40%). Thus, these nanophosphors can be used to achieve
enhanced solar cell performance because they are of low cost,
easy to manufacture, and environmental friendly. The Ba2SiO4

nanophosphors also do not undergo oxidation and thus have
higher stability for efficiency enhancement over solar cells coated
with semiconductor quantum dots (QDs)/NPs, such as Si QDs.
In addition to the novel property of LDS shown in the current
report, the surface roughness of the cells increased after the
deposition of the Ba2SiO4 nanophosphors, which could possibly
reduce the sensitivity of the devices at incident light angles. Thus,
we speculated that the photons that reached the Ba2SiO4–air
interface had more chances of being trapped in the solar cell and
were then converted to photocurrents, especially at dawn and
sunset (large incident angles).

4. Conclusion

In summary, Ba2SiO4 nanophosphors and a metal-enhanced
layer were directly integrated into the textured Si solar cell
surface. The proposed hybrid system enhanced the power conver-
sion efficiency using AM 1.5 illumination. The observed enhance-
ment can be attributed to LDS and metal-enhanced emission.
Unprecedented device performance can be expected with further
improvement in LDS quantum yield and fluorescence bandwidth
in the visible region. This approach may have promising applica-
tions in other types of solar cells and opens new possible schemes
for utilizing nanophosphors and metal NP enhancement in energy
devices.
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