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1. INTRODUCTION

Dye-sensitized solar cells (DSCs) invented in 1991 use a dye to
harvest sunlight and generate photocurrent.1,2 Since then, tremen-
dous progress in the field of the DSCs has been made because of
their potential low-cost compared to the traditional silicon solar
cells.3 The DSC is typically a sandwich-structured solar cell
consisting of substrate glass with transparent conducting oxides
(TCO) layer, a few-μm-thickmesoporous TiO2 film coated with a
dye, an iodide/iodine (I3

�/I�) electrolyte, and Pt-coated TCO-
glass used as a counter electrode. The sunlight harvesting by the
TiO2 surface-adsorbed dye can be improved by either introducing
larger TiO2 particles (200�1000 nm) in the transparent TiO2 film
of 15�30 nm-sized TiO2 nanoparticles or printing them on top of
the transparent TiO2 film as a scattering layer.4,5 These larger TiO2

particles scatter light by multiple reflections, increasing their
optical path length. As a result, the absorption of sunlight is
enhanced and in turn photocurrent output is improved. The Isc
increases by as much as 16% by using 200�400 nm sized anatase
particles as light-scattering centers.4,6 Spherical voids can also act
as light-scattering centers when introduced in the transparent
TiO2 film, enhancing the photovoltaic performance by 25%.7

About 6-μm-thick scattering layers consisting of 500�1000 nm
sized TiO2, ZrO2, or mixtures of the two in various proportions
were placed on the top of the transparent TiO2 films.

8,9 Amor-
phous Er3+ and Yb3+ codoped TiO2 was also used as the scattering
layer in DSCs contributing to an overall increase of 15.6% in
efficiency.10 In all these cell configurations, the scattering layer
placed on top of the transparent nanocrystalline TiO2 layer is an
internal structural component; hence, we describe it as an internal
light-scattering strategy.

An alternative strategy to improve light harvesting can be the
utilization of an up-converting phosphor (UC), which trans-
forms lower energy photons (>900 nm) into high-energy visible
photons (<750 nm) that are absorbable by the dye.11,12,20

Oneof the best knownup-convertermaterials isβ-NaYF4:Er
3+/Yb3+

owing its up-conversion properties to Er3+ doping with Yb3+

codopant assisting in the energy transfer process.20 For example,
NaYF4:Er

3+ up-converting phosphors have been applied to
silicon solar cells to obtain enhanced near-infrared (NIR)
response.13 An enhancement of 10mA cm�2 was obtained under
illumination with a 980 nm diode laser (10 mW) by applying
NaYF4:Yb

3+/Er3+ particles in amorphous silicon solar cells.19

The same researchers commented recently that optimization of
the synthesis of the up-conversion material, i.e., NaYF4:Yb

3+/Er3
+, should be pursued to improve its response-an aspect addressed
in this work.20 Y3Al5O12:Er

3+/Yb3+ has been used to convert
NIR light to green light (∼563 nm) for enhancing the NIR
response of the DSCs.18 Theoretical estimation shows about 5%
increase of the energy conversion efficiency by adding the UC in
silicon solar cells.12 Recently, we reported on the use of a TiO2/
UC (made of Er3+/Yb3+-doped LaF3) nanocomposite as
(internal) part of the DSC structure in an effort to enhance light
harvesting in the NIR region.14 This configuration, however,
proved, ineffective in delivering a higher photocurrent output
because of apparent charge recombination at the UC/dye/
electrolyte interfaces.
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ABSTRACT: Uniform β-NaYF4:Er
3+/Yb3+ hexagonal nano-

platelets were synthesized via a modified hydrothermal route,
and the nanoplatelets were applied as an external, bifunctional
layer in a novel DSC configuration consisting of only one
internal TiO2 transparent layer. Approximately 10% enhance-
ments of photocurrent and overall DSC efficiency are demon-
strated by the addition of the external layer, which exhibits two
functions of light reflecting and near-infrared (NIR) light
harvesting. The novel DSC configuration not only simplifies
the DSC fabrication process but also eliminates charge recom-
bination induced by the conducting up-converting nanocrystals when used internally thus opening the path for other more efficient
up-converting nanocrystals to be designed and applied.
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The present work reports, for the first time, on a new DSC
structure configuration that consists of one internally TiO2

transparent layer plus an external light-reflecting and NIR light
harvesting bifunctional layer consisting of uniform β-NaYF4:Er

3+/
Yb3+ hexagonal nanoplatelets-an upconversion material mor-
phology not investigated previously (Scheme 1).20 The bifunc-
tional layer is placed on the external side of the counter electrode.
The advantage of this novel strategy is not only that simplifies
DSC fabrication and provides two functions (light-reflection and
up-conversion) but also does not affect the thickness of the
internal transparent TiO2 film, which is one of the critical factors
affecting the overall efficiency of the DSCs, nor involves un-
necessary dye loading. In this work, novel DSC devices compris-
ing the internal transparent layer and the β-NaYF4:Er

3+/Yb3+

nanoplatelet external layer are fabricated and analyzed. In
particular, the ∼10% enhancement of photocurrent and overall
efficiency of the DSCs by the addition of this nanoplatelet-based
external layer is demonstrated.

2. FABRICATION AND CHARACTERIZATION OF DYE-
SENSITIZED SOLAR CELLS

The internal TiO2 transparent layer DSC devices (DSCs)
were fabricated as follows.17 A transparent TiO2 film on TCO
glass (3-mm thickness, 13.5 ohms/sq., 81.4% of transmittance,
Nippon Sheet Glass, Japan) was prepared by screen-printing a
commercial TiO2 paste (18-NT, Dyesol, Australia) followed by
an annealing treatment and then sensitized with N719 dye
(Dyesol, Australia). This N719-sensitized TiO2 film/TCO glass
was used as the working electrode of the DSCs. The counter
electrode was Pt-deposited TCO-glass. A 25 μm-thickness
sealant (Dyesol, Australia) was used as a spacer between two
electrodes in order to seal them together under heating at 120 �C.
The I3

�/I�-based electrolyte (EL-HPE, Dyesol, Australia) was
injected into the solar cell through a hole at the counter electrode
side. The hole was sealed with a cover slide and the sealant to
avoid leakage of the electrolyte solution. Fabrication of the novel
DSCs with the external layer made of the β-NaYF4:Er

3+/Yb3+

hexagonal nanoplatelets (E-DSCs): an ethanol suspension of the

β-NaYF4:Er
3+/Yb3+ hexagonal nanoplatelets (5 mg mL�1) was

deposited on a substrate followed by heating at 60 �C to remove
the ethanol. This deposition process was repeated until a certain
thickness of β-NaYF4:Er

3+/Yb3+ film was formed. To completely
remove any organic debris and internal water from the film, we
subjected the latter to heat treatment. Finally, the film was placed
on the rear side of the counter electrode of DSCs.

Photovoltaic measurements were made with a small area solar
simulator (PV Measurements Inc.) equipped with an AM1.5G
filter (PV Measurements Inc.). The power of the simulated
light was calibrated to an overall intensity of 100 mW cm2 by
using a standard solar cell. I�V curves were obtained by apply-
ing an external photomask (0.4 � 0.4 cm2) to the cell and
measuring the generated photocurrent with a Keithley 2400
sourcemeter. For each device a minimum of threemeasurements
were made from which average values were obtained and
reported. The model of the 980 nm fiber laser was L3-PTX98
(JDS Uniphase), and the fiber core diameter was 105 μm. Power
supply for the laser was obtained from a GW INSTEK unit
(model PSP-2010).

3. RESULTS AND DISCUSSION

3.1. Configuration of DSC Devices. In this work, we applied
an external layer consisting of β-NaYF4:Er

3+/Yb3+ hexagonal
nanoplatelets (Figure 1) on the rear side of the one internal-layer
DSC (Scheme 1). The β-NaYF4:Er

3+/Yb3+ nanoplatelets were
synthesized via a modified hydrothermal route (see the Support-
ing Information).21 Under the excitation of 980 nm light, green
(peak at 510�570 nm) and red (peak at 640�680 nm) emis-
sions from the β-NaYF4:Er

3+/Yb3+ nanoplatelet-made film were
observed, respectively (Figure 2). The green emission corre-
sponds to excitation routes from excited state 2H11/2,

4F7/2, and
4S3/2 to the ground state 4I15/2 of Er3+ under the 980 nm
irradiation; and the red one emitted from excited state 4F9/2 to
the 4I15/2.

15,16 Further, it is noted that the intensity of the green
emission is much higher than that of the red emission according
to the area values of the emission peak and the color observation

Scheme 1. Schematic Configuration of the Novel DSC Device Consisting of One Internal TiO2 Transparent Layer Plus an
External Rear Layer of β-NaYF4:Er

3+/Yb3+ Nanoplatelets
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with naked eyes. The stronger green emission indicates that the
nanoplatelets can be an excellent candidate for NIR light harvest-
ing in DSCs because the N-719 sensitizer in the DSCs efficiently
absorbs the green light converted from the NIR light.14 In
addition to its up-conversion properties, the film made from
the β-NaYF4 nanoplatelets is white, and hence is capable of total
light-reflection.
To investigate the dual NIR light up-conversion and light

reflection effect of the external layer on the photovoltaic perfor-
mance of the DSC, two types of DSCs were fabricated: (1) a
control DSC consisting of a dye N719-sensitized transparent
TiO2 film on TCO glass as working electrode, Pt-coated TCO
glass as the counter electrode, and I�/I3

� liquid electrolyte; and
(2) an experimental device with the external β-NaYF4:Er

3+/Yb3+

hexagonal nanoplatelet-comprising layer (E-DSC).
3.2. Effect of TiO2-Layer Thickness on Performance of

E-DSCs. Because the thickness of the TiO2 layer is one of the
factors affecting short-circuit current density (Isc) and overall
DSC efficiency (η),4,6,16,22 a series of devices (with and without

the inclusion of the external UC layer) with different TiO2 film
thickness were fabricated. The hexagon size and the thickness of
the nanoplatelets used in Sections 3.1�3.3 were about 0.8 μm�
0.2 μm, respectively (Figure 1). The photovoltaic characteristics
of these devices under AM1.5 G sunlight as well as under 980 nm
light are shown in Table 1. In both types of devices, 14( 0.5 μm
thickness was determined to be the optimum for the transparent
TiO2 layer. The internal scattering layer (typically 4�5 μm
thickness) in conventional DSCs might become a barrier to
electron/charge or electrolyte diffusion.4 Such diffusion problem
is removed in the novel DSC configuration. Both Isc and η are
clearly enhanced by the addition of the β-NaYF4:Er

3+/Yb3+ rear
layer. No evident change of fill factor (FF) and the open-circuit
voltage (Voc) happens with the introduction of the β-NaYF4:Er

3+

/Yb3+ layer as the latter is placed externally to the dye-sensitized
photoanode/electrolyte system.
3.3. Effect of the β-NaYF4:Er

3+/Yb3+ Nanoplatelet External
Layer on E-DSC Performance. At the optimum TiO2 layer
thickness, the photovoltaic characteristics of the standard DSC
were, Voc = 0.634 V, Isc = 16.45 mA cm�2, FF = 0.66 and η =
6.94%. Upon the addition of the β-NaYF4:Er

3+/Yb3+ rear layer,
the Isc andηwere enhanced to 17.91mA cm�2 andη = 7.36% but
as mentioned FF and Voc remained the same. The photovoltaic
response of the E-DSCs is shown in Table 1 and Figure 3. Under
this NIR light source (2.4 W power), 0.25�0.40 V of Voc and
0.030�0.050 mA of Isc were obtained in the E-DSCs, respec-
tively clearly confirming the upconverting function of the
external β-NaYF4:Er

3+/Yb3+ rear layer. Hence, compared with
the control DSC device, the improvement of both the photo-
current density (Isc, up to 11.1% increase) and the overall
efficiency (η, up to 10.2% increase) in the E-DSC device is
attributed to combining light reflective action and NIR light-
harversting (upconversion) properties of the β-NaYF4:Er

3+/Yb3+

nanoplatelet-made rear layer.
In a previous work, we proposed NIR sunlight harvesting in

DSCs by inserting a LaF3:Er
3+/Yb3+-TiO2 nanocomposite layer

between the transparentTiO2 layer and the scatteringTiO2 layer.
14

That configuration proved ineffective, however, because the LaF3:

Figure 2. Up-conversion fluorescence spectra of the β-NaYF4:Er
3+/Yb3+ nanoplatelets layer.

Figure 1. SEM images of the β-NaYF4:Er
3+/Yb3+ nanoplatelets.
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Er3+/Yb3+ nanocrystals acted as charge recombination centers
causing loss of the photocurrent generated by the NIR light
harvesting. The photocurrent of the present configuration pro-
duced by the 980 nm laser is much higher (∼38% increase) than
that in the previous work. Similar results were obtained in the
present work when the layer of β-NaYF4:Er

3+/Yb3+ upconversion
nanoplatelets was inserted in the interior of the cell on top of the
transparent TiO2 layer and in contact with the electrolyte. In this
case the photovoltaic performance (for a cell with the standard
14 ( 0.5 μm TiO2 film thickness) dropped to Voc = 0.624 V,
Isc = 14.07 mA cm�2, FF = 0.62 and η = 5.48%. Hence the
external β-NaYF4:Er

3+/Yb3+ nanoplatelet layer as described in
this work greatly overcomes the charge recombination drawback
while at the same time offers an easily fabricated and elegant
structure.

3.4. Effect of Er3+/Yb3+ Dopants on E-DSC Performance.
According to the above presented results, the external layer
consisting of β-NaYF4:Er

3+,Yb3+ nanoplatelets yields ∼10%
DSC efficiency and photocurrent enhancement attributed to
its dual functions of light reflecting and NIR up-converting. In
order to differentiate the contribution of the up-converting
effect, E-DSCs were fabricated of whose the external layers
consisted of β-NaYF4 nanoplatelets not only doped with Er3+/
Yb3+ but also without them. As mentioned in the introduction it
is the dopants that are responsible for the up-converson of NIR
light to visible light.20 For this series of tests new β-NaYF4
nanoplatelets were synthesized under the same conditions with
and without the upconverting Er3+,Yb3+ dopants. In the experi-
ment, we used two different-sized platelets, i.e., 2.0 μm� 0.5 μm,
and 0.75 μm� 0.2 μm, for fabricating the external layers. These

Table 1. I�V Parameters for the DSC and E-DSC Devices under AM 1.5G Filtered Spectral Illumination at an Intensity of 100
mW cm�2 or a 980 nm Fiber Laser with an Operating Output Power of 2.4 W

AM1.5 G solar simulator

Voc (V) Isc (mA cm�2) FF η (%) 980 nm fiber laser

thickness (μm) DSCs E-DSCs DSCs E-DSCs increase (%) DSCs E-DSCs DSCs E-DSCs increase (%) Voc (V) I (mA )

5( 0.5 0.624 0.629 14.07 15.32 8.9 0.62 0.62 5.48 5.95 8.6 0.33 0.030

7( 0.5 0.629 0.634 15.07 16.42 8.9 0.64 0.64 6.06 6.68 10.2 0.39 0.050

9( 0.5 0.634 0.634 15.50 16.77 8.2 0.64 0.65 6.30 6.87 9.1 0.38 0.040

12( 0.5 0.634 0.634 15.92 17.69 11.1 0.66 0.65 6.67 7.25 8.7 0.31 0.043

14( 0.5 0.634 0.639 16.45 17.91 8.9 0.66 0.64 6.94 7.36 6.1 0.29 0.040

16( 0.5 0.664 0.664 14.93 16.22 8.6 0.68 0.65 6.72 7.05 4.9 0.26 0.044

18( 0.5 0.624 0.629 14.06 15.13 7.6 0.64 0.63 5.62 5.94 5.6 0.25 0.049

Figure 3. I�V characteristics of E-DSCs with different internal layer thickness under illumination with a 2.4W power 980 nm laser.
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can be seen in the supporting material of this paper (see Figures
S4.1 and 2 in the Supporting Information). Their photovoltaic
data are presented in Table 2.
As per data of Table 2, once more the addition of the external

layer can be seen to yield enhanced photovoltaic performance,
namely an increase up to 15.4% for Isc and up to 10.4% for cell
efficiency. Closer evaluation of the data shown in Table 2 reveals
that the observed enhancements are predominantly due to the
light reflecting action of the β-NaYF4 nanolatelet-based external
layer. The up-conversion contribution of the Er3+,Yb3+ dopants
by difference is estimated at∼1% both in terms of photocurrent
and conversion efficiency. This is a relatively significant result as
it demonstrates for the first time the upconversion enhancing
effect of Er3+,Yb3+ under full sun illumination as opposed to
previous “proof-of-principle” tests employing 980 nm laser
illumination only.18,19 Apparently the choice and crystal design
of the host material plays an important role in this context with
the β-NaYF4 hexagonal nanolatelets reported in this work
performing better than, for example, Y3Al5O12: Er

3+/Yb3+ or
TiO2: Er

3+/Yb3+ tried in DSCs or poorly described β-NaYF4:Er
3+,

Yb3+ particles used in an amorphous silicon solar cell.10,18,19

Further optimization of the up-conversion material, however, as
pointed out recently,20 is required to render up-conversion a
viable option in solar cell fabrication.

4. CONCLUSIONS

A novel DSC configuration consisting of an internal transpar-
ent anatase (TiO2) layer plus an external bifunctional layer was
proposed, which can simultaneously reflect light and utilize near-
infrared (NIR) light thus having the advantages of simplified
DSC fabrication and enhanced light to current efficiency and
photocurrent output. The external layer is optimally made from
uniform β-NaYF4:Er

3+/Yb3+ hexagonal nanoplatelets synthe-
sized by a simple hydrothermal route.
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