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ABSTRACT: For a dye-sensitized solar cell with a near-infrared
squaraine (SQ1) sensitizer, the photovoltaic performance was enhanced
remarkably with a reflective luminescent down-shifting (R-LDS) layer to
increase the light-harvesting efficiency at the wavelength region 400—
550 nm where the SQ1 dye has weak absorption. Relative enhancements
greater than 200% in IPCE near 500 nm and 40—54% in Jsc were
achieved with red phosphor CaAlSiN;:Eu** as the LDS material,
attaining 5.0 and 4.8% overall efficiencies of power conversion for the R-
LDS layer coated on the counter electrode (front illumination) and

working electrode (back illumination), respectively.
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B ecause of their efficiency and small cost of fabrication, dye-
sensitized solar cells (DSSC) are considered prospective
candidates for next-generation solar cells.'~ In a conventional
DSSC, a monolayer film of dye on a mesoporous TiO, layer
absorbs light and injects electrons into the semiconductor. A
major factor governing the performance of DSSC is the light-
harvesting feature of the dye. The preferable dyes are those
with the widest spectral absorbance, such as conventional
polypyridyl ruthenium complexes.*”” The drawback of using
these dyes with a wide absorption band is their small absorption
coefficient, typically S000—20000 M~' cm™' for Ru-based
dyes.> Organic dyes with large absorption coefficients, e.g., SO
000—200 000 M™! cm™, typically possess narrow absorption
bands.>® A compromise thus exists between a spectral range of
absorption and an absorption coefficient of the dyes. For dyes
with a wide absorption band, a typical strategy to compensate
for the small absorption coefficient of the dye is to increase the
thickness of the TiO, mesoporous layer so that the quantity of
the loaded dye can be increased to absorb a significant portion
of incident photons.” This approach is inapplicable for solid-
state or flexible DSSCs, for which the TiO, layer must be thin.
To enhance the light-harvesting spectrum, our present work
yields a new approach in employing a near-infrared (NIR)
squaraine (SQI) dye'® with large absorption coefficients in
combination with red inorganic phosphors as luminescent
down-shifting (LDS) materials. The concept of using LDS
materials is to shift the solar radiation effectively into the
absorption band of the dye to broaden the light-harvesting
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range of the cell. Although this idea has been applied to
different kinds of solar cells,""'* it is particularly helpful for
DSSCs because the choice of the light-harvesting materials can
be quite flexible.

Other approaches to extend the light-harvesting ability of
DSSC have been reported. Among them, cosensitization with
two or more dyes of separate absorption regions enhances the
light-harvesting performance,”™'® but this technically diffi-
cult'” approach is generally limited by the unfavorable
interactions between neighboring dye molecules."” Another
approach is to use energy-relay dyes (ERD)***?*' with a
working principle similar to that of the LDS materials, but
ERDs are limited by the requirements that they must be soluble
in, but not greatly quenched by, the electrolyte media, as well as
havmg large molar absorption coefficients.'” Moreover, tandem
cells,"”?** being a conventional approach, considerably
complicate the fabrication and increase the total cost of
manufacturing.

Figure 1 illustrates the concept of LDS applied in a DSSC.
The red/NIR part of the incident light is absorbed by the dye;
the parts transmitted in the green and blue wavelength regions
are down-shifted by the reflective LDS (R-LDS) layer to red/
NIR photons and then return to the cell either directly or after
reflection from the Al layer, reabsorbed by the dye molecules.
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Figure 1. Scheme showing the working principle of a DSSC with a
reflective layer of luminescence down-shifting materials (R-LDS). The
idea is based on an active layer of the device containing a near-IR dye,
which absorbs only red/NIR photons. The transmitted blue and green
parts of incident light are absorbed by the phosphor in the R-LDS
layer, producing the reflective red/NIR luminescent photons that
match the absorption spectrum of the dye.

The R-LDS layer hence shifts photons at shorter wavelengths
to photons at longer wavelengths according to normal
absorption and luminescence, as reported elsewhere.”>** The
R-LDS layer is a granular layer with a high diffuse reflectivity
combined with a thin layer of Al foil, that can function as a back
reflector for the red/NIR photons emitted from the LDS
material bouncing back into the DSSC. The function of this
reflective feature is to enhance the light-scattering effect so as to
increase photocurrents, as we reported for the nanostructured
platinum counter electrode (CE).*® The diffuse reflection
spectra of the R-LDS layers are shown in Figure S1 in the
Supporting Information. The proposed R-LDS layer deposited
with a simple powder-coating method differs conceptually from
conventional transparent LDS layers with small light scattering.
This condition implies that the R-LDS layer is more efficient
than conventional LDS layers used in silicon solar cells."" R-
LDS is applicable only in transparent solar cells such as DSSCs.
The appropriate LDS materials should have a luminescence
spectrum matching the absorption spectrum of the dye; the
overlop between the emission spectrum and the excitation
spectrum of the LDS materials should be minimized in order to
avoid the loses due to reabsorption of the emitted photons by
the luminescent species in the LDS layer. The LDS materials
should also have large quantum efficiencies (QEs). Suitable
candidates are inorganic phosphors, organic luminescent
materials, or inorganic quantum dots."* We selected inorganic
phosphors as our R-LDS layer because of their great QEs,
excellent photochemical and thermal stabilities, low cost, and
ease of processing. It is worth mentioning that deposition of the
LDS layer from the phosphor powder is feasible by doctor
blading, screen printing, or simply putting the pressed
membrane over the cell.

Our R-LDS approach differs from those reported with
luminescence down-conversion (LDC) materials. Liu et al.*
used lanthanum vanadium oxides (LaVO,) as a LDC material
coated on the front surface of the working electrode (WE) to
filter out the UV to improve the stable endurance of DSSC, but
no enhanced short-circuit current density (Jsc) was achieved;
Hafez et al*’ observed a significantly enhanced Jsc using
lanthanide-doped TiO, photoelectrodes with europium and
samarium ions serving as LDC materials that converted UV
light to visible emission for the ruthenium dye to absorb in a
transparent device configuration, but the proof of the LDC
layer for the photocurrent enhancement was unavailable. We
placed the R-LDS layer outside the DSSC to avoid the
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complication of fabrication of the device. The net effect of the
R-LDS layer increases the Jsc of the device to 54%; a
remarkable efficiency, 7 5.0%, of power conversion is
unprecedented for a SQ1-based DSSC.

Three Eu**-doped red phosphors served as LDS materials in
the present work; their molecular formulas are CaAISiN;:Eu**
(LDS1), Ca,SigNg:Eu** (LDS2) and CaZnOS:Eu** (LDS3).
The QE of luminescence of the phosphors, measured with an
integrating sphere, are LDS1, 51%; LDS2, 42%; and LDS3, 17%
(see Table S1 in the Supporting Information). The normalized
excitation and emission spectra of the three LDS materials
appear in Figure 2, together with the normalized absorption of
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Figure 2. Normalized excitation spectra of three red phosphors
(dashed curves) recorded at emission wavelengths A,,,/nm = 615, 630,
and 650 for LDSI, LDS2, and LDS3, respectively. The normalized
emission spectra of the corresponding phosphors (solid curves) were
recorded at excitation wavelength A.,/nm = 466. The normalized
absorption spectrum of a SQ1 (molecular structure shown on top)
sensitized TiO, film is shown as a black solid curve.

a SQl-sensitized TiO, film shown as a black trace. Nearly all
emission from the phosphors can be absorbed by the SQ1 dye
inside the DSSC, because of the great overlap between the
emission bands of the phosphors and the absorption band of
the SQ1 dye. The excitation range of the phosphors fully covers
the short-wavelength part of the spectrum that is not absorbed
by the SQl-sensitized film. The solar irradiation below 550 nm
can thus be absorbed by the SQI1 dye via the luminescence of
the LDS materials, and the light-harvesting efficiency of DSSC
improves significantly.

The free-standing R-LDS layer was made by pressing the
phosphor powder at pressure 2 MPa; the layer was placed on
top of the DSSC on either the CE side or WE side. These two
device structures are shown in Figure 3. As the inorganic
phosphors have small absorption coefficients, a thick layer of
phosphor (~300 ym) is required to fully absorb photons in the
range 350—550 nm. The DSSC is illuminated from the front
side of the device of which the R-LDS layer is on the CE side
(Figure 3a), whereas back illumination is used in the case of the
R-LDS layer on the WE side (Figure 3b). The design of these
two structures aims to utilize the back reflection feature of the
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Figure 3. Schematic demonstrations of two DSSC structures
containing the proposed R-LDS layer: (a) the R-LDS layer is placed
on the counter- electrode (CE) side and incident light illuminated
from the working electrode (WE) side (front illumination); (b) the R-
LDS layer is placed on the WE side and the incident light illuminated
from the CE side (back illumination).

R-LDS layers as well as their LDS effect in order to enhance the
light harvesting of DSSCs not only in short wavelength spectral
region where the SQ1 dye has very weak absorption, but also in
the absorption range of the SQ1 dye.

There are several factors causing the current loss of the
device in the present R-LDS configuration. The main loss is
caused by the QE of the luminescent material used in the LDS
layer, which is usually much less than unity. The effect of QE
on the final enhancement of the short-circuit current density is
clearly shown in the following results by comparison of
different devices with different LDS layers. Another possible
current losing channels are reabsorption of the emitted photons
by the luminescent species itself in the LDS layer and escaping
out the emitted photons through back and side parts of the
LDS layer. We tried to minimize the reabsorption loss by
choosing appropriate luminescent materials with almost no
overlp between their absorption and emission bands. Moreover,
the Al layer at the back of the LDS layer acts as a reflective
medium to prevent the escape of the emitted photons from the
back side of the LDS layer.

Figure 4 shows the photocurrent—voltage (J—V) character-
istics of DSSC with and without the R-LDS layer on either CE
or WE side measured under standard AMI1.5G one-sun
irradiation (100 mW cm™); the corresponding photovoltaic
parameters are shown in Table 1. For both structures, the
devices with the R-LDS layer have much greater Js: than the
reference devices without the R-LDS layer, but the open-circuit
voltages (V) and the filling factors (FF) of these devices
show no significant difference (Table 1). For clarity, we define
the percentage increase in short-circuit photocurrent density
AJsc/% as (]SC,LDS - ]sc,ref)/]sc,refi Jscups and Jsc e represent
the short-circuit current densities of devices with and without a
R-LDS layer, respectively. As summarized in Table 1, AJsc/%
attained 40, 36, and 23 for devices with LDS1, LDS2, and LDS3
coated on the CE side (front illumination), respectively,
whereas the photocurrent density enhancements reached 54,
53, and 33% for those LDS materials coated on the WE side
(back illumination). The AJsc (%) values are greater for the R-
LDS layers coated on the WE side than on the CE side because
of the “filter effect” caused by the electrolyte and the Pt layer.”®
The absorption spectrum of the electrolyte and the trans-
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Figure 4. Current—voltage (J—V) characteristics of SQ1-based DSSC
devices with the R-LDS layer containing red phosphors LDS1, LDS2
and LDS3 coated on (a) the CE side (front illumination) and (b) the
WE side (back illumination); the reference cells have the same device
structures as those shown in Figure 3 but without the added Al/R-LDS
layer.

Table 1. Photovoltaic Parameters of SQ1-Sensitized TiO,
Solar Cells with and without (reference cell) an Added R-
LDS Layer under Standard AM 1.5G One-Sun Irradiation
(100 mW cm™?)

Voc Jsc (mA n AJsc
device configuration ~ (mV) cm ™) FF (%) (%)
(front illumination)

reference cell 641 8.68 0.641 3.6
LDS1-CE 651 12.14 0.627 5.0 40
LDS2-CE 646 11.82 0.630 4.8 36
LDS3-CE 641 10.71 0.648 4.5 23
(back illumination)

reference cell 645 7.25 0.698 33
LDS1-WE 655 11.17 0.652 4.8 54
LDS2-WE 648 11.07 0.633 4.5 53
LDS3-WE 634 9.67 0.661 4.1 33

mission spectrum of the Pt layer are shown in Figures S2 and
S3 in the Supporting Information, respectively. For the back-
illuminated WE-coated devices, the filter effect remains the
same for the DSSC without and with R-LDS layer, but for the
front illuminated CE-coated devices, the filter effect makes no
contribution for the performance of the reference cell
Therefore, higher AJc values were achieved for the DSSC
with R-LDS layer on the WE side than those on the CE side.
However, larger AJsc of the WE-coated devices did not
improve the device performances relative to their CE-coated
counterparts because the initial loss of the incident photons
becomes significant under back-illumination condition for the
WE-coated devices.*®
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Figure S. IPCE action spectra of devices with and without the R-LDS layer coated on either (a) the CE side or (b) the WE side, and the percentage
enhancement of IPCE with respect to the reference cell (AIPCE) for devices with a R-LDS layer coated on either (c) the CE side or (d) the WE

side.

The action spectra of efliciency of incident photons
converted to current (IPCE) are shown in panels a and b in
Figure S for devices with the R-LDS layer coated on the CE and
WE sides, respectively. The IPCE results exhibit prominent
enhancements in spectral range 400—550 nm coinciding with
the excitation spectra of the phosphors shown in Figure 2,
experimentally proving the concept of LDS applied herein. At
wavelength less than 550 nm, the IPCE values of these LDS
devices are significantly greater than those of their reference
cells, attaining IPCE 38% near 500 nm for the WE-coated
LDS1 device; this value cannot exceed 10% in a conventional
DSSC sensitized with the SQI dye.'”*” The greatly enhanced
IPCE in wavelength range 400—550 nm was caused by the
down-shifting of photons in this range to wavelengths that
match the SQ1 absorption. Moreover, the R-LDS layer can act
as a reflector layer to reflect the light into the DSSC to enhance
the IPCE at wavelength range 550—800 nm.>®

The remarkable LDS effect at the 400—550 nm spectral
range is readily understood from Figure Sc and 5d, which show
the relative enhancements in IPCE over the reference cell at
each wavelength, AIPCE (%) = (IPCE g — IPCE ) /IPCE ¢
; IPCE 1 s and IPCE , ¢ represent the IPCE values of the devices
with and without the R-LDS layer, respectively. The AIPCE
values of the LDS1 devices attained 200 and 230% near 500 nm
for the LDS1 material coated on the CE and the WE sides,
respectively, whereas the AIPCE enhancements in the 550—
800 nm range were less than 20%. AJsc values calculated from
IPCE in the spectral ranges 350—550 and 550—800 nm are
summarized in Table S2 in the Supporting Information, which
confirm the dominant effect of LDS responsible for the
enhancements of J;c. We have also estimated the relative
enhancements of the power conversion efficiencies of the three
devices in the spectral ranges of 350—550 nm and 550—800
nm; the results are summarized in Table S3 in the Supporting
Information. Our results indicate that the relative efficiency
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enhancements of the three LDS devices are quite similar in the
350—550 nm range but the enhancements of the LDSI and
LDS2 devices are much greater than those of the LDS3 devices
in the 550—800 nm range. Both enhancements in photo-
currents and efficiencies indicate a separate effect of the R-LDS
layer, i.e., the enhancement in the $50—800 nm is mainly due
to the reflective effect of the Al-foil, but the enhancement in the
350—550 nm is attributed to the LDS effect of the phorsphor to
be detailed below.

The superior performance of the LDS1 device is attributed to
the greater QE of luminescence of CaAlSiN;:Eu** than of
Ca,SigNg:Eu?* and CaZnOS:Eu** (see Table S1 in the
Supporting Information), indicating that more absorbed
photons become effectively converted to lower-energy photons,
reabsorbed by the SQI dye to increase the current for DSSC.
Our best AIPCE enhancement was achieved for SQ1-sensitized
solar cells with LDS1 coated on the WE side under back-
illumination condition (Ve = 655 mV, Joc = 11.17 mA cm™2,
FF = 0.652, and 7 = 4.8%), but the greatest photovoltaic
performance was obtained for the same device with LDS1
coated on the CE side under a front-illumination condition
(Voe = 651 mV, Joc = 12.14 mA ecm™2, FF = 0.627, and 5 =
5.0%). For those cells relative to their uncoated counterparts
(reference cells), the relative enhancements in device perform-
ance are remarkable: 39% (7 = 5.0 vs 3.6%) and 45% (1 = 4.8
vs 3.3%) for the CE-coated front-illuminated and the WE-
coated back-illuminated devices, respectively. The observed
enhancements are much greater than the reported 26%
enhancement (7 = 3.21 vs 2.55%) with an ERD (PTCDI) to
enhance the light-harvesting performance of devices sensitized
with a zinc phthalocyanine dye (TT1).® Relative to the SQI-
sensitized system, the device performance enhanced only ~5%
(n = 3.67 vs 3.51%) was reported with a phosphorescent
ruthenium complex as an ERD.'® With the great performance
in short-circuit current density over 12 mA cm™ using our R-
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LDS concept, the performance of the CE-coated LDS1 device
has been improved to # = 5.0%, which is an outstanding result
for a DSSC sensitized with only the SQ1 dye.

In conclusion, we present here a proof of concept of applying
luminescent down-shifting (LDS) materials in a reflective
configuration to enhance significantly the photovoltaic perform-
ance for mesoporous TiO, solar cells sensitized with a near-
infrared squaraine dye (SQ1). Three Eu**-doped red phosphors
were selected as potential LDS materials such that their
emission spectra matched well the absorption spectrum of SQI.
CaAlSiN;:Eu** (LDS1) with the best luminescence quantum
yield (QE = 0.51) exhibited relative enhancements of IPCE
achieving 200 and 230% near 500 nm for LDS1 coated on the
counter-electrode side (front illumination) and the working-
electrode side (back illumination), respectively, fabricated
outside the DSSC. Accordingly, relative enhancements of 7
(or Jsc) of the corresponding devices attained 39% (or 40%)
and 45% (or 54%) for the former and the latter, respectively,
giving overall efficiency ~5% of power conversion, which
becomes a record for a SQI-sensitized solar cell. The concept
of applying an R-LDS layer to enhance the light-harvesting
performance of DSSC can be further designed in selecting an
appropriate sensitizer among many well studied dyes. The R-
LDS layers exhibit a bifunctional characteristic showing the
energy down-shifting and light backscattering features, which
might be utilized in photon-management techniques. Finally,
this approach is particularly helpful in cases in which the
available surface area for dye sensitization is limited, such as in
solid-state DSSC**™** and flexible devices;*>™° work in this
direction is in progress.

B METHODS

Polycrystalline phosphor CaZnOS:Eu** (LDS3) was prepared
with a solid-state reaction. CaS (99.9%), ZnO (99.99%) and
Eu,05 (99.9%) (all from Aldrich Chemicals, Milwaukee, WI,
USA) were weighed in stoichiometric proportions and ground
intimately. The mixture was then sintered under a reducing
atmosphere at 900 °C for 8 h and cooled to 23 °C in an electric
furnace.*® Phosphors CaAlSiN;:Eu?* (LDS1) and
Ca,SigNg:Eu** (LDS2) (Taiwan Nakamura Scientific Instru-
ments Corporation) and SQ1 dye (Luminescence Technology
Corporation, Taiwan) were obtained as indicated. Optical
absorbance and quantum efficiency of phosphor samples were
measured with an integrating sphere method.*®

A paste of TiO, nanoparticles (particle size 20 nm) was
prepared with a combined sol—gel/hydrothermal method.” The
TiO, films (active area 0.4 X 0.4 cm?, thickness ~10 ym) were
prepared with repetitive screen printing of TiO, paste on a
FTO glass substrate (TEC1S, Hartford, USA), then annealed
according to a standard programmed procedure.” The annealed
films were treated with TiCl, fresh aqueous solution (40 mM)
at 70 °C for 30 min. After sintering at 500 °C for 30 min, the
TiO, films were sensitized in a SQI solution (0.2 mM) in
ethanol containing chenodeoxycholic acid (CDCA, 20 mM) for
90 min. The counter electrode was Pt-deposited FTO glass
fabricated with thermal decomposition.”® The dye-sensitized
working electrode was assembled with the Pt-coated counter
electrode into a cell of sandwich type and sealed with a hot-
melt film (Surlyn, thickness 30 pm) under thermal
compression. The electrolyte injected into the device consists
of butyl methyl imidazolium iodide (0.6 M), iodine (0.01 M),
lithium iodide (0.1 M), guanidinium thiocyanate (0.10 M), and
4-tertbutylpyridine (0.5 M) in a mixture of acetonitrile and
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valeronitrile (v:iv = 85: 15). The free-standing R-LDS layers
were made by pressing the phosphor powder at pressure 2
MPa. The layers and the Al foil layer at back are then fixed by a
holder made of plexi-glass and placed on top of the DSSC on
either the CE side or the WE side.

Excitation and emission spectra of phosphors were recorded
(Spex Fluorolog-3 spectrofluorometer, Instruments S.A.,
Edison, NJ., USA) equipped with a Xe light source (450 W)
and double excitation monochromators. Photovoltaic measure-
ments were made with a solar simulator (AM 1.5G, XES-40S1,
SAN-EI), calibrated with a standard Si reference cell (Oriel PN
91150 V, VLSI standards). J—V curves were measured with a
source meter (Keithley 2400, computer-controlled) for all
devices with an external shadow mask (area 0.5 X 0.5 cm?). The
efficiencies of conversion of incident photons to current
(IPCE) of the devices were measured with a system comprising
a Xe lamp (A-1010, PTi, 150 W), monochromator (PTi, 1200
grooves mm~ ' blazed at 500 nm), and source meter (Keithley
2400).

B ASSOCIATED CONTENT

© Supporting Information

Diffuse reflection spectra (DRS) of R-LDS layers, absorption
spectrum of the electrolyte, transmission spectrum of the Pt
electrode, QE and relative absorbance of phosphors used in R-
LDS layers, relative increase/% in short circuit current density
of the devices in two wavelength range and relative increase/%
in power conversion efficiency of the devices caused by down
shifting of photons (A#pg) and by reflection of transmitted
photons (Ang). This material is available free of charge via the
Internet at http://pubs.acs.org/.
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