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Abstract: We present an investigation on introducing core-shell Au@PVP
nanoparticles (NPs) into dye-sensitized solar cells. As a novel core-shell
NPs structure, Au@PVP present not only the chemical stability to
iodide/triiodide electrolyte, but also the adhesiveness to dye molecules,
which could help to localize most of dye molecules around plasmonic NPs,
hence increasing the optical absorption consequently the power conversion
efficiency (PCE) of the device. We obtain a PCE enhancement of 30% from
3.3% to 4.3% with incorporation of Au@PVP NPs. Moreover, the device
performance with different concentration of Au@PVP NPs from 0 to 12.5
wt% has been studied, and we draw the conclusion that the performance of
DSCs could be well improved through enhancing the light absorption by
local surface plasmon (LSP) effect from Au@PVP NPs with an optimized
concentration.
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1. Introduction

Dye-sensitized solar cells (DSCs) have attracted much great attention in recent years. The
power conversion efficiency (PCE) of DSCs with mesoporous TiO, layer covered by a
monolayer of dye molecules can reach a high value up to 11% and the cost of materials and
fabrication processes is relatively low [1-5]. Plasmonic nanoparticles (NPs) have been
employed as an attractive approach to boost the performance of DSCs due to their local
surface plasmon (LSP) effect [6-12], which can enhance the light absorption and
consequently increase the overall efficiency of the device [13—17]. Due to the recombination
of photogenerated carriers and corrosion of electrolytes, the bare metal NPs, which direct
contact with the dye and the electrolyte, cannot perform well on improving the total
performance of the DSCs [18, 19]. Core-shell NPs have been applied to enhance PCE by
preventing the recombination and corrosion. Earlier literatures have reported that Au@SiO,
NPs were applied [20], then A. M. Belcher et. al. chose Ag@TiO, NPs instead of insulating
components SiO, as the shell material, for the carriers generated by dye molecules located on
the shell can be easily transferred to surrounding porous TiO, [21]. Because the concentration
of plasmonic NPs doped into porous TiO, layers is limited to a relatively low level [22] and
most of the dye molecules will not be located closely around the plasmonic NPs, only a small
amount of dye molecules in TiO, layers could be influenced by the enhanced optical field. It
is predictable that improving the utilization efficiency of LSP enhanced optical field can
increase the overall efficiency of the solar cells further. Although there have been several
papers published in this field up to now, most of which are on the thermal and structural
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stability of the core-shell NPs [20], how to improve the utilization efficiency of LSP
enhanced optical field is seldom involved.

In this paper, a novel core-shell metal-organic Au@PVP (PVP, poly (4-vinylpyridine))
NP is proposed and investigated. Au@PVP NPs have not only the abilities to avoid corrosion
of metal NPs and recombination of carriers, which the common core-shell metal-inorganic
NPs already have, but also the ability of adhesion to small molecules [23]. The utilization
efficiency of LSP enhanced optical field can be improved due to the adhesion of Au@PVP
NPs to more dye molecules around the NPs where the optical field is enhanced. Besides,
Au@PVP NPs have other additional advantages, such as increase the lifetimes of the dye
molecules [24]. Our research demonstrated that, by introducing Au@PVP NPs, the PCE of
dye-sensitized solar cells is enhanced 30% from 3.3% to 4.3%. And the optimized
concentration for getting best utilization efficiency of LSP enhanced optical field is also
investigated.

2. Geometric design, synthesis, and characterization of core-shell Au@PVP
nanoparticles

PVP Au

£ 3 Platinum-coated FTO

Electrolyte

(a) i Dye molecule

Au@PVP NPs

/ LSP field

Dye molecule

(b)

Fig. 1. Structures and mechanisms of plasmonic enhanced DSCs with core-shell Au@PVP
NPs. (a) Structures of core-shell Au@PVP NPs and plasmonic enhanced DSCs. (b)
Mechanisms of LSP from Au@PVP NPs enhancing dye absorption.

The structure of the Au@PVP NPs and plasmonic enhanced DSCs are shown in Fig. 1(a).
Here, the Au@PVP NPs are embedded in the mesoporous TiO, layer and the LSPs arising
from Au@PVP NPs increase the optical absorption of dye molecules. PVP has the advantages
of not only readily forming films, which makes it good as a coating, but also can
electronically and chemically protect the metals from the recombination and corrosion.
Besides, PVP have the unique ability of adhesion to dye molecules (~2-3nm), which help to
trap masses of dye molecules surrounding the metal NPs surface, hence the LSP field from
metal sphere can affect sufficient dye molecules, as shown in Fig. 1(b), resulting in a
significant enhancement on the optical absorption and overall efficiency of the DSCs.
Moreover, Au@PVP NPs can also increase the lifetimes of the dye molecules, which will
make considerable contribution to the enhancement of the device performance [24].

A theoretical investigation on spatial properties of light trapping by LSP effect is
developed. Finite Element Method (FEM) is applied to calculate the LSP field distribution.
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Figure 2(a) shows the intensity of electrical field |E|* of Au@PVP NPs in TiO, layer of DSCs
with an incident planewave at A, = 600nm in a 3-dimensional model. The color map
represents the intensity distribution of the electrical field and the color bar shows the intensity
normalized by the maximum. The radium of Au core and the thickness of PVP shell are set to
be 10nm and I1nm, respectively, and the material properties are obtained from earlier
literatures [25-27]. The electromagnetic field is localized closely around the plamonic NPs
for the LSP effect. Figure 2(b) shows the optical absorption enhancement versus the distance
from the surface of Au@PVP NPs along the radial direction. The optical absorption A(7) is
actually the average optical absorption in a very thin spherical shell with radium of » and
thickness of 4r = 1nm and normalized with the volume of the spherical shell V(r), which can
be calculated as:

1(050 j Im[e|E (r)| WV

A(r)= 4 1
(r) v @)
where € is the complex relative dielectric permittivity, £ is the electric field, @ is the
angular frequency, & is the permittivity in free space, ry is the radium of Au@PVP (here r, =
11nm), 7 is the radium of integrate sphere, hence r-ry is the distance from the surface along

the radial direction. V(r) = 4?7[[(1/ +Ar) - r3] is the volume of integrate spherical shell.
And the optical absorption enhancement (OAE) can be obtained by:

Avin swarve ()

OAE (r)= 2)
without Au@PVP (7”)

It can be seen that the optical intensity decreases dramatically when it get away from the
surface of NPs, which indicate that only the dye molecules located closely enough to the
plasmonic NPs can be sufficiently affected by LSP effect, while the others are hardly
affected. Hence if there are sufficient dye molecules located closely to the plasmonic NPs that
most of them are in intensive affection of LSP field, the optical absorption will be effectively
increased and the device performance will be well improved. Utilizing PVP as the shell
material will help to locate sufficient dye molecules closely to the plasmonic NPs surface due
to its adhesion.

Besides the adhesion to small molecules, Au@PVP NPs can also increase the lifetimes of
dye molecules [24]. The lifetimes of excited dyes can be extended by enclosing the dyes into
a PVP polymer matrix, which will raise their abilities to participate in electron transfer or
sensitization by energy transfer, hence to improve the photoelectronic properties of the
device. Additionally, PVP can be employed as an electroactive polymer to transport charges,
which would help to transfer the photogenerated carriers to the anode [28, 29].
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Fig. 2. Investigation on spatial properties of light trapping by LSP effect. (a) The intensity of
electrical field [E|* of plasmonic Au@PVP NPs in TiO, layer with an incident planewave at A,
= 600nm. (b) Optical absorption enhancement versus the distance from surface of Au@PVP
NPs

To fabricate Au@PVP core-shell NPs, monodisperse gold NPs are prepared according to
the method described in Ref [30]. Briefly, an aqueous solution containing HAuCl4 (purchased
from Sigma-Ardrich) is heated to its boiling point under vigorous stirring, and then a sodium
citrate solution is injected quickly into the system to cool down to room temperature. An
aqueous solution of PVP (purchased from Sigma-Ardrich) is added to the colloidal gold
solution to modify the gold NPs surface to facilitate PVP coating. The solution is stirred for
18-24h at room temperature. The PVP-coating gold NPs are collected by centrifugation and
redispersed in deionized water or ethanol by sonication.

Fig. 3. Scanning electron microscopy (SEM) images of Au@PVP core-shell NPs before (a)
and after (b) sonication.
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Figure 3 shows the scanning electron microscopy (SEM, 30 kV, HITACHI S-5500)
images of the Au@PVP core-shell NPs before a) and after b) sonication. It is observed that
the diameter of gold sphere is about 20nm and the thickness of PVP shell is about 2-3nm, and
the NPs assemble closely before sonication due to the adhesion of PVP.

To investigate the chemical stability of PVP polymer to the electrolyte containing
iodide/triiodide redox couple, a preliminary experiment has been done to verify whether PVP
can protect Au from the corrosion of electrolyte. Here, S0uL electrolyte (EL-HPE, Dyesol)
containing iodide/triiodide redox couple is injected into SmL bare Au colloidal solution and
5SmL Au@PVP collosol solution followed by sonication, respectively. The molar ratio of Au
element in these two solutions is the same. Figure 4(a) shows the appearance variation of
colloidal Au and Au@PVP NPs versus time after mixed with electrolyte. Colloidal Au and
Au@PVP NPs both appear wine-red under room light, due to the absorption maximum of
colloidal Au and Au@PVP NPs at about 521 nm. After injected with electrolyte and
simultaneously, the red colloidal Au NPs immediately turn to black in 2-3 minutes, and then
gradually fade and become transparent, with presumption that corrosion occurs on Au NPs by
iodide/triiodide redox couple. On the other aspect, Au@PVP NPs reveal a distinct resistance
to corrosion of iodide/triiodide redox couple. After injected with electrolyte, the solution
remains wine-red and last for more than one month. This experiment demonstrates that the
PVP as a protective shell can notably restrain electrolyte to react with Au core.

To make a further confirm on this phenomenon, the optical absorption spectroscopy
measurements are performed by using a UV-vis spectrophotometer (HITACHI U-3010).
Figure 4(b) and 4(c) shows the optical absorption of bare Au NPs and Au@PVP NPs mixed
with electrolyte containing iodide/triiodide redox couple. In Fig. 4(b), the characteristic
absorption peak at about 521nm of Au NPs disappear after mixed with electrolyte, due to the
corrosion of iodide/triiodide redox couple. Nevertheless, the optical absorption curve of
Au@PVP NPs shown in Fig. 4(c) remains almost unchanging in intensity, which indicates the
excellent chemical stability of PVP shell to electrolyte containing iodide/triiodide redox
couple. And the tiny red shift of the red curve results from the refractive index change by
injecting electrolyte.
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Fig. 4. Investigation of the chemical stability of Au/Au@PVP NPs. (a) Appearance variation
tendency of Au and Au@PVP colloidal NPs versus time after mixed with electrolyte. (b)
Optical absorption of bare Au NPs before/after mixed with electrolyte. (c) Optical absorption
of Au@PVP NPs before/after mixed with electrolyte.
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3. Optical absorption enhancement of dye molecule by Au@PVP NPs

To investigate the LSPs effect of Au@PVP NPs on the absorption of dye molecules, we
studied light absorption enhancement of dye by blending Au@PVP or Au NPs in ethanol
solution with precisely controlled concentrations of NPs and dyes, which can simulate the
LSP effect in plasmon-enhanced DSCs.

Figure 5(a) shows the optical absorption spectra of Au NPs, Au@PVP NPs, N719 dye
molecules, mixture of Au NPs and dye, mixture of Au@PVP and dye in ethanol solution. The
light absorption of dye increases a lot with the presence of Au and Au@PVP NPs in solution
with the same molar ratio. And the absorption of dye molecule mixed with Au@PVP NPs is
much higher than that with bare Au NPs, which could be attributed to the adhesion of PVP
polymer to dye molecules resulting in the large overlap of LSP enhanced electromagnetic
field and dye molecules.

Figure 5(b) and 5(c) present the net changes (AOA) and relative changes (Ao/o) of dye
absorption due to the presence of Au and Au@PVP NPs in solution, respectively. The two
maximum peaks of absolute absorption enhancement of dye (N719) occurs at 375nm and 525
nm shown as the black curve in Fig. 5(a), and the net changes of dye absorption (AOA)
present two maximum peaks at same positions when mixed with Au NPs or Au@PVP NPs.
The optical absorption of dye molecules assisted by Au@PVP NPs is increased more
significantly than that by bare Au NPs, suggesting that the PVP shell can trap more dye
molecules around the NPs and overall optical absorption of dye can be significantly
increased. To be noticed, surrounding these two absorption peaks of dye, the relative
absorption enhancement Ac/o. present two troughs, which can be explained by the theory
analysis that light absorption enhancement of active materials with LSP effect is more
significantly when its original absorption ability is low [31, 32].

(a) (b) 0.8 . :
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Fig. 5. LSP enhancement of optical absorption of Au/Au@PVP NPs and dye molecules in
solution. (a) Optical absorption spectra of Au NPs, Au@PVP NPs, N719 dye molecules,
mixture of Au NPs and dye, mixture of Au@PVP and dye in ethanol solution. (b) Net changes
of dye absorption (AOA) due to the presence of Au/Au@PVP NPs in solution. (c) Relative
changes of dye absorption (Ac/o) due to the presence of Au/Au@PVP NPs in solution. For the
calculation of AOA and Ao/o: Aa/ar = AOA(L)/OAdye(L) = (OAdye awauarve(L)-OAgye(L)-
OA awau@rvp(A)/OAgye(A), Where OAyye(L),0Aawauarve(A),and  OAgge awauapve(h) are the
optical absorption at wavelength A of pure dye solution, Au/Au@PVP NPs solution, and their
mixture solution with the same concentrations of dye and Au/Au@PVP NPs, respectively.
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4. Fabrication and measurement of Au@PVP NPs enhanced DSCs

The TiO, paste purchased from Dyesol for fabricating photoanodes is dispersed in ethanol
(TiO, paste to ethanol volume ratio about 1:1). To fabricate the TiO, photoanodes of DSCs,
the TiO, paste is spin-coated on the FTO glass substrate with the conditions of 1800r/min for
40 seconds, dried at 125°C for Smin, and then annealed at 500°C for 15 min. While heating
up (rate: 50°C/min), the photoanode turns brown and then becomes transparent. The thickness
is about 3um according to Dektak 150 surface profiler.

Considering the melting point of PVP polymer (about 170°C) is lower than the annealing
temperature for photoanodes fabrication (up to 500°C), and with the intention of dispersing
the Au@PVP NPs into the TiO, layer homogeneously, direct spin coating of Au@PVP NPs
solutions onto TiO, layer is employed prior to sensitization of dye. The Au@PVP NPs in
ethanol solution with different concentrations are prepared, and smeared onto the TiO, layer
by spin coating at the condition of 600r/min for 20 seconds, followed by natural drying to
remove the ethanol. The dye sensitization after the incorporation of Au@PVP NPs can help
the dye molecules be adequately attached on both the TiO, and Au@PVP. Therefore, the PVP
can help to “seize” additional dye molecules around Au@PVP NPs, compared with the DSCs
without Au@PVP.

The following fabrication procedures are the same as that of the conventional DSCs. The
photoanodes of TiO,-only and those infiltrated with Au@PVP NPs are immersed into N719
dye (purchase from dyesol) solution and kept at room temperature for 24h. Then the
impregnated photoanodes are put in ethanol for 5 min to remove non-adsorbed dye, followed
by natural air drying. The device is sealed by sealing frame (Surlyn sealant) and injected with
electrolyte (EL-HPE, Dyesol).

To investigate the effect of LSPs on DSCs performance, plasmon-enhanced DSCs with
Au@PVP NPs and standard DSCs with only TiO, NPs as photoanodes are compared. The
TiO,-only DSCs are fabricated using the conventional method [20], while the Au@PVP NPs
in different concentration are added into TiO, photoanode according to the method described
above.

After the fabrication, the current-voltage characteristics of DSCs are measured under AM
1.5G illumination with solar simulator (91192, Oriel, USA). The power of the simulated light
is calibrated to 1000 W/m?, and the I-V curves are obtained by applying an external bias to
the cell and measuring the generated photocurrent with a digital source meter. The incident
photon-to-electron conversion efficiency (IPCE) spectra is obtained by using an IPCE
measurement system (PECS20, Peccell Technologies, Inc., Japan) consisting of a 150 W
xenon lamp light source and a monochromator in the resolution of 2nm. The incident photon
flux is determined by using a calibrated silicon photodiode (Certificated Si-diode BQ-S1337).

Figure 6(a) and 6(b) shows the photocurrent density-voltage characteristics (J-V curves)
and power conversion efficiency (PCE) of plasmon-enhanced DSCs with Au@PVP NPs and
TiOy-only DSCs with the same photoanode thickness of 3um, respectively. Varying the
concentration of Au@PVP NPs in DSCs, it is observed that the plasmon-enhanced DSCs
exhibits a maximum PCE up to 4.3%, which is increased by about 30% compared with 3.3%
of TiO,-only DSCs. In Fig. 6(a), the open-circuit voltage (V,.) of plasmon-enhanced DSCs
and TiO,-only DSCs are almost the same, while the short-circuit current density (Jg)
significantly increased by introducing Au@PVP NPs. According to the equation m =
Jse*Voe*FF/Py, where Py is the intensity of incident light, the improvement of PCE in the
plasmon enhanced DSCs mainly caused by the increase of photocurrent thanks to the
enhanced light absorption of dye with the help of LSPs.

From Fig. 6(b), we can see the dependence of PCE on the concentration of Au@PVP NPs
in TiO, photoanode. The concentration of Au@PVP NPs in ethanol solution can be readily
adjusted, and the Au@PVP:TiO, mass ratio approximately equals the mass of TiO, layer
dividing that of Au@PVP NPs deposited onto the layer. When increaseing the concentration
of Au@PVP NPs, the PCE monotonically increases until the concentration reaches 7.5 wt%,
and then decreases if further increasing Au@PVP NPs concentration. The PCE decreasing

#174912 - $15.00 USD Received 23 Aug 2012; revised 21 Sep 2012; accepted 25 Sep 2012; published 9 Oct 2012
(C) 2012 OSA 5 November 2012 / Vol. 20, No. S6 / OPTICS EXPRESS A905



may be caused by increased trapping of photogenerated electrons when high concentration
Au@PVP NPs is introduced. Similar results can be found in Ref [22]. Hence, the
performance of DSCs has been well improved through enhancing the light absorption and
photocurrent by LSP effect from Au@PVP NPs with an optimized concentration.
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Fig. 6. Performance of TiO,-only DSCs and core-shell NPs enhanced DSCs. (a) The
photocurrent density-voltage characteristics (J-V curves) of TiO,-only DSCs and core-shell
NPs enhanced DSCs with different concentration of Au@PVP NPs with the same photoanode
thickness of 3um. (b) Dependence of power conversion efficiency (PCE) on the concentration
of Au@PVP NPs in TiO, photoanode with the same thickness of 3 um. Here, four groups of
Au@PVP NPs in different concentrations of 0 wt%, 2.5wt%, 7.5wt% and 12.5wt% are
prepared and the PCE results are obtained from an average value of at least 6 samples for each
concentration.

To investigate LSP effect on the spectral response of solar cells, the IPCE measurement is
performed. Figure 7(a) shows the IPCE spectra of TiO,-only DSCs and core-shell NPs
enhanced DSCs with different concentration of Au@PVP NPs. It is indicated that the IPCE of
core-shell NPs enhanced DSCs is increased over the whole wavelength range, especially
within 400-600nm, compared with that of TiO,-only DSCs. The IPCE is related with the
light-harvesting efficiency, electron injection efficiency, and carrier collection efficiency
simultaneously. Assuming the electron injection and collection are seldom affected, the
increase of the IPCE should be attributed to the light harvest enhancement due to the LSP
effect of core-shell NPs. The IPCE ratio of core-shell NPs enhanced DSCs to TiO,-only
DSCs shown in Fig. 7(b) illustrates that the enhancement is significant in the range of 400-
600 nm. There is a peak at about 520nm in each line, which is consistent with the Au NP’s
resonance feature peak (about 523nm). The intensity of the peaks is different, which is related
with the different photon-electric conversion performance of these samples. The optimized
sample (Au@PVP:TiO, = 7.5 wt %) shows a highest peak at ~520 nm. Therefore, the
measured IPCE also indicates that the LSPs of Au@PVP NPs improved the DSCs
performance by increasing the optical absorption of dye molecules.
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Fig. 7. Spectral responses of TiO,-only DSCs and core-shell NPs enhanced DSCs with the
same photoanode thickness of 3um. (a) IPCE spectra of TiO,-only DSCs and core-shell NPs
enhanced DSCs with different concentration of Au@PVP NPs. (b) the IPCE enhancement ratio
of TiO,-only DSCs and core-shell NPs enhanced DSCs with different concentration of
Au@PVP NPs. [IPCE enhancement ratio=(IPCEcore-shell NPs (A)-IPCETiO,-
only(A))/IPCETiO,-only(A) *100%, where IPCEcore-shell NPs (L) and I[PCETiO,-only(A) are
the IPCE at wavelength A for core-shell NPs enhanced DSCs and TiO,-only DSCs,
respectively.

5. Conclusions

In summary, we present the plasmon-enhanced DSCs by introducing core-shell Au@PVP
NPs. The Au@PVP NPs comprised of metal core and PVP organic shell present not only the
chemical stability to iodide/triiodide electrolyte, but also the adhesion to dye molecules to
fully make use of the enhanced electromagnetic field of LSP and hence increase the PCE of
DSCs. The experiment has been carried out by incorporating Au@PVP NPs with different
concentration into the DSCs. And it is observed that the PCE of DSCs is improved by 30%
from 3.3% to 4.3%. According to measured light absorption of dye and the IPCE of DSCs
with Au@PVP NPs, we draw the conclusion that the performance of DSCs could be well
improved through enhancing the light absorption hence the photocurrent by LSP effect of
Au@PVP NPs with an optimized concentration.
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