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A simple method for creating three-dimensional porous wurtzite CdSe films incorporated with plasmonic
gold by the electrochemical layer-by-layer assembly was proposed. A prominent enhancement in light
absorption of CdSe films was attained by the efficient light scattering of gold plasmons as sub-wavelength
antennas and concentrators and the near-field coupling of gold plasmons with the neighboring porous
CdSe films. The broadband photocurrent enhancement of Au-CdSe composite systems in the visible light
range and the local current maximum between 600 and 700 nm suggested the cooperative action of
antenna effects and electromagnetic field enhancement resulting from localized surface plasmon exci-
tation of gold. Furthermore, the photoelectrochemical response of porous Au-CdSe composite films was
highly tunable with respect to the number of Au-CdSe bilayer. The optimal short-circuit current and
open-circuit potential were obtained in a four-layer Au-CdSe system because the thicker absorber layer
with less porous structure might limit the electrolyte diffusion into the hybrid electrode and impose a
barrier for electron tunneling and transferring. The highly versatile and tunable properties of assembled
porous Au-CdSe composite films demonstrated their potential application in energy conversion devices.
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1. Introduction

Consideration for the employment of unlimited, clear and
environmentally friendly new energy, photovoltaic cells specially
thin-film solar cells have been given great attention because of
the comparatively low material and processing costs [1]. How-
ever, the low energy conversion efficiency of such cells is still
a primary challenge for the large-scale application of thin-film
solar cells. An effective method for enhancing light harvesting or
trapping to develop high-efficiency thin-film photovoltaic devices
is the mergence of metallic nanostructures with high absorption
and scattering cross section [2,3] which concentrate sunlight into
the semiconductor absorber layer, thereby permitting a consider-
able reduction in the physical thickness of photovoltaic absorber
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layers [4]. The local near-field enhancement in the proximity of
metal nanostructures, which is associated with the surface plas-
mon (SP) excitation induced by visible light irradiation, can also
favor carrier generation and separation and increase photocurrents
when the metallic plasmons couple with the neighboring photo-
voltaic absorber layers and transfer the plasmonic energy from the
metal to the semiconductor [5,6]. Since the plasmon resonance
energy strongly depends on the metal particle size and shape,
interparticle spacing, and dielectric property of the surround-
ing medium [7-11], it is available to improve the photoelectric
activity of the semiconductor by designing and synthesizing tar-
geted metal nanoparticles (NPs) or nanostructures, indicating the
potential application of metallic plasmons in optoelectronic and
photonic devices [1,4,9,11-24], photocatalysts [6,25-29] and sen-
sors [30-34]. The recent advances in control of metal NP synthesis
and self-assembly have successfully tailored high absorption of
absorber layers throughout the visible region to the near infrared
one by varying metal size and shape [35,36]. The distance needed
for the coupling effect between the approached gold NPs has been
adjusted by the thickness of middle semiconductor nanosheets
[28]. The “hot spot” between the nearly touching metal NPs


dx.doi.org/10.1016/j.electacta.2013.07.019
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2013.07.019&domain=pdf
mailto:liuaiping1979@gmail.com
dx.doi.org/10.1016/j.electacta.2013.07.019

A. Liu et al. / Electrochimica Acta 108 (2013) 680-689 681

1 ITO-coated glass

@ Gold particle

PtCathode

"~ ITO coated glass

Co Dy CdSefilm

Fig. 1. (a) Schematic representation of layer-by-layer assembled (Au-CdSe), film, (n is the number of Au-CdSe bilayer, typically n=1-5). Light trapping and concentration
by (b) the scattering from gold nanoparticles and (c) the excitation of localized surface plasmons in gold nanoparticles embedded in the CdSe semiconductor. (d) lllustration
of charge separation in the CdSe semiconductor induced by the concentrated resonance energy contained in localized plasmonic oscillations for the thin-film solar cell with

the porous (Au-CdSe), film as the photoanode.

has induced several orders of magnitude enhancement of local
field effect in comparison with those isolated metal NPs [37].
However, among the numerous fabrication techniques for pre-
cise control of reproducible metallic plasmons, the surfactant
dosages, reaction rate and temperature need be accurately con-
trolled in chemical reaction process and the resultant metallic
nanostructures must be separated from heterogeneous impuri-
ties before use. The lithography techniques are used restrictedly
considering the throughput and cost, and suitable to pattern only
small areas. The electrodeposition with simple, rapid and low-
cost properties can produce well-defined metallic nanostructures
with SP-active nature and is regarded to be practical for mass
production [32,38,39].

In this paper, we fabricate three-dimensional porous CdSe
films mergenced with the plasmonic gold by alternating layer-
by-layer assembly in a simple electrodeposition process, as
shown schematically in Fig. 1(a). The gold nanostructures elec-
trodeposited on the conductive ITO-coated glass surfaces are
used as conducting scaffolds to anchor active CdSe semicon-
ductor for light harvesting. The plasmonic gold nanostructures
can be expected as the scattering elements to couple and
trap the sunlight into the CdSe absorber film and locally
amplify the electromagnetic field when placed on the sur-
face or inside the CdSe [4], increasing the effective absorption
cross-section and optical path length inside the absorber
(Fig. 1b). Furthermore, the concentrated resonance energy con-
tained in localized plasmonic oscillations (Fig. 1c) can be
transferred to the semiconductor, inducing charge separation
in the semiconductor (Fig. 1d) [5]. By the alternating assem-
bly of plasmonic gold nanostructures and porous CdSe films, we

have succeeded in developing a novel multilayered photovoltaic
material with adjustable light absorption and photovoltaic
response.

2. Experimental
2.1. Reagents

The ITO-coated glasses (1.5 cm x 2.5 cm) with the sheet resis-
tance of 8 2/sq. and HAuCl,-3H,0 with a purity of 99.99% were
supplied by Sigma. All other chemicals were of analytical grade and
used without further purification. The water was obtained from a
Millipore Q purification system (resistivity >18 M2 cm).

2.2. Preparation of multilayered Au-CdSe composite films

The ITO-coated glasses were cleaned ultrasonically with soapy
water, acetone, ethanol and distilled water, respectively, and
dried with N, before use. The ITO-coated glass was successively
immersed into a 1M Na,SO4 solution containing 2 mM HAuCl, to
electrodeposit gold NPs on the ITO surfaces at —0.8 V (vs. saturated
calomel electrode, SCE) for 20s, 50s, 100's, 300 s and 600 s, respec-
tively. An electrochemical workstation (CHI 630D, USA) with the
ITO working electrode, SCE reference electrode and platinum foil
counter electrode was used. After the gold nanostructured ITO sub-
strates were dried with N,, the CdSe semiconductor films were
electrodeposited on the plasmonic gold surfaces from aqueous plat-
ing solutions (pH 6.0) containing 0.25 M CdSQO4, 0.25 M Na,S04 and
14 mM SeO, at ambient temperature using a cyclic voltammetry
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Fig. 2. Scanning electron micrographs of gold plasmons electrodeposited on ITO-coated glass substrates for (a) 205, (b) 505, (c) 1005, (d) 300 s and (e) 600 s, respectively, in
a 1M Na, S04 solution containing 2 mM HAuCl,. (f) UV-vis absorption spectra and photographs of ITO/Au samples prepared at different electrodeposition times.

technique with the sweep potential between —0.35V and —-0.75V
vs. SCE at a sweep rate of 30 mV/s for 2, 4, 9 and 18 min. The resul-
tant ITO/Au-CdSe electrodes were washed with deionized water,
dried with N, and annealed at nitrogen atmosphere at 400 °Cfor 1 h.
Repeating the plasmonic gold and CdSe film electrodeposition pro-
cesses alternately, the porous Au-CdSe composite structures were
obtained with the samples labeled as ITO/(Au-CdSe), (n was the
number of Au-CdSe bilayer, which was changed from 1 to 5). The
sample that the CdSe film was directly deposited on ITO surface
without the plasmonic gold assemblies was prepared as a control.

2.3. Characterization and measurements
The morphologies and compositions of Au-CdSe compos-

ite films were obtained by a scanning electron microscopy
(SEM) instrument (Hitachi S-4800, Japan) equipped with an

energy-dispersive X-ray spectroscopy (EDS). X-ray diffraction
(XRD) patterns of composite films were obtained on a diffractome-
ter (Bruker AXS D8) using the CuK, radiation (A =0.15418 nm) with
a 20 scan from 5° to 80° at a step of 0.02°. The UV-vis absorp-
tion spectra of composite films on ITO substrates were recorded by
using a Thermo Electron UV-vis spectrophotometer (UV-2400PC,
Shimadzu, Japan). The Raman spectra were acquired with a Thermo
Fisher DXR Raman spectrometer using a He-Ne laser (A =514.5 nm).

Photoelectrochemical performances of composite films were
measured in a transparent quartz cell with the 0.2 M Na,S aqueous
solution as the electrolyte. Two-electrode system was used with
the porous Au-CdSe film as the working electrode and a platinum
foil as the counter electrode. The curves of photovoltage and pho-
tocurrent vs. times under white light irradiation were recorded by
the electrochemical workstation (CHI 630D, USA) using a 150 W
Xenon lamp (A>300nm) as the light source. The wavelength
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Fig. 3. Particle size distributions of (a) ITO/Au20, (b) ITO/Au50, (c) ITO/Au100, (d) ITO/Au300 and (e) ITO/Au600 samples prepared at different electrodeposition times.

dependent photocurrent response was tested by the UV-vis Xenon
lamp with a motorized monochromator (Kratos), which allowed
monochromatic irradiation of the specimen surface through the
electrochemical cell quartz window. The illumination intensity of
white light near the electrode surface was about 100 mW/cm?. All
measurements were carried out in air at room temperature.

3. Results and discussion
3.1. Microstructures of Au-CdSe bilayers

The morphologies of typical gold NPs electrodeposited on the
ITO substrates are shown in Fig. 2. The gold NPs after 20s deposi-
tion (Au20) present a broad particle size distribution from 2.1 nm to
57.8 nm with an average diameter about 11.8 nm (Figs. 2a and 3a).
With the increase of deposition time to 50s and 100s, the gold
NPs are more concentrated and homogeneous (the particle size
distribution from 2.4nm to 47.8 nm for Au50 and from 2.7 nm to
39.9nm for Au100) (Figs. 2b, c and 3b, c). The average diameters
are about 12.6 nm for Au50 and 14.3 nm for Au100, respectively.
This indicates that the gold nucleation on ITO substrate agrees
well with the progressive nucleation mechanism, namely new gold
nuclei may be continuously formed at a vacant position of ITO sur-
face [40], which decreases the distance between gold NPs. Further
lengthening the electrodeposition time, the gold grows irregularly
(Fig. 2d) and forms denser multilayered particle film after 600s
(Fig. 2e). The average diameters are about 22.6 nm for Au300 with
the particle size distribution from 2.8 nm to 69.4 nm, and 26.1 nm
for Au600 with the particle size distribution from 2.9 nm to 74.8 nm,
respectively. The absorption peak of plasmon mode of gold NPs
(Au20) on the ITO substrate (Fig. 2f) is similar to that of gold NPs
in an aqueous environment (centered at about 525nm) [41,42],
but with a redshift by about 14nm due to the increase in refrac-
tive index of environment (from water to ITO-coated glass) and
plasmon coupling between gold NPs [43]. The longer tails of the
absorption peaks for Au100 and Au300 suggest a significant get-
ting closer and aggregated gold NPs with each other [36]. The aspect
ratio of the irregular aggregations for Au300 might be close to the
order of 2:1 when considering an absorption peak of SP mode over
600 nm [36,44]. The redshift of absorption peak may also be associ-
ated with the electromagnetic field enhancement around the gold
NPs [36,45,46], as theoretically predicted for the localized surface
plasmon resonance (LSPR) of gold [47]. Upon lengthening the depo-
sition time to 600s, the absorption peak undergoes a significant
redshift over 700 nm, accompanying the dramatic increase in the
absorption intensity due to the formation of denser and aggregated
particle films with deeper color (Fig. 2f).

Fig. 4 displays the cyclic voltammogram of CdSe deposition on
the ITO/Au surface, which is related to the formation of H,SeO3 in
the weak acidic solution, the reduction of SeO32~ to elemental sele-
nium or to Se2* (Eqgs. (1)-(3)) and the reduction of CdSe in the pres-
ence of cadmium ions (Eq. (4)) [48-50]. When the applied potential
is scanned to about —0.40V, a slightly visible golden film appears
on the electrode surface, which is attributed to the reduction of
Se032~ (Eq. (2)). The color of film becomes deeper when the

applied potential increases to about —0.65V, indicating the reduc-
tion of CdSe (Eq. (4)). With the cathodic potential changes more
negative (<-0.8V), the electrochemical reduction of cadmium
ion to elemental cadmium will occur (Eq. (5)), followed by the
stripping of the metallic cadmium phase in the positive scan (at
about —-0.4V) [51,52]. Since no electrochemical anodic process
related to cadmium oxidation can be seen in our experiment,
this demonstrates the suppression of cadmium ion reduction in
our potential range from —0.35V to —0.75V in order to achieve
stoichiometric 1:1 CdSe semiconductor.

Se0; + H,0 — H,Se0s3, (1)

Se032~ +6H' +4e~ — Se® +3H,0, (2)

Sel +2e~ — Se?—,

(3)

H,Se + Cd** — CdSe + 2HT, (4)

Cd?t +2e~ — Cd. (5)

The resultant CdSe film on ITO-coated glass substrate after
9-min electrodepositon shows a homogeneous ordered porous
structure with a pore diameter about 50-70nm (Fig. 5a). The
CdSe film deposited on gold coated ITO substrate possesses an
analogous ordered porous structure with a broader pore size
distribution (Fig. 5b-f). Smaller and fewer pores can be found with
the increasing deposition time of gold NPs (Fig. 5f), indicating
the CdSe film getting denser. The thickness of CdSe films changes
from ~45nm on ITO/Au20 to ~100nm on ITO/Au300 and to
~140nm on ITO/Au600 compared to the 110nm for the CdSe
film directed deposited on the ITO substrate. This indicates that
the plasmonic gold appropriately reduces the physical thickness
of photovoltaic absorber layer. The EDS result confirms CdSe
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Fig. 4. Cyclic voltammogram of CdSe electrodeposition on the ITO/Au surface in
the aqueous plating solutions (pH 6.0) containing 0.25 M CdSO4, 0.25 M Na,SO4 and
14 mM SeO, at a sweep rate of 30 mV/s.
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Fig. 5. Scanning electron microscopy images of (a) ITO/CdSe, (b) ITO/Au20-CdSe, (c) ITO/Au50-CdSe, (d) ITO/Au100-CdSe, (e) ITO/Au300-CdSe and (f) ITO/Au600-CdSe

samples. The insets are the corresponding cross section images. (g) Energy-dispersive X-ray spectroscopy of ITO/Au300-CdSe film. (h) X-ray diffraction patterns of different
samples. The electrodeposition time of all CdSe films was 9 min.
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Fig. 6. (a) Photographs and UV-vis absorption spectra, (b) Raman spectra, (c) photocurrent density and (d) open-circuit voltage of ITO/CdSe and ITO/Au-CdSe composites.

The electrodeposition time of all CdSe films was 9 min.

presence in the composites with the average atomic percentage
of Cd:Se to be 1:1.07 (Fig. 5g). The slightly excess selenium is
related to the reduction of SeO32~ to elemental selenium (Eq. (2)),
which is in good agreement with the previous reports [53,54].
However, the mechanism of obtaining the porous CdSe film is
unclear, which is independent of the gold existence. A possible
explanation is that the weak acidic condition (pH 6.0) might make
the formation of Se? sites on the electrode surface slowly, resulting
in homogeneous growth of CdSe NPs along the grain boundaries
of ITO or gold nanocrystals. The SEM images (Fig. 5) show that
the porous CdSe films are assembled by a series of CdSe NPs.
The XRD patterns in Fig. 5(h) reveal that the peaks appearing at
(26) 38.0°, 44.3°, 64.6° and 77.8° for gold are corresponding to
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the (111), (200), (220) and (311) planes of the face-centered
cubic gold [32], and the peaks at (260) 23.9°, 25.4° and 42.0° for
CdSe film correspond to the (100), (002) and (110) planes of
hexagonal wurtzite-type CdSe structure (JCPDF: 08-0459) [55].

3.2. Photoelectrochemical behaviors of Au-CdSe bilayers

Fig. 6(a) shows the photographs of CdSe films after 9-min depo-
sition on different substrates. The ITO/Au-CdSe samples present
deeper color compared to the ITO/CdSe due to the influence of gold
NPs film. The absorption peaks for ITO/CdSe at 580 nm and 485 nm
are assigned to the first and second excitonic transitions of the
particles with smaller sizes, and the peak at 698 nm is attributed

0.204(®) —— ITO/Au300-CdSe2 ITO/Au300-CdSe4
—— ITO/Au300-CdSe9 ITO/Au300-CdSe18

0. l 5 T -!i.

0.10+
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0.00 : . : :
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Fig. 7. (a) Wavelength dependent photocurrent response of ITO/CdSe and ITO/Au-CdSe systems. The electrodeposition time of CdSe films was 9 min. (b) Wavelength
dependent photocurrent response of ITO/Au300-CdSe systems with CdSe electrodeposited for different times.
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Fig. 8. Scanning electron microscopy images of (a) ITO/(Au-CdSe); after secondary gold electrodeposition, (b) ITO/(Au-CdSe),, (c) ITO/(Au-CdSe)s, (d) ITO/(Au-CdSe)s, (e)
ITO/(Au-CdSe)s and (f) cross section of ITO/(Au-CdSe),. The electrodeposition times of gold and CdSe monolayers were 300 s and 9 min, respectively.

to the interband transition of the particles with larger sizes [56].
The broadening absorption peak is attributed to the broad parti-
cle size distribution in CdSe films. The significant enhancement in
absorbance of the CdSe layer with plasmonic gold NPs in the range
from 500 nm to 800 nm is attributed to absorption and scattering
of plasmonic gold [57]. The light might be preferentially scattered
and trapped into the CdSe film by multiple and high-angle scat-
tering on the surface of gold NPs as sub-wavelength scattering
elements, causing an increase of effective optical path length in the
cell (Fig. 1b) [2]. This reduces the physical thickness of absorber
layers in ITO/Au20-CdSe, ITO/Au50-CdSe, ITO/Au100-CdSe and
ITO/Au300-CdSe (Fig. 5) while keeping high optical response com-
pared to ITO/CdSe (Fig. 6a) [4]. Furthermore, plasmonics gold NPs
with their effective dipole moment located close to the CdSe layer
could favor the strong local field enhancement around the gold
NPs and near-field coupling with the CdSe semiconductor [58,59]
(Fig. 1c), increasing the absorption of semiconductor surrounding
and cross-section [60,61]. The plasmonic near-field coupling is usu-
ally remarkable for small metallic particles (5-20 nm in diameter)
due to their low albedo (fraction of light emitted as radiation) and

depends on the metal particle size and shape, interparticle spac-
ing, and dielectric property of the surrounding medium [7-11]. The
“hot spot” between the nearly metal NPs is favorable for the great
enhancement of local field effect in comparison with those iso-
lated metal NPs [37]. This can be deduced from the Raman spectra
of composites with metallic plasmons since the Raman scatter-
ing intensity is proportional to the local electric field intensity
[62]. In can be seen from the typical Raman scattering spectrum
of CdSe (Fig. 6b) that the peaks at about 208 cm~! and 413 cm™!
are attributed to the first-order longitudinal optical phonon mode
(1LO) and second-order overtone mode (2LO) of wurtzite CdSe,
respectively [63]. The increase in Raman intensity of CdSe with
gold plasmons compared to the single CdSe is the result of stronger
electric field induced by gold NPs under laser excitation. The
ITO/Au300-CdSe has a stronger Raman signal than ITO/Au20-CdSe
and ITO/Au100-CdSe because of its smaller interparticle spacing.
Further increasing the sizes of gold clusters decreases the inten-
sity of characteristic Raman peak of ITO/Au600-CdSe due to the
reductive “hot spots” for gold. Besides the improving light absorp-
tion of CdSe, the facilitating formation of electron-hole pairs in
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Fig. 9. (a) UV-vis absorption spectra and photographs, (b) Raman spectra, (c) photocurrent density and (d) open-circuit voltage of ITO/(Au-CdSe), composite systems (n is
the number of Au-CdSe bilayer, typically n=1-5). The electrodeposition times of gold and CdSe monolayers were 300 s and 9 min, respectively.

the near-surface region of CdSe by the LSPR effect of metal NPs
has been broadly reported [6,25,26], resulting in the enhance-
ment of photocurrents [60,64]. Our results have confirmed the
obvious enlargement of photocurrent signal for ITO/Au-CdSe sys-
tems upon visible white light irradiation (Fig. 6¢) by constructing
a photoelectrochemical cell system with the platinum foil as a
counter electrode and 0.2 M Na,S aqueous solution as the elec-
trolyte. The lower photocurrent responses of ITO/Au20-CdSe and
ITO/Au50-CdSe systems compared to the ITO/CdSe are ascribed to
the fewer photogenerated carriers provided by the thinner CdSe
films on the gold NPs surfaces. The superior photoelectrochemical
properties achieved for the ITO/Au100-CdSe and ITO/Au300-CdSe
systems might be attributed to the more electron-hole pairs in
the near-surface region of CdSe under the action of concentrated
resonance energy and the improved localized electric field of
CdSe induced by the SPR effect of neighboring gold NPs (Fig. 1d)
[6,25,26]. The intensity of localized electric field is weakened with
the reduced “hot spots” when the gold NPs greatly overlap. The
CdSe particles in the thicker CdSe film for the ITO/Au600-CdSe
system might serve as the recombination centers of the photogen-
erated holes and electrons and could not transit all electrons to
the ITO anode, resulting in the dramatic drop in the short-circuit
current response. Takahashi et al. also observed a photocurrent
decrement in the dense-packed gold NPs system because of the
quenching effects [18,65]. Furthermore, reducing the CdSe thick-
ness by incorporating the plasmonic gold also might improve the
electrical characteristics of the solar cell due to the dark current
reduction, causing the open-circuit voltage increase (Fig. 6d) [4].
The thickness decrease might also limit surface recombination
occurrence because carriers need to travel only a small distance
before being collected, leading to a higher photocurrent.

To further confirm the remarkable broadband scatter-
ing enhancement of plasmonic gold, wavelength dependent

photocurrent response is presented in Fig. 7. The broadband
photocurrent enhancement of CdSe with the integration of gold
NPs in the visible light range (Fig. 7a) indicates that the large
angle scattered light from the gold NPs is trapped inside the
CdSe layer. Furthermore, the significant current enhancement
between 630 nm and 700 nm with local maximum values might
be attributed to the more electron-hole pairs in the near-surface
region of CdSe induced by LSP excitation of gold NPs [6,25,26],
resulting in the enhancement of the photocurrent near the LSP band
[60,64]. The local current enhanced region presents a slight redshift
with the size increase of gold NPs and the decrease of interparticle
spacing, which is consistent with the changing tendency of absorp-
tion band of plasmonic gold (Fig. 2f). This result suggests that the
photocurrent enhancement is induced not only by antenna effects
but also by electromagnetic field enhancement resulting from the
LSP excitation of gold. Additionally, the appropriate increase of
CdSe thickness (from about 30 nm to 100 nm) on the Au300 surface
alsoresults in the enhancement of photocurrent response in the vis-
ible light range (Fig. 7b) because the photogenerated carriers would
have trouble in traveling a thicker CdSe film before being collected.

3.3. Photoelectrochemical behaviors of multilayered Au—CdSe
composite systems

In order to improve the photocurrents, we design multilayered
Au-CdSe structure by electrochemical layer-by-layer assembly.
As shown in Fig. 8(a), the secondary gold NPs tend to grow on
the surface of porous CdSe film of previous Au-CdSe bilayer.
The porous structure remains unchanged for ITO/(Au-CdSe), and
ITO/(Au-CdSe)s systems. The porous density obviously decreases
when the number of bilayer increases to 4 and 5, resulting in a
denser CdSe film (Fig. 8f). The successful growth of multilayers is
monitored by the gradual increase of characteristic SP absorbance
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Fig. 10. Wavelength dependent photocurrent response of ITO/(Au-CdSe), com-
posite systems (n is the number of Au-CdSe bilayer, typically n=1-5). The
electrodeposition times of gold and CdSe monolayers were 300 s and 9 min, respec-
tively.

of gold NPs within the multilayered film (Fig. 9a). Since the sec-
ondary gold NPs are low-density, which gives little contribution
to the absorption increase of ITO/(Au-CdSe);-Au. Therefore, the
scattering effect from secondary gold NPs could be weak, and the
dramatic absorption enhancement in the ITO/(Au-CdSe), should
come from the near-field coupling enhancement of plasmonic gold
with the adjacent CdSe layers. A similarly observation for the SP
broadening and redshift for assembled multilayered Au-TiO, film
has been reported due to the coupled plasmon interactions of gold
NPs in close proximity within the adjacent layers [66]. The Raman
experimental results also confirm a stronger Raman scattering of
ITO/(Au-CdSe); —Au than that of the ITO/(Au-CdSe); when the sec-
ondary gold deposited on the ITO/(Au-CdSe); surface (Fig. 9b).
This means that the stronger electric fields can be attained from
the ITO/(Au-CdSe);-Au and ITO/(Au-CdSe), structures due to the
near-field coupling between gold NPs and ambient CdSe layer.
Therefore, the absorption of the multilayered Au-CdSe films is also
enhanced by the strong local near-field coupling induced by the
gold NPs, which is consistent with Yang’s simulated results for
the polymer tandem solar cell [19]. Besides, we observe an obvi-
ous photocurrent density increase with the number of bilayers up
to 4 and dramatic decrease of photovoltaic characteristics for the
ITO/(Au-CdSe)s system (Fig. 9c and d). This is possibly due to the
limited diffusion of Na,S into the ITO/(Au-CdSe)s hybrid electrode
with decreased porous ratio and increased thickness. The pres-
ence of thick absorber layers would thus impose a high barrier for
electron tunneling and transferring between multilayered struc-
tures because electron tunneling probability exponentially decays
with distance [67]. The broadband photocurrent enhancement of
ITO/(Au-CdSe), composite systems in the visible light range and
the local current maximum between 650 and 700 nm (Fig. 10) sug-
gest the cooperative action of antenna effects and LSP excitation of
gold. Our observation in the present paper features the importance
of layer-by-layer assembly, which affords the precise control over
the architecture of photoanode in achieving the optimum perfor-
mance via simple electrode fabrication technique.

4. Conclusions

We develop porous CdSe photoanodes with effectively
enhanced photovoltaic performance by using plasmonic gold
nanocrystals as light concentrators. The light scattering and trapp-
ing of plasmonic gold nanostructures and the near-field coupling of
plasmonic gold with the CdSe semiconductor increase the effective

path length of incident light in absorber layer and the absorp-
tion of semiconductor surrounding and cross-section, permitting
the shrinkage of absorber layer thickness. The gold plasmons also
facilitate electron extraction in CdSe semiconductors not only by
antenna effects but also by electromagnetic field enhancement
due to the localized surface plasmon excitation, resulting in a
broadband photocurrent enhancement of composite systems in
the visible light range and the local current maximum between
600 and 700 nm. An optimized multilayered Au-CdSe structure
shows the predominance in transporting the photogenerated elec-
trons toward the electrode surface to inhibit charge recombination
as evidenced increase in photocurrent and open-circuit voltage.
The plasmonic light-trapping concept favors new designs for quan-
tum dots-sensitized film solar cells and related energy conversion
devices.
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