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Controllable fabrication of metallic photonic
crystals for ultra-sensitive SERS and
photodetectorsy

Zihe Cai, Yang Yan, Lin Liu, Shengxuan Lin and Xiaobin Hu*

Metallic photonic crystals (MPCs), with extraordinary and controllable optical properties, are extremely
desirable for optical sensors, solar energy conversion, ultrasensitive molecular detection and so on.
Herein, a series of MPCs with inverse opal structure consisting of plasmonic metals (Ag and Cu) and
transition metals (Ni and Co), respectively, are fabricated using a template-assisted electrochemical
deposition method. In the UV-vis light region, plasmonic MPCs show tremendously strong multiple
plasmon resonance made up of LSPR modes and Bragg modes. These extraordinary optical properties of
MPCs are utilized to achieve ultra-sensitive detection (107** M, equivalent to ~0.094 molecules per pm?
on average of the surface area) over a large area (=1.0 cm?) and a Raman signal enhancement factor of
1.9 x 10%, suggesting that Ag MPCs are capable of single molecule detection. In addition, MPCs can act
as efficient light absorbers and catalytically active sites in plasmon-induced direct photocurrent
generation. A remarkable rise in photocurrent is observed as the light is switched on for Ag and Cu

rsc.li/rsc-advances

1. Introduction

Metallic photonic crystals (MPCs), as artificial ordered nano-
structures, have already attracted extensive attention due to
their great potential in metamaterials," extraordinary optical
transmission (EOT),> optical sensors,? solar energy conversion*
and molecular detection.® Highly ordered arrays of MPCs can be
constitutive of various units such as nanoholes,® nanorods,’
nanopyramids® and nanospheres.® A lot of attempts to achieve
highly uniform MPCs of multiple structures have been made in
recent years. For instance, laser etching,' lithography' and
atomic layer deposition (ALD)" as top-down methods are widely
used to fabricate 2D MPCs. These methods stand out because of
their high uniformity and capacity to build various shapes,
while the complex equipment required is non-negligible. In
contrast, template-assisted self-assembly is a facile method to
fabricate 3D MPCs." The shape and period are determined by
templates (e.g. colloidal crystals,** AAO," or butterfly wings'®)
and the approaches to filling the voids around the template are
multitudinous and attainable using nanoparticles,"” original
reducing® and electrodeposition.” Inverse opal,**** also known
as three-dimensional ordered macroporous (3DOM) arrays, is
an interconnected hollow spheres nanostructure with face-
centered cubic packing. The performance of inverse opal is
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MPCs, which exhibits a high accordance with a linear model of optical power density.

easily adjusted by varying the diameter and constituent mate-
rials. Nickel inverse opal shows more isotropic magnetic prop-
erties with enhanced coercivity which are attributed to domain
wall pinning in the nickel network.”> Moreover, MPCs exhibit
characteristic optical properties when consisting of plasmonic
metals (Au, Ag and Cu).>*?* Pokrovsky and his coworkers®®
calculated the photonic band gap and reflectivity and trans-
mission spectra of silver inverse opal, demonstrating that MPCs
are capable of strong interactions with incident light through
localized surface plasmon resonance (LSPR) modes and delo-
calized Bragg modes.” In simple terms, LSPR is made up of
collective oscillations of free electrons in the metallic nano-
structure driven by the electromagnetic field of incident light.
LSPR and LSPR induced Landau damping have given rise to
a new approach to the applications of MPCs for surface
enhanced Raman scattering®® and photocatalysis.?*** In addi-
tion, Bragg modes can couple intensively with LSPR modes
leading to Fano resonance, which exhibits prominent perfor-
mance for plasmonic sensing.*!

Surface-Enhanced Raman Scattering (SERS) is one of the
most powerful analytical techniques due to its capacity for
single molecule detection®* and providing high-resolution
vibrational information®* in comparison with fluorescence
spectra. A promising SERS substrate should meet several
requirements. Above all, elevated electromagnetic enhance-
ment caused by LSPR is required to approach the detection
limit for even single molecule detection where it is necessary to
generate an enhancement factor (EF) of 10® to 10", assuming
the same spectral sensitivity.** Next, the ability to be reproduced
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and a facile fabrication method determine whether SERS
substrates are suitable for practical application.*® Generally,
spatially isolated nanostructures do not provide a sufficient
enhancement for single molecule detection.*® Therefore, it is
necessary to move towards the fabrication of strongly coupled
nanostructures in order to achieve a giant field confinement in
a highly localized nanoscale volume. In fact, MPCs with inverse
opal structure may provide an additional enhancement due to
tangential nanocavity arrays. When under illumination of
incident light, elevated electromagnetic fields near the MPCs
surfaces form, as caused by LSPR. In addition, metallic nano-
cavities have a strong focusing effect of the electromagnetic
field to the center of the nanocavities resulting in a co-focus
effect.’” The negative curvature confinement increases the
plasmon energies because a greater electric field overlap is
produced in the surrounding air, increasing the electromag-
netic energy densities.

Despite the great coupling with light and remarkable
performance that MPCs with inverse opal structure possess,
systematic study on their fabrication and application is defi-
cient. In addition, the effect of the MPC structure on perfor-
mance is a significant issue to explore. To solve these problems,
we propose a general strategy for the controllable fabrication of
MPCs with inverse opal structure consisting of plasmonic
metals (Ag and Cu) and transition metals (Ni and Co), respec-
tively, which exhibit characteristic optical properties compared
with dielectric photonic crystals. In the UV-vis light region,
plasmonic MPCs efficiently harvested the incident light and
showed multiple plasmon resonances made up of LSPR modes
and Bragg modes. The photonic band gap is quite broad
because of the enhanced optical penetration depth in the MPCs,
compared with the skin depth of the pure metals. These optical
properties could be easily controlled by changing the diameter
of the MPCs, illustrating that it is beneficial for applications in
SERS and photodetectors. For the Ag MPC sample of 200 nm
diameter, ultra-sensitive detection (10™'* M, equivalent to
~0.094 molecules per pm”> on average of the surface area) over
a large area (=1.0 cm?) and an enhancement factor of 1.9 x
10" were obtained, suggesting that Ag MPCs have great
potential in achieving single molecule detection. In addition,
MPCs could act as the light absorber and the catalytically active
site in direct photocurrent generation. A remarkable rise in
photocurrent was observed, when the light was switched on, in
Ag and Cu MPCs which exhibited a significant rise in a linear
model on optical power density, completely reversed compared
with semiconductors.

2. Results and discussion

2.1. Fabrication of metallic photonic crystals

As depicted schematically in Scheme 1 the fabrication process
of the MPCs consisted of three steps. Firstly, colloidal crystal
templates were fabricated using self-assembling polystyrene
(PS) monodisperse spheres with different diameters (200, 300,
370 and 450 nm) on FTO glass slides. PS was chosen for the
templates for the following reasons: (a) it is convenient to
synthesize monodisperse PS spheres; (b) the diameter of the PS
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Scheme 1 Schematic of the fabrication procedures of metallic
photonic crystals (MPCs) with inverse opal nanostructure. (1) Self-
assembly of monodispersed PS spheres on FTO glass slides to form
colloidal crystal templates; (2) the electrochemical deposition of
metals (Ag, Cu, Ni and Co) into the voids around the colloidal crystal
templates; (3) MPCs with interconnected nanocavity arrays after
removing the templates in methylbenzene solution.

spheres is easy to adjust from nanometer to micrometer; (c) the
electrostatic interaction between PS and FTO is strong enough
to form high-quality films. After that, the FTO glass slides
covered with colloidal crystal templates were used as working
electrodes in 3-electrode systems. Before electrochemical
deposition, the colloidal crystal templates were immersed in
sodium dodecyl sulfate (SDS) solution (0.1 M) for 2 hours to
enhance the hydrophilic property of the PS spheres, preventing
the colloidal crystal templates from falling off due to stress.
Subsequently, electrodeposition was carried out at room
temperature for 5-10 min in order to fill the voids around the PS
spheres with metal. When the -electrodepositions were
completed, the FTO glass slides with metal/PS composites were
washed using deionized water to ensure no electrolyte remained
and then immersed into methylbenzene solution for over 24
hours to remove the colloidal crystal templates. Ultimately,
MPCs with face-centered cubic (FCC) nanopores were obtained.

Fig. S1a-d} show SEM images of the top layers of colloidal
crystal templates composed of PS spheres. Each top layer was
flat and the PS spheres were arranged with the (111) plane of the
face-centered cubic (FCC) structure. The size of the PS spheres
was adjusted from 200 nm to 450 nm easily by changing the
dosage of styrene and methacrylic acid. A cross-sectional view of
a colloidal crystal template is shown in Fig. Sie,t which illus-
trates that the number of layers of PS spheres was about 30 (8
pm of thickness). The reflection spectra demonstrate the
photonic band gaps of the colloidal crystal templates with
different diameters, resulting in different structure colors
(Fig. S21). Taking nickel photonic crystals for instance, the time
current curve (Fig. 1a) shows the growth process of nickel on the
FTO substrate covered with colloidal crystals. Nucleation
occurred firstly on the surface of the FTO substrate (region I),
where the current drops rapidly in a few seconds. After the
nucleation step, nickel started to grow within the voids of the
colloidal crystal template (region II). One can see a bowl struc-
ture before the nickel grew over the bottom layer (inset of
Fig. 1a). Subsequently, nickel continued to fill the interspace
among the PS spheres. Fig. 1b shows top-view SEM images of
metallic photonic crystals on FTO substrates, composed of

This journal is © The Royal Society of Chemistry 2017
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Fig.1 (a) /-t curve of Ni electrodeposition into the voids of a colloidal

crystal template on an FTO glass slide, with —0.95 V vs. Ag/AgCl
electrode; (b) a large-area SEM image of the fabricated Ni MPC with
a diameter of 300 nm, after 10 min of electrodeposition. The insets
show magnified SEM images of Ag, Cu, Ni, and Co MPCs from top to
bottom (scale bar of insets: 300 nm).

plasmonic metals (Ag, Cu) and transition metals (Ni, Co). After
removing the colloidal crystal templates, interconnected nano-
porous structures were obtained. The thickness of the Ag MPCs
is about 2.5 um after 5 min of deposition (Fig. S3t). The pore
size of each MPC was determined from the diameter of the PS
spheres. Meanwhile, the thickness of the MPCs was easily
determined from the electro-deposition time.

2.2. Optical properties of metallic photonic crystals

The photographs and reflection spectra of the MPC films
composed of different metals with different diameters (200,
300, 370 and 450 nm) show typical photonic band gaps like
dielectric photonic crystals (Fig. 2a-g). The MPC films exhibited
bright structure colors under illumination with white light. The
photonic band gap was quite broad because of the enhanced
optical penetration depth in the MPCs, compared with the skin
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Fig.2 (a—c) Photographs of the structure colors of Ni, Co and Cu MPC
films on FTO glass slides immersed in ethyl alcohol solution, with the
same diameter of 300 nm; (d—g) photographs of the structure colors
of Ag MPC films on FTO glass slides with diameters of 200, 300, 370
and 450 nm, respectively; (h) experimental UV-vis reflection spectra of
Ni, Cu, Ag and Cu MPC:s; (i) experimental UV-vis extinction spectrum of
a Ag MPC with a diameter of 300 nm; (j) experimental UV-vis extinction
spectra of Ag MPCs with various diameters of 200, 300, 370 and
450 nm.
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depth of the pure metals.”® With the variation of the diameters
from 200 nm to 450 nm, the structure colors of the Ag MPCs also
changed from green to red which can be explained using
Bragg’s law.*®

1/2
A= G) x D x \/(1 — g +f xixo/w—sin’e (1)

where, 4 is the position of the reflectance peak. D is the center-
to-center distance of the colloidal particles (or the diameter of
the spheres), n and f are, respectively, the refractive index and
the volume fraction of each component, ¢ is the metal
conductivity, w is the angular frequency, and ¢ is the angle
between the incident beam and the sample normal. Therefore,
structure color depends on both the diameter of the spheres
and the refractive index of the materials. We measured reflec-
tion spectra of four kinds of MPC (Ag, Cu, Ni and Co) with the
same diameter of 300 nm, in the UV-vis region. As shown in
Fig. 2h, the reflection spectra of the MPCs exhibit broad
reflection peaks which stand for the photonic band gaps. Due to
the larger imaginary part of the reflective index, the photonic
band gaps of the Ag and Cu MPCs were red shifted compared
with the Ni and Co MPCs. Moreover, there is another reflectance
peak on the left side of the band-gap in the spectra of the Ag or
Cu MPC, which is due to localized surface plasmon resonance
(LSPR). In order to further study the surface plasmon resonance
(SPR) model, UV-vis extinction spectra of the Ag MPCs with
diameters of 200, 300, 370 and 450 nm were measured (Fig. 2i
and j). Multiple plasmon resonances were observed in the Ag
MPCs in accordance with nanoprisms* and submicron parti-
cles.* Taking Ag-300 nm as an example, the trench at 570 nm in
the spectrum is due to Bragg plasmons, which were generated
because of the ordered structure of the MPC. The extinction
peaks stand for Mie plasmons, which have energies that are
highly dependent on the nanostructured geometry. The peak at
440 nm is the in-plane dipole plasmon resonance and the sharp
peak at 320 nm is the out-plane quadrupole resonance because
the position of the 320 nm peak did not change with the vari-
ation of the diameter as shown in Fig. 2j.** With regard to the Ag
and Cu MPCs, the optical properties proved a combination of
localized and delocalized plasmons which are termed as “Mie
plasmons” and “Bragg plasmons”, respectively.** Furthermore,
with the diameter extending from 200 nm to 450 nm the major
LSPR peak and Bragg peak were both red shifted, at the same
time the extinction ratio dropped in the visible light region
which meant weaker interaction between the incident light and
the Ag MPCs via LSPR.

2.3. Ultra-sensitive SERS detection of R6G

To explore the application prospect of the strong interaction of
MPCs with incident light, a series of Raman spectra were
measured using an active fluorescent molecule, rhodamine 6G
(R6G), as a probe and Ag MPCs (diameters of 200, 300, 370 and
450 nm) as SERS substrates in order to experimentally confirm
the predicted large signal enhancement. All of the Raman
spectra were collected from 1 cm® areas of the samples. As
shown in Fig. 3a, the Raman spectra of R6G (concentration of
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra11721c

Open Access Article. Published on 08 December 2017. Downloaded on 12/5/2025 10:13:01 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Paper
a) 100k b) 80k c) 25000
- R6G 10°M —:g-gggnm - R6G 10°M ——532nm-0.2mW - — 10°M
> —— Ag-300nm 3 633nm-20mw 5 "
s Bl E] —10""M
;80K Ag-370nm ; — 785nm-100mw ; 200004 | 12
s —— Ag-450nm S 60k < — :g.um
2 2 2 10V
g 60k E g 15000
k) 8 40k ]
£ a0kd . X £ £ 10000
g JJ L‘"‘)\“"” e\, /pl/ \\,A j \'\/\J\\__,__»ﬂﬁ"" % % / | A A NN
£ { ; ) £ 20kq £ 5000
© 20k ] I A A A ;A
4 [ © 2.5
x5 X2.
0 .u—-—/\—J\—W/\_J\v&/\_JJ— 0 A 0

600 800 1000 1200 1400 1600 1800 2000
Raman shift (cm™)

600 800 1000 1200 1400 1600 1800 2000
Raman shift (cm™)

600 800 1000 1200 1400 1600 1800 2000
Raman shift (cm™)

Fig.3 (a) Measured Raman spectra of 10~> M R6G on Ag MPCs with various diameters of 200, 300, 370 and 450 nm; under excitation of 532 nm
wavelength and a 0.2 mW laser; (b) the measured Raman spectra of the Ag-300 nm MPC were measured under different incident light (532, 633
and 785 nm); (c) the measured Raman spectra of R6G on Ag-200 nm MPCs with 4 different concentrations (10~° M, ~940 molecules per pm?,
107 M, ~9.4 molecules per pm?, 10712 M, ~0.94 molecules per pm?, and 10723 M, ~0.094 molecules per pm?).

10" M) displayed eight prominent Raman peaks. The peaks at
1313 cm ™, 1362 cm ™', 1507 cm™ ' and 1648 cm ™" were assigned
to C-C stretching modes which had the largest enhancement
factors of 7-10 with the diameter of the Ag MPCs varying from
450 nm to 200 nm, unambiguously demonstrating a signifi-
cantly improved SERS sensitivity.® The peak at 613 cm™" was
assigned to the C-C-C deformation in-plane vibration, with
775 cm™ " and 1187 cm " (the out-of-plane and in-plane vibra-
tions of deformed C-H bonds) showing weaker enhancement
factors of 4-5. These observations illustrate how the MPC
structure affects SERS. Firstly, high-density hotspots form due
to the strong LSPR of the ordered nanopores when Ag MPCs are
under illumination of 532 nm wavelength incident light. In
addition, the metallic nanocavities have a strong focusing effect
of the electromagnetic field to the centers of the nanocavities
resulting in a co-focus effect.**> The negative curvature
confinement increases the plasmon energies because a greater
electric field overlap is produced in the surrounding air,
increasing the electromagnetic energy densities. Moreover, the
SERS enhancement factor was 4-10 times higher with the
diameter varying from 200 nm to 450 nm, which was highly in
accordance with the results of the extinction spectra. In order to
illustrate the impact of the incident light, the Raman spectra of
the Ag-300 nm MPC were measured using different incident
light (as shown in Fig. 3b). One can see that the intensity of the
Raman scattering under 633 nm incident light was much
weaker than that under 532 nm incident light, even on
increasing the luminous power from 0.2 mW to 20 mW. In
addition, there was only one distinct peak at 997 cm™" which is
potentially due to a charge transfer mechanism between the Ag
MPCs and R6G molecules because the light at 785 nm wave-
length is far away from the LSPR peak of Ag MPCs according to
the extinction spectrum. The detection limit is one of the most
important parameters for evaluating the overall performance of
a SERS substrate. To explore the limit of detection of the MPCs,
we measured Raman spectra with varying concentrations of
R6G from 10™° M to 10~ ** M, using Ag-200 nm as an example.
As shown in Fig. 3c, even with a concentration down to 10"* M
(equivalent to ~0.094 molecules per um” on average of the
surface area), the Raman peaks at 1362 cm ™' and 1648 cm ™" of

55854 | RSC Adv., 2017, 7, 55851-55858

R6G SERS were still visible as well as the other peaks which
appeared again when the concentration rose to 10 "> M
(equivalent to ~0.94 molecules per um® on average of the
surface area). Furthermore, the enhancement factor (EF) is
another significant parameter of SERS substrates. In order to
estimate the EF of Ag MPCs, we determined enhancement
factor as a specific value from the measured SERS intensities
and non-enhanced Raman scattering intensities under the
same conditions, as in eqn (2)*

EF = (Nng X Isgrs)/(Nsers X INg) (2)

where Isgrs and Iyg correspond to the SERS intensities and non-
enhanced Raman scattering intensities, respectively, and Nyg
and Ngggs are the number of molecules probed in a bulk sample
and that were adsorbed on the Ag MPCs. Then, the EFs of the Ag
MPC substrates were measured by diluting R6G solutions of
107" M and 10~ ™ M with 532 nm laser excitation. As a refer-
ence, a 50 pL droplet of 0.01 M R6G solution was deposited on
a normal Ag film substrate for Raman scattering measurement
(Fig. S47). The probe molecules (R6G) were assumed to disperse
uniformly on the substrates. Ultimately, the EFs of the Raman
peaks are listed in Table 1 with an outstanding average value of
7.6 x 10°. To be specific, the peak at 1648 cm ™" had the largest
EF of 1.9 x 10"° while the peak at 1607 cm ™" had the weakest EF
of 2.3 x 10° in contrast. The EF in this work is one or two orders
of magnitude higher than that of various noble metal nano-
structures in the literature (Table S17).

Table 1 EFs of Ag-200 nm MPCs at different Raman peaks

Peak position

(em™) EF

613 4.8 x 10°
771 5.8 x 10°
1187 3.8 x 10°
1362 1.0 x 10'°
1607 2.3 x 10°
1648 1.9 x 10"

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a) Scatter diagram of the EF at 1648 cm™* as a function of
concentrations ranging from 107> M to 10™** M and the EF of Ag MPCs
with different pore sizes; (b) Raman spectra of 10~ M R6G collected
from five Ag-200 nm MPC substrates of different batches.

Fig. 4a reveals the impact of concentration and pore size.
Firstly, the EF exhibited a dramatic increase as the R6G mole-
cule concentration decreased which was due to the insufficient
adsorption of R6G molecules onto the Ag MPC substrate at high
concentration. Secondly, the calculated logarithmic value of the
EF maintained a linear relation to the logarithmic value of the
R6G molecule concentration (Cgreg), indicating that the EF can
be estimated at a given analyte concentration and that Ag MPCs
are highly attractive substrates for quantitative purposes.
What’s more, the EF exhibited a dramatic decrease with the
pore size increasing from 200 to 450 nm. From the above, both
the detection limit (10~ "*M, ~0.094 molecules per um?) and EF
(2.3 x 10°-1.9 x 10'°) suggest that Ag MPCs have great poten-
tial in achieving single molecule detection. In order to further
prove our speculation, three different positions on one Ag-
200 nm sample were chosen randomly for SERS measurement,
with an R6G concentration of 10™"* M. As shown in Fig. S5,F
only selective peaks (925 cm ™', 1000 cm™ ', 1380 cm ' and
1633 cm ™ ') with narrower linewidths are visible in position 2
and 3. Moreover, the positions, relative intensities and line-
widths of these peaks exhibited clear variation because of the
various orientations on the different surfaces due to the
numerous possible coordinating sites, which is a typical char-
acteristic of single molecule detection.** To evaluate the repro-
ducibility of the Ag MPC substrate, we measured Raman spectra
of five different batches, as shown in Fig. 4b, and the Raman
signal was stable and the relative standard deviation (RSD) of
the intensity was less than 20% for the 613 ecm™ ' peak, con-
firming a good reproducibility for the Ag MPCs substrate.

2.4. Photocurrent responses of the metallic photonic
crystals

LSPR nanostructures like MPCs have widespread applications
in photocatalysis,* solar energy conversion® and photodetec-
tors.” On one hand, the excitation of LSPR is used to transfer
photon energy to nearby semiconductors,*® molecular photo-
catalysts, and other metals to drive chemistry remotely. On the
other hand, LSPR nanostructures can act as the light absorber
and the catalytically active site.*” To assess the performance of
the MPCs in direct photocurrent generation, MPC samples with
diameters of 200, 300, 370 and 450 nm composed of different
metals (Ag, Cu and Ni) were characterized under the
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illumination of white light (300 mW cm™?). The measurement
was carried out in a three-electrode system in which the MPC
films acted as the working electrode, a platinum plate acted as
a counter electrode, Ag/AgCl was used as a reference electrode
and KC1 (0.2 M) solution was the electrolyte. As shown in Fig. 5a,
a remarkable rise in the photocurrent was observed in the Ag
and Cu MPCs when the light was switched on, while there was
no photocurrent observed in the Ni MPC, predictably due to its
sluggishness in visible light. What’s more, Ag-200 nm MPCs
had the greatest rise of 10-fold in the photocurrent while the Ag-
450 nm MPCs had only 3-fold rise in comparison under the
same conditions. Obviously, the efficiency of light harvesting of
the MPCs determines the photocurrent generation. As a photo-
detector, response time (tg) and recovery time (tp) are two key
characteristic parameters, where 1y represents the time needed
to approach 63% (=1 — e ') of the value of the maximum
photocurrent from the dark current, and tp, is defined as the
time needed for recovery to 37% (=e ') of the maximum
photocurrent. The calculated 7x and 7, were 1.8 s and 1.0 s for
the Ag-200 nm MPCs photodetector, and 1.2 s and 1.0 s for the
Ag-450 nm MPCs photodetector, respectively. From the above,
the diameter of the Ag MPCs had a weak effect on 7 and 7 in
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Fig.5 (a) Amperometric /-t curves collected for Ag MPCs with various
diameters of 200, 300, 370 and 450 nm, a Cu-300 nm MPC and a Ni-
300 MPC under the illumination of white light (300 mW cm~2); (b)
photocurrent plots of Ag MPCs with various diameters of 200, 300,
370 and 450 nm under illumination of different optical power densities
from 300 to 700 mW cm™2; (c—f) bar graphs of the photocurrents of
the above-mentioned Ag MPCs under the illumination of mono-
chromatic light of different wavelengths (420, 470, 545 and 610 nm):
(c) 200 nm; (d) 300 nm; (e) 370 nm; (f) 450 nm.
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spite of the strong effect of photocurrent generation. When we
adjusted the optical power density from 300 mW cm™> to 700
mW cm 2, the photocurrent showed a significant rise in a linear
model (Fig. 5b). However, the photocurrent of the Ag-200 nm
MPCs and Ag-300 nm MPCs had a greater rise rate than the
other two MPCs. To explain this phenomenon, we consider the
effect of light illumination in two parts. (a) The generation of
hot electrons due to LSPR; (b) the enhancement of the
temperature field due to the illumination. It needs to be stated
in advance that the rate and quantum efficiency of photo-
catalytic reactions of metallic nanostructures increase with
operating temperature. For Ag-200 nm and Ag-300 nm MPCs,
LSPR plays a more significant role in photocatalytic reactions
due to stronger responses to photon reactions resulting in
greater rises in the rates of the photocurrents.

For the sake of proving that the photocurrent generation
results from LSPR of the MPCs stimulated by incident light, the
photocurrents of the Ag MPCs were measured under mono-
chromatic light of different wavelengths (420, 470, 545, and 610
nm) with the same optical power density (100 mW cm™2). As
shown in Fig. 5c-f, the variation trend of the photocurrent of Ag
MPCs (with diameters of 200, 300, 370 and 450 nm) was in high
accordance with the LSPR in the extinction spectra. For
instance, for Ag-300 nm MPCs in Fig. 5d, the highest photo-
current appears at the 420 nm wavelength position in contrast
with the 470 nm wavelength of Ag-370 nm (Fig. 5¢) because the
LSPR peak varies from 434 nm to 470 nm. Detailed mechanisms
of photocurrent generation of plasmonic metallic nano-
structures have been intensively studied and summarized by
Christopher and coworkers.>® Plasmons decayed through
Landau damping, where photon energy is converted to single
electron/hole pair excitations, occurring ca. 10 fs after the initial
plasmon excitation. Subsequently, energetic electrons were
directly injected into adsorbate states at the instant of plasmon
dephasing, occurring on the scale of ca. 5 fs.

3. Conclusions

In summary, we have fabricated a series of MPCs with highly
uniform inverse opal structure consisting of plasmonic metals
(Ag and Cu) and transition metals (Ni and Co), respectively, by
a self-assembly and electrochemical deposition method. The
MPCs exhibited characteristic and controllable optical proper-
ties illustrating that MPCs can act as great light absorbers due
to LSPR for high electromagnetic field enhancement or dense
plasmonic hot spots and energetic electron generation. More-
over, MPCs have been applied for ultrasensitive molecule
detection as SERS substrates. A high detection limit (10~ *M,
equivalent to ~0.094 molecules per pm?> on average of the
surface area) over a large area (=1.0 cm®) was achieved by
changing the diameter of the nanocavities, and great repro-
ducibility was proven. Plasmons decayed through Landau
damping, where photon energy is converted to single electron/
hole pair excitations, then energetic electrons were directly
injected into adsorbate states at the instant of plasmon
dephasing. In light of the above facts, our work opens up great
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opportunities to MPCs for potential applications in ultrasensi-
tive SERS and photodetectors.

4. Experimental section

4.1. Fabrication of the metallic photonic crystals

Monodispersed PS spheres were synthesized using emulsion
polymerization, in which styrene was the monomer, potassium
persulfate was an initiator and methacrylic acid was a surfac-
tant. Self-assembly of the PS spheres onto FTO glass slides (50 x
10 mm?) was carried out through vertical deposition methods in
deionized water under 50 °C and 55% RH to form colloidal PS
crystals. Before electrochemical deposition, the colloidal crystal
templates were immersed into sodium dodecyl sulfate (SDS)
solution (0.1 M) for 2 hours to enhance the hydrophilic property
of the PS spheres, preventing the colloidal crystal templates
from falling off because of stress. The electrodeposition of Ag
was performed via a galvanostatic method at a current density
of 2.5 mA em 2 for 5 min in an Ag plating solution containing
0.1 M AgNOg3, 0.1 M EDTA, 0.15 M boric acid, 0.2 M potassium
nitrate and 80 g L~' ammonium hydroxide (pH = 9.0) at
approximately 25 °C. The details of the electrodeposition of the
other metals are provide in the ESI.{ After the electrodeposition,
the FTO glass slides with metal/PS composites were washed
with deionized water, to ensure that no electrolyte remained,
and then immersed into methylbenzene solution for over 24
hours to remove the colloidal crystal templates.

4.2. Characterization

The morphologies of the surfaces of the MPC samples were
investigated using a super resolution field emission scanning
electron microscope (JEOL JSM-7800F Prime). Reflection and
extinction spectra of the colloidal crystals and MPCs were
collected using a UV-vis-NIR spectrophotometer (Lambda 950)
setup for a range of 300-800 nm. To evaluate the SERS efficiency
of the Ag MPCs, R6G solution (50 pL) in ethyl alcohol (107>~
10" M, respectively) was dropped in five 10 pL portions onto
the substrates. After drying under ambient conditions, micro-
Raman spectra were carried out using a dispersive Raman
microscope (Senterra R200-L) under ambient conditions. The
laser excitation wavelength was 532 nm from a He-Ne laser. The
diameter of the laser spot was 2 pm. The power of the laser and
accumulation time were kept around 0.2 mW and 2 s for a single
spectrum. The photocurrent was measured using a time current
curve (I-t) at 25 °C using an electrochemical workstation
(CHI660E), in which the open circuit potential was set as the
initial potential. The measurement was carried out in a three-
electrode system in which an MPC film was the working elec-
trode, a platinum plate was the counter electrode, Ag/AgCl was
a reference electrode and KClI (0.2 M) solution was the electro-
Iyte. A shutter was used to switch on/off the light with an
adjustable optical power density by current value derived from
a xenon lamp as the light source.

This journal is © The Royal Society of Chemistry 2017
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