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Abstract: We present a novel type of surface-enhanced Raman scattering
(SERS) substrate constituted of a 3-dimensinal polymeric inverse opal (10)
photonic crystal frame with gold nanorods (Au-NRs) decorating on the top
layer. This substrate employs resonant excitation as well as constructive
backward scattering of Raman signals to produce large enhancement of
SERS output. For the incoming excitation, Au-NRs with appropriate aspect
ratio were adopted to align their longitudinal localized surface plasmon
band with the excitation laser wavelength. For the outgoing SERS signal,
the spectral position of the photonic band gap was tuned to reflect Raman-
scattered light constructively. This SERS substrate produces not only strong
but also uniform SERS output due to the well control of Au-NRs
distribution by the periodic 10 structure, readily suitable for sensing
applications.
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1. Introduction

Surface-enhanced Raman scattering (SERS) has been a subject of intensive research due to its
potentials in many practical applications such as biological sensing and trace analysis [1,2].
SERS occurs to molecules adsorbed to roughened or nanostructured metal surfaces. It
originates from two effects: the electromagnetic (EM) and the chemical (CM) enhancement
mechanisms [1-7]. The EM mechanism is the direct result of enhancement of local EM field
in the vicinity of a metal surface, due to its plasmonic response to an incident light [4,5]. The
CM enhancement is attributed to resonant electronic charge transfer between adsorbed
molecules and the metal surface, which increases the polarizability of adsorbed molecules and
their Raman scattering cross section [3,6,7].

The key to promote the application of SERS is the development of substrates with large
Raman signal enhancement and high reproducibility [7-9]. Noble metal nanoparticles, such as
gold and silver nanoparticles on dielectric substrates have been shown highly effective for
SERS application mainly due to the novelty of the localized surface plasmon resonance
(LSPR) associated to these particles. The strength of LSPR is determined by the shape, size,
inter-particle spacing, as well as the dielectric environment [2,10]. If the excitation
wavelength aligns with the LSPR band, the SERS signal can be dramatically enhanced by the
EM enhancement mechanism [4,5,11]. In addition, the lightning rod effect [12] with metal
nanorods was estimated to be able to generate at least an order of magnitude stronger
localized field than that of the isotropic plasmon band of metal nanospheres [13]. In practice,
aggregation frequently occurs to metallic nanoparticles deposited on dielectric substrates. The
cluster morphology generates uncontrolled hot-spot effect [14-17], making SERS signal
inhomogeneous, thus limits its application. To produce high SERS intensity with good
uniformity and reproducibility, many novel metallic nanostructures, including nanoparticle
arrays, hollow structure films, grating structures, micro-structured surfaces, and 3-dimensinal
(3D) hybrid substrates, etc., have been presented [18-23]. The search of cost-effective, high-
sensitivity and high-reliability SERS substrates is still in progress.

Previously, we presented a hybrid SERS substrate based on a SU-8 inverse opal (10)
photonic crystal (PhC) decorated with gold nanospheres (Au-NSs) [24]. This hybrid SERS
substrate produced uniform SERS signal due to the excellent control of the distribution of Au-
NSs by the 10 PhC [24]. Furthermore, in addition to the enhancement contributed from Au-
NSs, a desired Raman signal can be selectively enhanced by appropriately overlapping the
center of photonic band gap (PBG) of the 10 PhC with the wavelength of the Raman signal.
The PBG effect inhibits the Raman scattering photons transmitting through the 10 PhC in the
normal incident direction because the Bragg reflection caused by periodic multilayer
structure. On the other hand, the PBG effect leads to a constructive interference of backward
reflection Raman scattering light and results in strong enhancement of backward reflection
Raman scattering signal [24]. Since no significant effort has been invested in resonating the
LSPR of the Au nanoparticles (Au-NPs) with the excitation laser light, SERS signals
generated from this hybrid SERS substrate were yet not fully optimized.

In this work, we investigated the advantages of incorporating gold nanorods (Au-NRs)
onto SU-8 10 PhCs to further enhance SERS outputs. Au-NRs with appropriate aspect ratio
were synthesized to have one of their LSPR bands aligned with the excitation laser
wavelength. We compared SERS outputs from SU-8 10 PhC substrates decorated with Au-
NRs and that with Au-NSs. The experimental results show that all Au-NRs decorated
substrates produce higher SERS intensities, which is the direct evidence of resonant excitation
of LSPR on Au-NRs. We also studied the effects of PhC structure on SERS output by
comparing SERS intensities from Au-NRs decorated SU-8 10 substrates with different PBGs.
It demonstrates that the PBG effect promotes the backward SERS output when the
wavelength of the Raman signal aligns with the PBG. By careful designing structures of an
Au-NRs decorated SU-8 10 PhC substrate, both resonant excitation of LSPR and PBG effects
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can benefit simultaneously to selected Raman signals and leads to large enhancement of
SERS signals.

2. Experiments

Au-NSs of 28 + 4 nm were synthesized via the citrate reduction method, whose details can be
found in the Ref [25]. and high-quality SU-8 10 PhCs were fabricated according to the
experimental procedures described in previous work [26]. Au-NRs were synthesized
according to the recipe reported by Nikoobakht and El-Sayed [27] with some modifications
[28]. Firstly, the gold seed solution was prepared by mixing 5 ml of 0.5 mM HAuCI,.3H,0
with 5 ml of 0.2 M hexadecyltrimethylammonium bromide (CTAB, CigHsBrN, Acrds),
adding 0.6 ul of ice-cold solution of 0.01 M sodium borohydride (NaBH,, Aldrich) and
stirring for 2 min, which resulted in a solution with brownish yellow color. Subsequently, 300
ul of the seed solution was added to the growth solution which is a mixture of 50 ml of 0.2 M
CTAB, 50 ml of 2.5 mM HAuCI,.3H,0, 1 ml of 4 mM silver nitrate (AgNO;, Baker), and 2
ml of 0.788 M ascorbic acid (CgHgOs, Sigma). The Au-NRs growth reaction was completed
after 2 h, which was signaled by the color of the solution slowly changing from colorless to
dark cyan. The temperature of both seed and growth solutions was kept at 24 °C.

Au-NRs were decorated on SU-8 planar and SU-8 1O substrates by a chemical
modification process reported in Ref [24]. SU-8 surfaces were functionalized with SH group
by immersing them in various aqueous solutions in the following sequence: 0.1 M sodium
hydroxide (NaOH, Showa) for 1 h; 0.1 M potassium dichromate (K,Cr,07, Sigma) for 1 h;
and a mixture of 0.43 mM of 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (CgH;7N3.HCI,
Sigma), 17 mM of N-hydroxysuccinimide (C4;HsNOjz; Alfa Aesar), and 0.02 M of
cystaminedihydrochloride (C4H1,N,S,.2HCI, Alfa Aesar) for 2 h. To prepare the Au-NRs
solution for decorating the SU-8 substrate, the concentration of CTAB in the Au-NRs solution
was reduced by using centrifugation (8000 rpm) with deionized water twice. Finally, the SU-8
planar and SU-8 10 substrates were immersed in the Au-NRs solution, and 0.1 M sodium
chloride (NaCl, Sigma) solution was subsequently added to the Au-NRs solution with volume
ratio of NaCl:Au-NRs equal to 1:15. Due to the stable CTAB bilayer on Au-NRs, it is
difficult to immobilize Au-NRs on thiol-terminated SU-8 surfaces. The addition of NaCl
adjusted the ionic strength of the solution and, hence, the bilayer structure around the Au-
NRs. It is noted that the addition of NaCl to the CTAB system resulted in a shift of the
adsorption isotherm to lower surfactant concentration and an increase in maximal surface
excess, leading to an increase in the rate of adsorption [29]. This has been attributed to
electrostatic screening of head group charges and an increase level of counter-ion binding.
Due to the hydrophobic property of SU-8 surface, ultrasonic treatment was applied for 2 min
in each processing step to facilitate the reactions. All samples were cleaned by deionized
water and blown dry with dry nitrogen after each step to avoid contamination. The average
number density (o) of Au-NRs increases monotonically with the immersion time, and the
desired number density was obtained by controlling the immersion time in the final step. For
comparison, we also prepared a glass substrate deposited with Au thin film of 30 nm
thickness, and Au-NSs decorated SU-8 planar and SU-8 10 substrates with o close to those of
Au-NRs decorated substrates [24].

Prior to the SERS spectra measurement, all samples were immersed in an absolute ethanol
solution (C,HsOH, Baker) containing 1072 M of probe molecules 4-nitrobenzenethiol (4-NBT,
CeHsNO,S, Aldrich) for 2 min to allow the adsorption of 4-NBT molecules on the surface of
Au-NPs. A He-Ne laser (Spectra Physics) with 20 mW output power at 632.8 nm wavelength
was used to excite adsorbed 4-NBT molecules. A laser filter (Chroma Z633/10x) was used to
remove other residual plasma lines from the incident beam. A 10x objective lens (NA = 0.25)
was used to focus the laser beam onto the sample and also to collect back-scattered photons.
A plano-convex lens was used to focus the scattered photons onto a fiber connected to a
spectrometer (TRIAX 302, Jobin Yvon) equipped with a low temperature CCD detector. A
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Raman filter (Omega XR3303) was used before the plano-convex lens to block the excitation
laser. The integration time for each SERS spectrum was set to 15 s.

Transmission electron microscopy (TEM) (JEOL 2100) was used to determine the
diameter of Au-NPs. Field emission scanning electron microscopy (FESEM) (Hitachi S4800)
was used to characterize and inspect Au-NPs decorated on the SERS substrates. The PBG of
SU-8 10 was determined via reflection spectrum measurement using a fiber optic
spectrometer (Ocean S2000) with a halogen tungsten light source. Absorption spectra of Au-
NPs solutions were measured using a UV-Vis spectrometer (Agilent).

3. Results and discussions

Figure 1(a) shows a FESEM image of Au-NRs decorated on a SU-8 planar substrate with ¢ =
60 pm2 The inset is a TEM image of Au-NRs with aspect ratio of 2.2 (length = 42 + 5 nm,
width = 19 + 2 nm). Figures 1(b) and 1(c) show FESEM images of an Au-NRs decorated SU-
8 10 substrate (lattice constant a = 466 nm) with ¢ = 65 um™. As illustrated in Fig. 1(a) and
1(c), Au-NRs are uniformly distributed on the SU-8 planar substrate, while they appear more
localized at the top grid regions of the SU-8 10 substrate. On both substrates, most Au-NRs
are clearly separated, and only few Au-NRs are in close proximity of each other. After
randomly checking different locations over a large area (1 x 1 cm?), it is found that the Au-
NRs distributions are similar to those shown in Figs. 1(a) and 1(c). For SU-8 planar
substrates, the number density ¢ was obtained from FESEM images by directly counting the
number of Au-NPs over a fixed area. For SU-8 10 substrates, since most nanoparticles are
attached to the top layer and only few of them were found below the top layer, ¢ was
determined by counting the number of Au-NPs visible on the top layer and divided by the
area of the top grid and that of the spherical bottom visible in each void. Figure 1(d) shows
the relation between ¢ of Au-NRs on a SU-8 10 PhC substrate and the immersion time in the
final step of Au-NRs decoration. It is clear that ¢ increases monotonically with the immersion
time. With this general trend, we are able to control o of Au-NRs decorated on a SU-8 10
PhC substrate.

(@)
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_2504{(d) i
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504 #
120 180 240
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Fig. 1. (a) FESEM image of Au-NRs decorated on a SU-8 planar substrate with ¢ = 60 pm™.
Inset: TEM image of Au-NRs.(b) and (c) FESEM images of Au-NRs decorated on a SU-8 10
substrate with 6 = 65 um™. (d) ¢ of Au-NRs on SU-8 10 substrates as a function of the
immersion time.
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To find plasmonic resonance of Au-NPs, their extinction spectra were measured before
and after being decorated on SU-8 planar substrates. Figure 2 shows the extinction spectra of
Au-NSs (black line) and Au-NRs (blue line) in aqueous solution. The spectrum of Au-NS
solution contains a single absorption band centered at 523 nm, which corresponds to the
plasmon absorption of Au-NSs. The spectrum of Au-NR solution exhibits two distinct
absorption bands with one centered at 518 and the other at 645 nm, and they are attributed to
the transverse and longitudinal surface plasmon modes of Au-NRs, respectively [30]. The
extinction spectra of Au-NSs (o 272 um™, red line) and Au-NRs (¢ ~245 pm2, cyan line)
on SU-8 planar substrates are also shown in Fig. 2. The peak position of Au-NSs spectrum is
at 524 nm, and the peak positions of transverse and longitudinal surface plasmon absorptions
of Au-NRs are at 519 and 636 nm, respectively. In general, their spectral profiles and peak
positions are almost identical to those of the aqueous solutions, except there is a small blue-
shift of the longitudinal surface plasmon resonance of Au-NRs, probably due to the change of
environment from aqueous solution to air [31]. In addition, even increasing ¢ of Au-NPs on
the SU-8 planar substrate up to ~450 um 2, we found that the positions and widths of plasmon
absorption peaks remain unchanged. This indicates that Au-NPs were well separated on the
substrate; unlike the previous result of multilayer thin films composed of Au-NPs, whose
extinction spectra exhibited significant difference to those of aqueous solution because of the
aggregation of the nanoparticles [16,32]. Since the longitudinal surface plasmon absorption of
Au-NRs matches well to the excitation by He-Ne laser irradiation at 632.8 nm, we expect
strong localized EM fields can be built-up in the vicinity of surfaces of Au-NRs due to
resonantly excited localized surface plasmon on NRs.

1,04 1 Au-NSs in water
1 2 —— Au-NRs in water
3 —— Au-NSs on SU-8 planar (x10)
4 —— Au-NRs on SU-8 planar (x10)
-
=
©
N—r
c
9 0,5+
e
(8]
c
=
x
L
(x10) (x10)
0,0

400 500 600 700 800 900 1000
Wavelength (nm)

Fig. 2. UV-Vis extinction spectra of Au-NSs and Au-NRs in aqueous solution and deposited on
SU-8 planar substrates. For clarity, the vertical values corresponding to curve 3 and 4 were
multiplied by a factor of 10. The average diameter of Au-NSs is 28 + 4 nm. The average length
and width of Au-NRs are 42 £+ 5 nm and 19 + 2 nm, respectively. The number densities ¢ are
272 and 245 pm™2 for Au-NSs and Au-NRs decorated on SU-8 planar substrates, respectively.

To investigate the effect of resonance excitation of LSPR of Au-NPs and the effect of
PBG on the SERS output, we fabricated SU-8 IO PhC substrates with different lattice
constants decorated with both types of Au-NPs. Major samples used for detailed comparison
in this study are listed in Table 1.
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Table 1. Au-NPs decorated SU-8 substrates*

Label Substrate Particle type o(nm-2)
A SU-8 10, a = 424 nm, Apgg = 573 Nm Au-NR 62
B SU-8 10, a = 466 nm, Apgg = 628 Nnm Au-NR 65
C SU-8 10, a = 509 nm, Apgg = 686 nm Au-NR 50
D SU-8 10, a = 559 nm, Apgg = 745 nm Au-NR 55
E SU-8 10, a = 608 nm, Apgg = 812 nm Au-NR 58
F SU-8 Planar surface Au-NR 60
G SU-8 10, a = 466 nm, Apgg = 626 NmM Au-NS 78
H SU-8 10, a =509 nm, Apgs = 688 Nnm Au-NS 82
| SU-8 Planar surface Au-NS 72
J SU-8 Planar surface Au film N/A

*a is the lattice constant of the IO structure, and Apgs the peak wavelength of the reflection spectrum of the 10
structure measured at normal incidence, o is the average number density of the Au-NPs decorated on the substrate.

Figure 3 shows the reflection spectra measured at normal incidence from sample A to E.
The PBG reflection peak wavelength shifts from 573 to 812 nm as the lattice constant
increases from 424 to 608 nm, with the full width at half maximum (FWHM) of their
reflection peak equal to 56, 59, 61, 65, and 72 nm, respectively. The increase of ¢ up to ~250
um-? red-shifted the peak positions by about 2 nm, but made no change in FWHM of the
peaks. Note that the reflection spectra of SU-8 10 substrates did not change after the
adsorption of 4-NBT probe molecules. That is because most Au-NRs are decorated only on
the top layer of SU-8 10 substrates, and the adsorption of 4-NBT probe molecules is
insignificant to change the effective refractive index inside the 10 PhC.

11334 cm”
633 nm | E: 812 nm
Na.- A
- ! :
. 1

S : { D: 745 nm
@D 1
o 1
C | 1
% : C: 686 nm
@ I !
© I !
x : B: 628 nm

I I

! ' A: 573 nm

500 600 700 800 900

Wavelength (nm)

Fig. 3. Normal-incident reflection spectra of Au-NRs SU-8 10 substrates. The dashed lines
denote wavelengths of excitation laser at 632.8 nm and the Raman-shifted peak at 1334 cm™
(691 nm) of 4-NBT molecules.

To investigate PBG and the plasmon resonance excitation effects on SERS output, we
measured SERS spectra of 4-NBT probe molecules adsorbed onto the substrates in Table 1.
Figure 4(a) compares their SERS outputs, where the spectral features agree well with previous
reported results [24,33]. For ease of comparison, each curve is shifted vertically by an
appropriate height and the order of the spectra is arranged according to the strength of SERS
intensity from top to bottom. Figure 4(b) shows peak intensities of Raman peak at 1334 cm™
(A = 691 nm) in Fig. 4(a) from substrate A to J. To see the effect of resonant excitation of
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LSPR on Au NPs, we first compare the SERS intensity from planar SU-8 substrates with Au-
NRs, Au-NSs, and Au film on top, i.e. samples F, I, and J, respectively. Sample F produced
the strongest Raman sensitivity, and sample J the weakest. This result indicates that the
matching of the longitudinal plasmon absorption band of Au-NRs with the excitation laser
wavelength resulted in the largest Raman output among these three samples (see Fig. 2), in
agreement with the expectation of stronger EM field built up in the vicinity of Au-NRs [11].
This trend is also true for 10 substrates in general by comparing the SERS intensities from
sample A to E to those from sample G and H. More specifically, comparing the Raman
intensities from IO substrates with nearly the same Apgg, Namely samples B and G, (and
samples C and H as well), the Au-NRs decorated SU-8 10 substrates (samples B and C)
produced SERS intensity about 5 to 5.5 times higher than their Au-NSs decorated counterpart
(samples G and H) did, because of the well matching of the longitudinal plasmon absorption
band of Au-NRs with the excitation laser wavelength. Above results clearly demonstrate the
role of resonant excitation of LPSR on Au-NRs in SERS signal enhancement.
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Fig. 4. (a) SERS spectra of 4-NBT molecules adsorbed on SERS substrates listed in Table 1.
The curves are arranged according to their SERS intensities from top to bottom. The inset
shows the molecular structure of 4-NBT. (b) SERS intensities of the major Raman peak 1334
cm™ (L =691 nm) of 4-NBT probe molecules obtained from substrates A to J.

For the PBG effect, we compare the SERS intensities from sample A to F. As shown in
Fig. 4(b), the order of the Raman intensities generated from these samples from high to low
are: I >> Ig > Ip =l > Ig > Iz. Sample C produced the highest Raman intensity because the
Raman-shifted wavelength aligns with its PBG (see Fig. 3). The PBG effect prohibits the
transmission of Raman-shifted photons scattered by 4-NBT molecules adsorbed on Au-NRs
in the normal incident direction, which were deposited only on the top layer of the SU-8 10
substrate. Constructive interference of the backward reflection of Raman scattering photons
leads to further enhancement. Similar effect can also be seen from Au-NSs decorated SU-8 10
substrates [24]; the SERS intensity generated from sample H was larger than that of G for the
same reason.

As displayed in Fig. 3, the excitation laser wavelength aligns with the PBG of sample B,
and accordingly results in high reflection of the excitation light, thus strong interaction
between excitation light and Au-NRs, which only existed on the top layer of the SU-8 10
substrate. This presumably should also enhance the EM field around probe molecules and
therefore increases the Raman scattering intensity. Nevertheless, this kind of enhancement
effect is still smaller than that from aligning the Raman-shifted wavelength with the PBG of
the 10 substrate. For samples A, D, and E, the Raman intensities decrease with the spectral
gap between PBG of the substrate and wavelength of either the Raman-shifted peak or the
excitation laser wavelength. To the extent that when both the Raman-shifted peak and the
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excitation laser wavelengths were far away from the PBG (sample E), the PBG had no effect
in enhancing the Raman signal and thus produced the smallest SERS intensity among the Au-
NRs decorated SU-8 10 substrates.
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Fig. 5. (a) Au-NR number density (o) dependence of SERS intensities of the Raman peak at
1334 cm™ (691 nm) of 4-NBT probe molecules measured from substrate A to 1. The sample
specification in Table 1 applies to the alphabetic labeling here except the number density of
Au-NRs. (b)The FESEM image of Au-NRs decorated on a SU-8 IO substrate with ¢ =

243um. (c) The ¢ dependence of the same signal in (a) normalized with c.

Raman spectroscopy is concentration dependent, but “hot-spot” effect often causes the
concentration dependency to deviate from linearity [34,35]. Hence, we further explore the
dependence of the SERS signal on the number density ¢ of NPs decorated on the substrate.
Figure 5(a) shows SERS intensities of the peak at 1334 cm™ as a function of & for substrates
A to . As expected, the Raman intensities increase with o, but a nonlinear growth of Raman
intensities can be clearly seen in plots for substrates A to E. From the FESEM images of
substrates A to E with high o, aggregates of Au-NRs typically exist in most top grid regions
(see Fig. 5(b)),which likely results in the hot-spot effect. We normalized the signal intensities
in Fig. 5(a) with ¢ and plotted the results in Fig. 5(c). It is clear when o increases, the average
of SERS intensities at 1334 cm™ of each nanoparticle remains constant for substrate F to I,
which represents hot-spot effect is absent. On the other hand, the Raman intensities of each
AU-NR of substrates A to E exhibit substantial increase as ¢ exceeds 145 pm 2. This indicates
that hot-spot effect has strong impact on the SERS outputs of substrates A to E for ¢ >
145pm™2, but it is insignificant for o < 145um2 This indicates that hot-spot effect is
insignificant to the SERS outputs of the substrates decorated with low ¢ (for example, ¢ =50
um-2) of Au-NRs or Au-NSs. We further found that even with hot-spot effect present the Au-
NRs decorated SU-8 10 substrates still produce spatially uniform SERS signal. The SERS
signal from substrate C with ¢ = 239 um™ were measured at 10 different positions within an
area of 1 x 1 cm? The standard deviation of the SERS signal was found to be only 5%,
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indicating SU-8 10 substrates provide excellent control of the distribution of Au-NRs that
produces highly uniform SERS outputs.

4. Conclusions

In this work, a novel type of PhC SERS substrate is presented for producing large
enhancement of SERS output. The proposed SERS substrate contains a 3D SU-8 10 PhC
backbone and its top layer is decorated with appropriate aspect ratio of Au-NRs. We
demonstrate that Au-NRs can promote the excitation of LSPR and increase SERS output. In
addition, we also show that the backward SERS output of a SU-8 10 PhC substrate can be
enhanced via PBG effect. The PBG effect takes place as the Raman-shifted wavelength of
probe molecules aligns with the PBG. Combining these two effects, strong SERS output with
high spatial uniformity can be generated. The novel type SERS substrate should be useful for
sensing applications.
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