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ABSTRACT: Highly sensitive surface-enhanced Raman
scattering (SERS) detection was achieved on plasmon-free
TiO2 photonic artificial microarray, which can be quickly
recovered under simulated solar light irradiation and
repeatedly used. The sensitive detection performance is
attributed to the enhanced matter-light interaction through
repeated and multiple light scattering in photonic
microarray. Moreover, the SERS sensitivity is unprece-
dentedly found to be dependent on the different light-
coupling performance of microarray with various photonic
band gaps, where microarray with band gap center near to
laser wavelength shows a lower SERS signal due to
depressed light propagation, while those with band gap
edges near to laser wavelength show higher sensitivity due
to slow light effect.

Surface-enhanced Raman scattering (SERS) as a fast and
sensitive mean for nondestructive detection of molecules

and ions has attracted much attention in analysis, chemistry,
and biology fields.1−4 Because of significant enhancing effect on
Raman scattering, Au, Ag, and Cu noble metals have been
widely studied and applied in chemicals detection.5−9 However,
the applications of metal substrates are largely limited by their
shortcomings such as high-cost, low stability, poor biocompat-
ibility, and no reusability. Photocatalytic self-cleaning SERS
substrates have recently been developed by combining
plasmonic metal with semiconductor such as TiO2

10−12 and
ZnO,13,14 which makes SERS substrate recyclable. Actually,
semiconductors themselves have proven to be SERS-
active.15−19 However, the development of semiconductor
SERS substrate is much underdeveloped compared with
metal substrate due to fatal defect of low sensitivity. In spite
of this, semiconductor substrates still have drawn considerable
attention due to advantages on capability of monitoring and
understanding the adsorption behavior of molecules on
semiconductor surface, and interference-free detection of
metal-catalytically active reaction process.
It is believed that SERS activity of semiconductor is

attributed to the charge-transfer (CT) mechanism.6,20,21

Under the excitation of laser, electrons transfer from semi-
conductor to adsorbed analytes or from adsorbed analytes to
semiconductor. In the CT process, the molecular polarizability
is magnified, resulting in enhancement of Raman signals. As a
typical semiconductor material, TiO2 has advantages in stability,

economy and biocompatibility.21−23 However, like other
semiconductor SERS substrates, the enhancement factor of
TiO2 is still much lower than that of metal substrate.
Whispering gallery mode (WGM) resonance by adopting
substrate with cavity can enhance Raman scattering of
semiconductor by increasing the reflection of electromagnetic
wave in cavity.24,25 For example, semiconducting carbon
nanotubes deposited on Si microarray and SiO2@TiO2 core−
shell spheres with multiple light scattering resonations have
been used to improve SERS detection sensitivity.26,27 However,
SERS substrate based on WGM is still underdeveloped, and the
detection sensitivity has great rising potential according to its
theoretically expected value.28

In the present work, plasmon-free TiO2 inverse opal
photonic microarray was first applied as SERS substrate,
which shows unprecedentedly high sensitivity comparable to
plasmon metal without the aid of hot spot effect. Photonic
semiconductor microarray is well-known for its excellent
performance on modulation of light propagation. Although
they have long been involved in SERS detection, they were
actually only used as carriers for metal particles and have never
been used as SERS substrate themselves.29−36 Here, we report
TiO2 microarray with novel and interesting photonic band gap
dependent sensitivity, which can be depressed or improved by
careful matching laser wavelength with band gap position. The
improved SERS sensitivity here is correlated to the enhanced
light-matter interaction in photonic microarray further by
comparison study between porous and nonporous film.
Moreover, this novel SERS substrate can be easily recovered
from instant solar light irradiation and repeatedly used.
TiO2 inverse opal used in this study was prepared via a

simple casting and calcination process, in which close-packed
polystyrene (PS) sphere array was used as hard template
(Scheme S1). Figure 1a shows Raman spectra of methylene
blue (MB) adsorbed on TiO2 inverse opal (TiO2-225) and
TiO2 planar. TiO2 inverse opal shows extraordinary sensitivity
in comparison with TiO2 planar substrate. The detection limit
even decreases to 6 × 10−6 M, which is comparable to that of
noble metal without the aid of hot spot effect. The intensity of
peak at 449 cm−1 which ascribed to aggregation reduces with
the decreasing concentration, indicating that monomer mainly
presents at low concentration and aggregation appears at higher
concentration.36 The inset SEM image indicates TiO2 inverse
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opal has highly ordered macroporous structure, which possesses
higher specific surface area than TiO2 planar (Table S2). It
cannot be excluded that the enhanced SERS is attributed to the
improved specific surface area. Here, P25, a commercial
product with specific surface area similar to that of TiO2
inverse opal, was used as a reference substrate. It is obvious
that SERS signal observed from TiO2 inverse opal is much
higher than that of P25 (Figure 1a), which rules out the effect
of specific surface area on high SERS sensitivity of TiO2 inverse
opal. However, compared with glass slide, the adsorption and
enrichment effect of inverse opal structure with higher specific
surface area is still considerable since even non-SERS active
substrate of SiO2 inverse opal shows higher signal intensity than
that of glass slide for the detection of 10−3 M MB (Figure 1b).
The improved signal from TiO2 inverse opal may be attributed
to the repeatedly scattered laser light among the periodic voids.
Multiple laser scattering improves light-matter interaction and
provides much more opportunities for the occurrence of
Raman scattering.
To further prove the effect of improved light-matter coupling

in photonic microarray, the macroporous voids in TiO2 inverse
opal were refilled by casting them with TiO2. It is obvious that
the pore size of inverse opal gradually decreases with the
casting times, and all of voids fade away after casted thrice
(Figure 2a−d). The casting process is illustrated in Figure 2e.
TiO2 precursor solution flows from the top to the bottom of
substrate because of gravity, so lower macropores are fully
immersed and upper ones are only partly casted by remnant
precursor in first two casting processes (middle image in Figure
2e). As a result, the size of upper macropores decreases and

voids in the bottom of substrate completely disappear after
hydrolysis and calcination treatment. The macropores are
completely filled when efficient precursor solution is used (right
image in Figure 2e). Raman spectra of MB on casted samples
indicate the intensity significantly decreases with the casting
times (Figure 2f). The Raman signal observed from the sample
losing multiple light scattering properties is as low as that of
TiO2 planar. Therefore, the efficient light-matter coupling by
multiple light scattering actually plays a determinative role in
the sensitive SERS detection.
Inverse opal as a kind of photonic crystal has photonic band

gap in a certain wavelength, meaning that the propagation of
light at this wavelength is theoretically forbidden, and the
propagation of light at the edge of the photonic band gap can
be slowed down.37 Therefore, the SERS detection performance
of TiO2 inverse opal is probably related to the position of
photonic band gap. Subsequently, TiO2 inverse opals with
different photonic band gap were prepared to investigate the

Figure 1. (a) Comparison between Raman spectra of MB with various
concentrations adsorbed on TiO2 inverse opal, TiO2 planar, and P25.
The SEM image of TiO2 inverse opal is shown in the inset. (b) Raman
spectra of 10−3 M MB adsorbed on SiO2 inverse opal substrate and
glass slide (multiplied by 5).

Figure 2. (a−d) SEM images of TiO2 inverse opal casted 0, 1, 2, and 3
times (the scale bar is 500 nm); (e) scheme of casting process; (f)
Raman spectra of 10−5 M MB adsorbed on the substrates casted 0, 1,
2, and 3 times.
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effect of photonic band gap on SERS activity. The band gap
position is tuned by adjusting the size of macropore. Figure
3a−d is SEM images of TiO2 inverse opals with different void

sizes including 225, 260, 295, and 350 nm. As shown in the
insets, TiO2 inverse opals show different colors because of the
various photonic band gaps. Reflection spectra were measured
(Figure 3e) to estimate the positions of band gaps. The
photonic band gaps of TiO2-350, 295, 260, and 225 are around
650, 530, 470, and 420 nm, respectively. The band gap
positions obviously match well with the colors of the inverse
opal substrates. The wavelength of laser applied in this study is
532 nm, which locates in the center of the photonic band gap of
TiO2-295 substrate and at the edge of the photonic band gap of
TiO2-225. Therefore, multiple light scattering should be
suppressed in the case of TiO2-295 due to the photonic
forbidden band and enhanced in the case of TiO2-225 due to
slow light effect.38

Raman spectra of 10−5 M MB adsorbed on various substrates
are shown in Figure 3f. Significant variation in the intensity is
observed although all of substrates have no chemical difference,
indicating that diversity in SERS should be attributed to the
position of photonic band gap. Samples TiO2-225 and TiO2-
295 show highest and lowest sensitivity, respectively. In the
case of TiO2-225, multiple-light scattering of the laser is
maximized because of slow light effect, resulting in the highest
intensity of Raman spectrum. The decreased SERS effect in
other samples should be attributed to weakened light-mattering
interaction in the absence of slow light effect and the lowest
sensitivity of TiO2-295 substrate should be attributed to its
band gap close to laser light, where the propagation of laser and
multiple scattering is largely suppressed. The propagation of
laser is suppressed rather than forbidden because of the
existence of defects in TiO2 inverse opals prepared by colloidal
deposition method.
Because of intrinsic self-clean ability of TiO2, TiO2 inverse

opal substrate can decompose organic analyte under solar light
irradiation. Photodegradation of 10−5 M MB on TiO2 inverse
opal substrate was tested under simulated sunlight irradiation
(Figure 4a). After 5 min irradiation, few peaks of MB remain,
and all peaks of MB disappear after 10 min irradiation,
indicating that MB is completely photodegraded. The substrate

also shows well self-cleaning ability when higher concentration
MB is adsorbed (Figure S2). The rapid and efficient self-
cleaning ability may also be attributed to the improved light-
harvesting ability of TiO2 inverse opal. Recycling experiment
was further done to test the stability of the substrate (Figure
4b), and the substrate still shows excellent SERS activity after
three runs of circulation.
Subsequently, the enhancement factor (EF) of the TiO2

inverse opal substrate is evaluated by eq 1.39−42 NSERS and N0
are the average number of molecules in scattering area for SERS
and non-SERS measurement, and ISERS and I0 are the intensities
of the selected Raman peak in the SERS and non-SERS spectra.
In this study, the numbers of probe molecules were estimated
by eq 2 on the assumption that the probed molecules were
distributed uniformly on the substrates.10 NA is Avogadro
constant, C is the molar concentration of the probed solution,
V is the volume of the droplet, Sscan is the area of Raman
scanning, and Ssub is the area of the substrate. The Raman
spectra of MB adsorbed on SERS and non-SERS substrates are
shown in Figure S3, and the calculated EF is 2.0 × 104, which is
outstanding sensitivity for plasmon-free TiO2 substrates.

=
I N

I N
EF

/
/

SERS SERS

0 0 (1)

=N CVN S S/A scan sub (2)

In conclusion, plasmon-free TiO2 inverse opals SERS
substrates were fabricated, and high sensitive detection was
achieved due to the improved light-mattering coupling. The
detection sensitivity is governed by the position of photonic
band gap, where the highest sensitivity can be achieved by
appropriately utilizing slow light effect of photonic microarray.
Moreover, TiO2 inverse opal also shows an outstanding

Figure 3. (a−d) SEM images of TiO2 inverse opal substrates (TiO2-
225, TiO2-260, TiO2-295, and TiO2-350), and the scale bar is 500 nm.
The insets are photographs of the substrates under white light
irradiation. (e) Reflection spectra of TiO2 inverse opal substrates. (f)
Raman spectra of 10−5 M MB adsorbed on different inverse opal
substrates.

Figure 4. (a) Raman spectra of 10−5 M MB adsorbed on TiO2 inverse
opal substrate under simulated sunlight irradiation for different times
(0, 5, and 10 min). (b) Recycle experiment test of TiO2 inverse opal
substrate. The initial concentration of MB is 10−5 M, and the
simulated sunlight irradiation time is 10 min.
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recyclability by optical irradiation, which should also be
attributed to their efficient light-harvesting ability.
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