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a b s t r a c t
Surface-enhanced Raman scattering (SERS) technology has been investigated for long time because of
its tremendous potential in chemical and biomolecular detection. One of the challenging works in this
ﬁeld is to fabricate fantastic substrates with high sensitivity, stability, and reproducibility. This work
reports a novel SERS substrate based on MnO2 /Au hybrid nanowall ﬁlm prepared by simple and cheap
hydrothermal method combined with subsequent vacuum thermal evaporation process. Enhanced SERS
enhancement factor (EF) with increased thickness of gold layer was observed and a signiﬁcant increase
of EF up to 8 orders of magnitude has been achieved. Finite-difference time-domain (FDTD) simulations
have been carried out to elucidate the origin of the enhancement and the distribution of the “hot spots”.
Experimental evidences indicate that the as-prepared substrate possesses excellent SERS sensitivity,
good stability and high reproducibility. Our results provide a novel MnO2 /Au hybrid nanowall ﬁlm as a
convenient and robust SERS-active substrate for detecting biomolecules.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Since its discovery in 1974 by Fleischman [1], surface-enhanced
Raman scattering (SERS) is recognized as an effective tool with
high sensitivity for diverse applications, such as biology, chemistry, environment and archaeology[2]. So far, much effort has
been devoted to the investigations of SERS. In particular, due
to its non-destructive, narrow signal bandwidth, multiplexing
capability and label-feel detectability, SERS recently has been
attracted much attention for biomolecule detection, medical diagnosis and high resolution cellular imaging [3,4]. The ability of
single-molecule detection makes SERS a more fascinating technology with superhigh sensitivity [5,6]. However, the instability
and low reproducibility of detection signal as well as the relatively
low sensitivity attributed to inappropriate substrate largely hinder
their further practical applications [7,8]. Therefore, the development of novel SERS substrates with high sensitivity, stability, and
reproducibility is of utmost importance for practice applications
[9].
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Currently, noble metal nanostructures are widely investigated
in the fabrication of SERS substrate, such as gold nanospheres
[10], gold nanoﬂowers [11], silver nanorods [12], silver nanodendrites [13] and gold/silver multilayered nanostructures [14].
However, the high cost of these nanostructures restricts their
application in routine work. Thanks for the rapid development
in chemical synthesis, various semiconductor or semiconductor
oxide nanostructures now can be prepared with tunable morphologies and band gap by inexpensive and green solution route
[15]. In this context, hybrid nanostructures obtained by combining environment-friendly semiconductor with noble metal have
shown great potential as SERS substrates because of its large
surface area, abundant micro/nano structure and ease to charge
transfer between semiconductor and noble metal [16,17]. In comparison with pristine noble metal substrates, semiconductor-noble
metal hybrid nanostructures can provide a high density of “hot
spots” for localized surface plasmon resonance (LSPR), absorb
a large number of probe molecules in ﬁnite detection volume,
and append additional chemical enhancement [16]. Up to now,
many semiconductor-noble metal hybrid nanostructures have
been developed as SERS substrates such as ZnO/Ag [17–19], Si/Ag
[20–22], TiO2 /Ag [23,24] and MnO2 /Ag (Au) [25,26]. Various hybrid
structures include ZnO nanorods coated with Ag [17], porous Si
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decorated with Ag [23], Fe2 O3 /Ag core-shell nanostructures [27],
carbon nanowalls interspersed with Ag nanoparticles [28] and
MnO2 nanospheres enclosed with Au have been investigated [26].
For example, MnO2 -Ag nanocomposite has been veriﬁed a promising choice for SERS substrates and the enhancement factor (EF)
up to 106 has been achieved [26]. However, the fabrication of
robust and large-area substrate is still urgent because the abovementioned substrates are either core/shell nanoparticles that have
to further assemble into active substrate, or the nanowire/nanorod
arrays that require complex fabrication process to achieve uniform
areal density.
Herein, MnO2 /Au hybrid nanowall ﬁlm has been fabricated
through a simple and cheap hydrothermal treatment, followed
by gold coating using vacuum thermal evaporation process. The
sensitivity, stability and reproducibility of the obtained substrates
have been evaluated by a series of Raman spectroscopy measurement. Especially, Raman mapping are employed to study the
reproducibility in a large area. The local electric ﬁeld enhancement and the “hot spots” distribution of the substrate are also
analyzed by ﬁnite-difference time-domain (FDTD) simulation. The
results obtained from this study not only provide a robust SERS
substrate fabricated by cheap and facile approach, but also adopt
Raman mapping technique to evaluate the performance of SERS
substrate.
2. Experimental
The MnO2 nanowall ﬁlm was synthesized by using the
hydrothermal method reported previously [29]. In a typical experimental procedure, the silicon wafers were thoroughly cleaned with
deionized water in an ultrasound bath for minutes. Afterward gold
seeds coating was performed with ion sputtering method on the
polished side of silicon wafer. 2.5 mM potassium permanganate
(KMnO4 ) powder and 10 mM concentrated hydrochloric acid were
added to 45 mL of deionized water to form a precursor solution,
which was then transferred into a Teﬂon-lined stainless steel autoclave with a capacity of 100 mL. The silicon wafers were leaning on
the wall of autoclave with polished side face down. They were used
as the supporting materials to grow homogeneous MnO2 nanowall
ﬁlm. The autoclave was sealed and treated hydrothermally at 140 ◦ C
for 50 min to obtain the nanowall ﬁlm. All the as-prepared ﬁlms
were washed with deionized water several times to remove residual MnO2 powder or other impurities, and then dried in air.
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Gold was then coated on the MnO2 nanowall ﬁlm substrates by
vacuum thermal evaporation method (Technol ZHD-400, vacuum
degree 5 × 10−4 Pa). Substrates with different nominal thickness of
gold ﬁlm were monitored by the ﬁlm-thickness monitor (Taiyao
FTM-V) with a relative average error less than 5%. The deposition
rate is about 0.1 Å/s through all the procedure. The obtained hybrid
samples are labelled based on different nominal thickness of gold
layer, for example, a substrate coated with 20 nm gold is labelled
as “Substrate-20”. X-ray diffraction (XRD) data were acquired by
an X’pert Pro Panalytical X-ray diffractometer (radiation source:
Cu K␣ , current: 40 mA, voltage: 40 kV). The typical morphologies
of MnO2 nanowall ﬁlm and MnO2 /Au hybrid nanowall ﬁlm were
characterized by scanning electron microscope (SEM; FEI INSPECT
F50) equipped with an Energy-dispersive X-ray spectroscopy (EDS)
detector and transmission electron microscope (TEM; FEI Tecnai G2
F20 S-TWIN).
Crystal violet (CV) was purchased from Aladdin Industrial Inc.
and was used for Raman measurements without further puriﬁcation. A series of concentrations (from 10−4 to 10−10 M) of CV
aqueous solutions were prepared. The analyte solutions were
dropped onto the substrates and dried in air. Then the substrates
were used for Raman measurements directly using a confocal
Raman system (WITec alpha 300). All of the spectra were collected
in backscattering geometry with a 20 × objective (NA = 0.4), the
excitation laser wavelength was 532 nm with a spot diameter ca.
2 m. A 10 s acquisition time and ca. 215 W laser power were used
to acquire SERS spectra in all single spectrum cases. All of the SERS
spectra and maps were analyzed using the WITec Project 2.10 data
evaluation software equipped in the Raman system. The Raman
band of a silicon wafer at 521 cm−1 was employed to calibrate the
spectrometer.
3. Results and discussion
Conventional top-down methods such as nanosphere lithography [30], electron beam lithography [31], optical lithography [32]
and nanoimprint lithography [33] are high cost and of low feasibility for fabrication of large-area SERS substrates, so that they
are not suitable for industrial applications. However, the combination of chemical synthesis with ion sputtering, electroplating or
thermal evaporation has attracted extensive attention because of
its cheap and convenient fabrication process. Fig. 1 illustrates the
experimental schematic of the fabrication and test procedure of

Fig. 1. Schematic illustration of overall experimental process.
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Fig. 2. (a) The top-view SEM image of MnO2 nanowall ﬁlm on silicon wafer, the inset is the cross-section view of the MnO2 nanowall ﬁlm; (b) the high magniﬁcation SEM
image of the MnO2 nanowall ﬁlm; (c) the XRD pattern of the MnO2 nanowall ﬁlm.

the MnO2 /Au hybrid nanowall ﬁlm. Facile hydrothermal method
was adopted for the synthesis of MnO2 nanowall ﬁlm (Fig. 1(a)),
then a gold evaporation process was carried out to obtain the
MnO2 /Au hybrid nanowall ﬁlm (Fig. 1(b) and (c)). Fig. 2(a) shows
the top-view SEM image of as-prepared MnO2 nanowall ﬁlm. As
shown in Fig. 2(a), nanowalls are inter-connectedly and vertically
grown on the silicon wafer surface with uniform density. These
nanowalls have a three-dimensional structure with a thickness of
ca. 40 nm and a total height of ca. 3 m as shown in the side-view
SEM image (inset of Fig. 2(a)). Fig. 2(b) shows the high magniﬁcation SEM image of nanowall ﬁlm, and a honeycomb structure

is formed, which beneﬁts the adsorption of biomolecule to be
determined. The crystal phase of MnO2 nanowall ﬁlm hydrothermally grown from the silicon wafer is identiﬁed by XRD pattern
(Fig. 2(c)). The result shows that all diffraction peaks can be exclusively indexed as ␣-MnO2 (JCPDS 72-1982), indicating that the
MnO2 nanowalls are well crystallized. After the deposition of 5 nm
gold on it, some gold nanoparticles appear on the top and side
position of nanowalls as shown in Fig. 3(a). The EDS analysis further veriﬁes the combination of MnO2 and gold (Fig. S1). With
the thickness of gold layer increasing, the density of nanoparticles increases continuously and a rugged gold surface with dense

Fig. 3. The top-view SEM images of MnO2 /Au hybrid nanowall ﬁlm. (a) Substrate-5; (b) Substrate-10; (c) Substrate-15; (d) Substrate-25; (e) Substrate-30; (f) Substrate-100;
(g) Substrate-200; (h) Substrate-250.
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Fig. 4. (a) The raw Raman spectra of 1 M CV on pristine MnO2 nanowall, Substrate-5, Substrate-15, Substrate-20, Substrate-50, Substrate-100 and Substrate-250, respectively; (b) the Raman intensities of characteristic peaks with varied gold coating thickness; (c) the raw Raman spectra of different concentrations of CV (10−4 M, 10−5 M,
10−6 M, 10−7 M, 10−8 M, 10−9 M) on Substrate-100; (d) the Raman intensities of characteristic peaks with varied CV concentration.

nanoislands attached appears. Meanwhile, the space between adjacent nanowalls decreases as the thickness of gold ﬁlm increasing
(Fig. 3(a)–(h)).
SERS activity of the substrates was examined using CV as the
Raman reporter. CV is the triarylmethane dye molecule widely
used in biotechnological applications such as ﬂuorescence imaging. It is frequently used to mimic biomolecules for testing the SERS
effect on the substrates due to its distinct Raman features and well
absorbability onto metal nanoparticles. To study the dependence
of SERS signal on gold coating thickness, Raman measurements
were conducted on the different SERS substrates with various thickness of gold layer. Fig. 4(a) shows the Raman spectra of CV using
a series of SERS substrates. It can be seen that there is no CV characteristic peak observed on the pristine MnO2 nanowall ﬁlm. As
for Substrate-5, weak Raman peaks of CV appear. As the nominal
thickness of gold ﬁlm increases, the intensity of all the characteristic
peaks becomes stronger and stronger. The spectral feature characteristic peaks of CV are at about 803, 914, 1177, 1375, 1477, 1586
and 1618 cm−1 , which are assigned to ring C H bend, ring skeletal vibration, N Ph stretching and ring C C stretching vibrations,
respectively [34]. In particular, the peaks at 803 cm−1 , 914 cm−1 ,
1586 cm−1 and 1618 cm−1 are selected as the reference peaks to
monitor the intensity variation. Fig. 4(b) shows the tendency of
intensity with the thickening of gold layer. Clearly, the intensities
of all peaks exhibit the same rapid growth trend with the increasing
of gold ﬁlm. Fig. 4(c) displays the Raman spectra of CV with different
concentrations on the Substrate-100. The intensities of the peaks
at 803 cm−1 , 914 cm−1 , 1586 cm−1 and 1618 cm−1 are plotted as a
function of the concentration of CV as shown in Fig. 4(d). Obviously,
the intensities of the peaks grow rapidly with the increase of concentration of CV. The distinct peaks of CV can be detected even the
concentration of CV down to 10−8 M, indicating a high sensitivity
of the substrates.

The experimental EFs are estimated by the widely-accepted analytical EF approach and the equation given by [35]
EF =

ISERS
CNR
×
CSERS
INR

where CSERS and CNR are the concentration of molecules used for
SERS and normal Raman scattering measurements, respectively.
ISERS and INR are the integral intensity obtained by SERS and normal
Raman scattering measurements, respectively. The ﬁtting intensity
of the ring C C stretching band (1618 cm−1 ) was chosen for EF calculation in this work. The CNR /INR of about 7.56 × 10−2 is obtained
by Raman measurement of CV saturated solution (2.2 × 10−1 M),
which is very close to the reported value of 6.6 × 10−2 [36]. The
maximum EF obtained from single spectrum in Fig. 4(c) can reach
2.31 × 108 with concentration of 10−8 M, demonstrating a common signature of single molecule detection [5,6,37]. There are
mainly two mechanisms which are believed to be important in the
enhancement of the Raman signal: one is the surface plasmon resonance, known as electromagnetic enhancement; the other is the
charge transfer resonances due to the formation of the complex
between the adsorbate and metal structure, which is termed as
chemical enhancement. In our case, both mechanisms are expected
to enhance Raman signals. For the better understanding of the
signiﬁcant enhancement of MnO2 /Au substrate, FDTD simulations
have been carried out using a structure model shown in Fig. 5(a).
The diameter of gold nanoislands is conﬁgured as 20 nm and the
thickness of nanowall 40 nm in our model in terms of the both
SEM and TEM (Figure S2) observations. The local electromagnetic
ﬁelds were calculated using commercial FDTD numerical simulation software (XFDTD, Remcom Inc.), which has recently been
demonstrated to be highly useful in the study of the electromagnetic properties of metallic nanostructures for almost arbitrary
geometry [38,39]. A planar wave with a wavelength of 532 nm
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Fig. 5. The FDTD simulations for MnO2 /Au hybrid nanowall ﬁlm; (a) the model of MnO2 /Au hybrid nanowall ﬁlm for simulation; (b)–(e) FDTD simulations of the electric
ﬁeld distribution in cross-section view of MnO2 /Au hybrid nanowall ﬁlm with varied gold thickness.

propagating along the k direction was input into the nanostructure
with its polarization direction perpendicular to k. The distributions of electric ﬁeld intensity of different substrates are presented
in Fig. 5(b)–(e) in cross-section view. Initially, the “hot spots” are
located at the space surrounding the particles (Fig. 5(b)). As the
deposition time grows, the gold nanoparticles connect to each
other forming nanoisland, and then a gold ﬁlm decorated with
gold nanoislands comes into being. At the same time, the gap
between two nanoislands is smaller. The enhancement ﬁeld concentrated on the gap between two nanoislands as shown in Fig. 5(c).
Prolonging the deposition time, the increased thickness of gold
ﬁlm lead to the narrow gap between the nanowalls, and a new
“hot spots” area appears with superior enhancement which can
be observed in Fig. 5(d) and (e). According to the simulations, the
signiﬁcant enhancement of Raman signal with increased gold coating in MnO2 /Au hybrid nanowall system can be mainly ascribed to
the couplings of two gaps, i.e., one gap between the nanoislands
and another gap between the nanowalls. At the beginning, the gap
between nanoislands play a dominant role in the contribution of
the enhancement; due to the change in structure with prolonging the deposition time, the coupling enhancement for the gap
between two nanowalls play a leading role instead of that between
two gold nanoislands. The enhancement of Raman signal can be



4

simply deﬁned as E/E0  (E0 is the incident ﬁeld, and E0 = 1 V/m)
[40], where the local electric ﬁeld for our model is calculated at
a maximum of ca. 62.0 V/m, the EF originated from the coupling
of the gaps can reach 107 . This value is slightly smaller than that
of experimental value, indicating that the chemical enhancement
may also contribute to the total enhancement. As for the chemical enhancement, if the Fermi level of metal substrate can match
with the highest occupied molecule orbital (HOMO) and the lowest
occupied molecule orbital (LOMO) of the molecule symmetrically,
the charge transfer will occur from metal to molecule easily or vice
versa [41–43]. The Fermi level of Au is −5.1 eV relative to vacuum
level, and the HOMO and LOMO of CV are −4.1 eV and −6.0 eV,
respectively. Therefore, the charge transfer from CV to gold can take
place in this system and is responsible for the additional enhancement of the Raman signal.
To verify the stability of this substrate, the Raman spectrum of
Substrate-50 with 1 M CV is measured one time per month over a
period of 6 months. Fig. 6(a) shows the Raman spectra of the sample
at different time. The variations of the intensities of characteristic
peaks are shown in Fig. 6(b). It is evident that the Raman signals
are not decreased signiﬁcantly after six months, which indicates
that the excellent stability of the obtained substrate. Since the laser

exposure may lead to the damage of structure and poor stability, the
Raman measurements have been repeatedly conducted on a same
point of the Substrate-250 with 1 M CV for 10 min under continuous laser exposure. Fig. 6(c) shows the Raman spectra collected
on a single point of the substrate at different time. The intensities of characteristic peaks maintain during the entire procedure
and no obvious reduction is observed (Fig. 6(d)), indicating that the
laser effect on the Raman enhancement is negligible and allow us
to carry out long-time Raman mapping measurements. The results
prove that the as-developed MnO2 /Au hybrid nanowall ﬁlms are
robust SERS substrate with good stability under 6months storage
and 10 min laser exposure (68.47 W/mm2 ).
Another key issue of SERS substrate is the reproducibility of
the enhancement, which is crucial in practical applications [44]. To
verify the reproducibility of the enhancement, we performed largearea Raman mapping measurements on these substrates. Instead of
the traditional random choice of measurement points, the Raman
mapping technique can provide a reliable and convinced examination of overall surface enhancement of the SERS substrate by
recording thousands of SERS spectra from a selected area. Fig. 7(a)
shows a representative Raman map (10 × 10 m2 , 50 × 50 pixels)
of Substrate-200 with 1 M CV, while the intensity of the ring C C
stretching (1618 cm−1 ) vibrational peak is selected as the reference
and 10 s acquisition time was adopted. The average intensity of all
spectra in the mapping is 1827 arb.units, and the average EF can
be calculated to be about 1.38 × 108 . We further introduced roughness average (SA) to assess the reproducibility. The size of the pixel
array, stored in the image data object, is deﬁned as M × N, and then
the number of pixels can be given by
< MN >= Number of Pixels =

M
N



1

j=1 i=1

The SA can be calculated from the intensity of each pixel in
the image z = (xi ,yj ). Naturally, the roughness average, SA, can be
deﬁned as

 

1
Z(xi , yj ) − z̄
< MN >
N

SA =

M

j=1 i=1

where Z̄ representing the mean intensity


1
Z(xi , yj )
< MN >
N

z̄ =

M

j=1 i=1
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Fig. 6. (a) The raw Raman spectra of 1 M CV on Substrate-50 collected at different time; (b) the variation of Raman intensity at different time; (c) the raw Raman spectra
of 1 M CV on Substrate-250 collected under 215 W laser exposure; (d) the variation of Raman intensity at different time under 215 W laser exposure.

Fig. 7. (a) The Raman mapping of 1 M CV on Substrate-200; (b) the histogram of EF distribution in mapping area.

Fig. 8. The Raman mappings of 10 M CV on Substrate-250 with varied area and pixels. (a) 8 × 8 pixels (3.5 × 3.5 m2 ); (b) 16 × 16 pixels (7.5 × 7.5 m2 ); (c) 24 × 24 pixels
(11.5 × 11.5 m2 ); (d) 32 × 32 pixels (15.5 × 15.5 m2 ); (e) 48 × 48 pixels (23.5 × 23.5 m2 ); (f) 64 × 64 pixels (31.5 × 31.5 m2 ); (g) 80 × 80 pixels (39.5 × 39.5 m2 ); (h) the
average intensity and SA as a function of mapping area.
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The calculated SA of Fig. 7(a) is 2.72 arb.units. Fig. 7(b) shows the
distribution of the EF and the blue curve is the ﬁtting result with
Gaussian. Obviously, the vast majority of EF values were concentrated on the average value. To further investigate the inﬂuence of
scan area to the reproducibility, a series of mapping was performed
with varied area on Substrate-250 with 10 M CV. All the images
have the same scanning step size of 500 nm and acquisition time of
1 s. Fig. 8(a)–(g) contains 8 × 8 pixels (3.5 × 3.5 m2 ), 16 × 16 pixels (7.5 × 7.5 m2 ), 24 × 24 pixels (11.5 × 11.5 m2 ), 32 × 32 pixels
(15.5 × 15.5 m2 ), 48 × 48 pixels (23.5 × 23.5 m2 ), 64 × 64 pixels
(31.5 × 31.5 m2 ) and 80 × 80 pixels (39.5 × 39.5 m2 ), respectively. Fig. 8(h) shows the variation of average intensity and SA
with different mapping areas. As can be seen in Fig. 8(h), the SA
values increase with the increasing mapping area. However, the
average intensities of different mapping areas are almost the same.
As a result, with the increase of the substrate area, the larger SA will
reduce the reliability of single spectrum in random sampling case,
but the average intensity obtained from Raman mapping maintains good reproducibility. Therefore, we believe that the results
from Raman mapping can achieve better reproducibility than single
spectrum measurement, and it is also more applicable to evaluate
the performance of large-area SERS substrate.
4. Conclusion
In summary, we have developed a novel MnO2 /Au hybrid
nanowall ﬁlm substrates with simple and cheap hydrothermal
route combined with vacuum thermal evaporation process. The
detection sensitivity of the substrate can reach 10−8 M with
Substrate-100, and 8 orders of magnitude enhancement factor can be achieved. The superior enhancement of as-developed
SERS substrate can be ascribed to the LSPR in the gaps between
two adjacent nanoislands and two adjacent nanowalls. The substrate shows excellent stability as there is negligible reduction in
Raman intensity after 6 months storage and 10 min laser exposure
(68.47 W/mm2 ). The reproducibility of the substrate is also evaluated with average intensity and SA deduced from large-area Raman
mapping. The average intensity almost maintains a constant for the
different mapping areas, while SA value grows monotonously with
the increasing mapping areas, which suggests that Raman mapping
could provide more reliable and reproducible results as compared
to single spectrum measurement. All the above-mentioned features combined with Raman mapping technique make MnO2 /Au
nanowall ﬁlm substrate quite promising to exploit SERS and related
effects for routine Raman analyses.
Supplementary material
Detail of the EDS and TEM of MnO2 /Au hybrid nanowall ﬁlm.
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