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ABSTRACT: Semiconducting ZnO was used as a surfaceenhanced Raman scattering (SERS) substrate without needing
to combine it with novel metal particles. An interesting
synergistic eﬀect in the Raman scattering of ZnO nanoparticles
and CNTs was observed due to the vibrational force of Zn and
O atoms in the Zn−O system of ZnO nanoparticles and the
special deformation of CNTs in the SERS ﬁber. The
convenient deformation of CNTs allowed a large number of
carbon atoms in the planar direction, such as a graphene sheet,
and facilitated the planar vibrations of sp2 carbon atoms,
leading to a considerable increase in the G and 2D band
intensity. A new radial breathing mode (RBM) peak was
activated by the radial polarization of CNTs through the
vibration force of Zn and O atoms in the Zn−O system in its radial direction. The cross-section cutting 3D image of the SERS
ﬁber revealed the CNTs to be rearranged geometrically in the SERS ﬁber and formed a bunched structure because of the
enhanced interactions among the individual CNTs via ZnO nanoparticles. This highlights a new dimension of research into ZnO
nanomaterials and CNTs in SERS ﬁbers and provides new insights into ZnO−CNT ﬁber composites.
performance.9−15 On the other hand, to improve the
performance as a SERS substrate, it is important to tune the
position of the neighbor metal nanoparticles to allow strong
plasmonic coupling and generate a high density “hot spot”.
Tuning the position of nanoparticles is diﬃcult, requiring a
costly procedure. Another problem is that metal nanoparticles
(Au, Ag, and Cu) usually display poor stability and less
biocompatibility, which highlights the need for new materials
that can be used as a SERS substrate to solve the current
problems and bring a new dimension to SERS research. Despite
this, only a few researchers have examined the SERS
performance of semiconductors, such as InAs/GaAs quantum
dots,16 ZnS nanoparticles,17 and Cd/Te.18 Similarly, only a very
few studies have examined semiconducting oxide materials as
SERS. For example, CuO nanospheres,19 and TiO2 nanoparticles20−24 have been used as SERS substrates, where the
interface of the metal oxide-analyte plays a signiﬁcant role in
transferring the charge for enhancing Raman scattering. The

1. INTRODUCTION
Surface-enhanced Raman scattering (SERS) performed on a
substrate surface improves the intensity of the vibrational
Raman signal to a higher order of magnitude by adsorbing the
probe molecule. Therefore, it is a promising technique for
identifying chemical and biological samples1−3 and is also
applicable to chemical and biomolecular detection, single
molecule sensing,3−5 and for further applications6−8 in
electrochemistry and surface-interface science. This is because
a substrate is required for Raman scattering and the molecules
adsorbed on the nonactive substrate surfaces show a very low
intensity of the Raman spectra, which is undetectable.
Therefore, to improve the Raman scattering or for the
detection of molecules, a highly sensitive substrate that can
magnify Raman scattering at the level of detection of the
adsorbed molecule or nanoparticles on that substrate surface is
needed. Therefore, many studies have been performed to
identify highly sensitive Raman active substrates. For example,
most studies focused on metallic substrates, such as Ag, Cu, and
Au, for SERS because of their favorable plasmon resonance
frequencies within the excitation wavelength ranges, which is
generally used in Raman spectroscopy, and their potential
© 2016 American Chemical Society
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Figure 1. SERS ﬁber synthesis scheme. (a) Zinc acetate solution in a quartz glass beaker, (b) CNT ﬁber mounted on a steel frame and kept in a zinc
acetate solution, (c) zinc acetate solution collected from beaker-b, (d) zinc acetate solution deposited CNT ﬁber, (e) zinc acetate solution deposited
CNT ﬁber heated in furnace, and (f) SERS ﬁber in which the ZnO nanoparticles prepared on the CNT ﬁber surface from the decomposition of the
zinc acetate solution.

Raman scattering synergistically without needing to be
combined with metal particles.
In the present study, SERS ﬁbers were prepared; semiconducting ZnO nanoparticles were used as the SERS
substrates to enhance the Raman peak of CNTs without
combination with metal nanoparticles. Although semiconducting oxides generally exhibit very low or negligible or zero
eﬃciency as a SERS substrate to increase the Raman peaks, the
prepared substrate of the SERS ﬁber ZnO nanoparticles
exhibited excellent Raman scattering of CNTs. At the same
time, the CNTs also worked as SERS substrates to generate
Raman peaks of ZnO nanoparticles. The double substrate eﬀect
in the same materials for SERS in the SERS ﬁber is expected to
provide new information regarding the vibration mode of Zn
and O of ZnO nanoparticles and the deformation behavior of
the CNTs in SERS ﬁbers to intensify the Raman scattering. In
addition to the SERS substrate behavior, the ZnO nanoparticles
worked as probe molecules to generate vibrational peaks by the
CNTs in the SERS ﬁber. The novel and signiﬁcant synergetic
behavior, deformation of CNTs through the vibration of ZnO
nanoparticles interaction with carbon in the CNT, and the use

prepared semiconducting oxide (TiO2) substrate showed good
stability under acid−base conditions and over a range of
temperatures. In addition, it exhibited better biocompatibility.20
Furthermore, the semiconductor allowed monitoring of the
chemical reaction at the interface of the nanoparticles of the
SERS ﬁber and adsorbed molecules.23 Therefore, metal oxide
semiconductors may be good candidates for SERS substrates.
On the other hand, there are few reports of ZnO semiconducting nanoparticles as SERS substrates.24−30 Most work
on ZnO related to SERS substrates was done by combining
with metal nanoparticles (Ag or Au), such as ZnO−Ag or
ZnO−Au.29,30 Other studies24−28 of SERS have focused on
organic or dye molecules. Thus, far, there are no studies of the
synergetic eﬀects in Raman scattering of ZnO nanoparticles in
SERS ﬁbers and its relationship with enhanced G and 2D bands
through the vibrational force of Zn−O system in deformed
structure. On the other hand, semiconducting metal oxides
generally exhibit very low enhancement factors of Raman
scattering, which is a very poor signal for biological or medical
applications. Consequently, there is a need for semiconductor
oxide substrates that allows comparative high sensitivity in
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Figure 2. FESEM images of SERS, bare CNT ﬁber, and synthesis scheme. (a) Low-resolution FESEM image of SERS ﬁber, (b) high-resolution
FESEM image of a small area of single SERS ﬁber, (c) FESEM image of bare (pristine) CNT ﬁber, (d) high-resolution FESEM image of a bare CNT
ﬁber, (e) FESEM image of the zinc acetate solution-deposited CNT ﬁber, (f) high-resolution FESEM image of the zinc acetate solution deposited
CNT ﬁber, and (g−i) synthesis scheme of the SERS ﬁber where (g) bare CNT ﬁber, (g-1) inside of the bare CNT ﬁber, (h) zinc acetate solution
deposited CNT ﬁber, (i) ZnO nanoparticle deposited CNT ﬁber or SERS ﬁber, and (i-1) inside of the SERS ﬁber were shown.

prepared by sonication in a bath sonicator. A focused ion beam
(FIB, HELIOS NANOLAB 650, FEI company, U.S.A.) was
used to cut the SERS ﬁber to observe the surface-interface and
internal structure of the SERS composite ﬁber. Energy
dispersive X-ray (EDX, EDAX, BRUCKERS) connected to a
HELIOS NANOLAB 650 was used to determine the
composition of the SERS ﬁbers. ZnO and CNT ﬁber
vibrational characterization was performed by Raman spectroscopy (HORIBA JOBIN YVON, Lab RAM HR, Laser 514). The

of semiconducting ZnO alone in Raman scattering provides a
new dimension for research in SERS.

2. EXPERIMENTAL SECTION
2.1. Instrumentation. The structural properties of the
materials were investigated by ﬁeld emission scanning electron
microscopy (FESEM, S-4800, Hitachi, Japan) and the crystallographic information was checked by X-ray diﬀraction (XRD,
thin ﬁlm, MPD, PANalytical). A zinc acetate solution was
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individual CNTs is marked by a dotted line. A comparison of
the image (Figure 2b) with that of the pristine CNT ﬁber
(Figure 2d) conﬁrmed the deposition of ZnO nanoparticles on
the CNT ﬁber surface. Figure 2d shows smooth CNTs in a bare
CNT ﬁber or pristine CNT ﬁber surface without foreign
particles, whereas Figure 2b indicates rough surfaces of the
CNTs in the SERS ﬁber. Indeed, the rough surface of CNTs in
the SERS ﬁber (Figure 2b) indicates the deposition of ZnO
nanoparticles. In addition, Figure 2a,b shows that the ﬁber
shapes of the SERS materials were similar to the pristine CNT
ﬁbers. This suggests that the deposition of ZnO nanoparticles
does not alter the ﬁber shape of the SERS ﬁber, where ZnO
nanoparticles are the building block of the rough surface of the
SERS ﬁber.
The WSXM program32 was used to measure the size
distribution of the ZnO nanoparticles. This is a very important
program for visualizing the morphology and surface interface of
a nanomaterial. The FESEM image was converted to scanning
probe microscopy (SPM) or tagged image ﬁle format (TIFF)
using the WSXM program and the desired image, such as 3D,
2D, contour plot, and conversion image to a curve. All the color
images and 3D images were determined using the WSXM
program. On the other hand, the statistical size of the ZnO
nanoparticles on CNT ﬁber is shown in the contour plot
(Figure S1a). Here, the contour plot (Figure S1a) was taken
from Figure 2b using the WSXM program. The statistical size
distribution curve (S 1d) was also shown from the Figure S1a
using the same program. Most of the ZnO particles were 3−
10.5 nm (Figure S1d, dotted area). From here, the mean size of
the particles was 6.3 nm. To obtain clearer information on the
ZnO nanoparticles, 3D images (S1b) were taken from Figure
S1a,c, which were taken from the bare CNT ﬁber (Figure 2d).
The 3D image in Figure S1b suggests a rough surface of ZnO
nanoparticles, whereas Figure S1c shows a smooth surface.
Figure S1e presents a high-resolution FESEM image of the
SERS ﬁber, in which ZnO nanoparticles can be observed clearly
on the CNTs surfaces in the SERS ﬁber. The black arrows
indicate the ZnO nanoparticles. The dotted arrow indicates the
aggregated ZnO nanoparticles and the dotted line expresses the
individual CNTs direction in SERS ﬁber.
To support the fabrication process of the SERS ﬁber shown
in Figure 1 via zinc acetate solution deposition, Figure 2e,f
presents a practical FESEM image of the zinc acetate deposited
CNT ﬁber. The high-resolution image (Figure 2f) was taken
from the low-resolution image of the zinc acetate-coated CNT
ﬁber (Figure 2e). Figure 2f presents the zinc acetate-coated
CNT ﬁber, which clearly shows a diﬀerent morphology from
that of the bare CNT ﬁber (Figure 2d). More precisely, the
bare CNT ﬁber (Figure 2d) shows the very smooth appearance
of individual CNTs in the CNT ﬁber, whereas the zinc-acetated
solution deposited CNT ﬁber (Figure 2f) exhibited a rough
morphology. The individual CNTs could not be observed
clearly due to zinc acetate solution deposition. Hence, the zinc
acetate solution was deposited perfectly on the CNT ﬁber
surface. The deposited zinc acetate was then converted to ZnO
nanoparticles on the CNT ﬁber surfaces, as shown by the
FESEM image in Figure 2b according to the methodology
reported in Experimental Section. Therefore, synthesis can be
shown by the scheme (Figure 2g−i). Figure 2g shows the CNT
ﬁber. Figure 2g-1 presents the CNT ﬁber internal part in which
many individual CNTs are displayed. Figure 2h expressed the
zinc acetate-coated CNT ﬁber. The sample (Figure 2h) was
heated in a furnace for 45 min at 480 °C to prepare the ZnO

chemical interactions were investigated by X-ray photoelectron
spectroscopy (XPS, K-Alpha, Thermo Scientiﬁc, U.S.A.).
2.2. Chemicals. Acetone (99.5%, Daejung Chemicals and
Metals, Korea), ferrocene (98% Sigma-Aldrich), and thiophene
(99%, Sigma-Aldrich) were used to produce the CNT ﬁbers.
Dimethyl sulfoxide (DMSO, 99.5%, Sigma-Aldrich) was used
for densiﬁcation of the CNT ﬁber. Zinc acetate dihydrate
(Sigma-Aldrich, 99% purity) was used as a precursor in ethanol
(95%, Duksan, Korea). The ZnO nanoparticles were deposited
on a CNT ﬁber surface from a precursor solution.
2.3. Fabrication Process of SERS Fiber. Zinc acetate
dihydrate (21 g) was dissolved in 300 mL of ethanol and
sonicated for 80 min to prepare a clear homogeneous solution.
The solution was divided into three quartz glass beakers, as
shown in the fabrication process Figure 1a−c. The solutions
were then connected by tubes, as shown in Figure 1, to
maintain the same ﬂow rate of the zinc acetate solution from
beaker-a to beaker-b and beaker-b to beaker-c. Beaker-a was
sonicated continuously to prevent the coagulation or
precipitation of a zinc acetate solution. The collected zinc
acetate solution from beaker-c was transferred again to beaker-a
to maintain the volume of zinc acetate in beaker-a. A steel wire
frame was prepared, as shown in Figure 1b, and the CNT ﬁbers
were mounted on it. The steel frame with the mounted CNT
ﬁber was then placed into beaker-b. The steel frame was kept
for 10 min in beaker-b and the zinc acetate ﬂow from beaker-a
to beaker-b and from beaker-b to beaker-c was stopped at that
time. The zinc acetate solution was removed and the tubes were
opened from beaker-b, as shown in Figure 1d. The steel frame
mounted with the zinc acetate soaked CNT ﬁbers was placed
into a furnace with a quartz glass beaker (Figure 1e). The
temperature was increased to 480 °C at 5 °C per min. This was
heated for 45 min at 480 °C to prepare the ZnO nanoparticles
on the CNT ﬁber surface by decomposition of the deposited
zinc acetate layer on the CNT ﬁber. The ZnO nanoparticles
deposited on the CNT ﬁber, which are hereinafter referred to
as a SERS substrate (Figure 1f), were removed from the furnace
and then from the beaker.
The CNT ﬁbers were synthesized using the method reported
elsewhere.31 A liquid feedstock containing acetone, ferrocene
(0.2 wt %), and thiophene (0.8 wt %) was injected into a
furnace that was preheated to 1200 °C to synthesize the CNT
ﬁbers.31 In the above feedstock, acetone, ferrocene, and
thiophene were used as the carbon source, catalyst, and
promoter, respectively. The carrier gas ﬂow (1000 sccm) to the
CVD furnace was maintained31 to prepare a continuous CNT
array. A water tank was kept near this system and the CNT
ﬁbers were inclined to the water tank to pass them through the
water. The CNT ﬁbers were coiled to a collector at a rate of 5
m/min. The prepared CNT ﬁbers were densiﬁed by dimethyl
sulfoxide (DMSO) and dried at 100 °C.

3. RESULTS AND DISCUSSION
3.1. Characterization of SERS Fiber (ZnO−CNT
Composite Fiber). Figure 2a shows FESEM images of a
SERS ﬁber on a silicon wafer. Figure 2b shows a high-resolution
FESEM image taken from Figure 2a. ZnO nanoparticles were
observed over the CNT ﬁber surfaces without a gap. The
dotted line (Figure 2b) indicates the individual CNTs direction
in the SERS ﬁber. A pristine CNT ﬁber FESEM image was
taken, as shown in Figure 2c. A high-resolution image (Figure
2d) of the bare CNT ﬁber (Figure 2c) revealed a smooth layer
of CNTs in the CNT ﬁber in which the direction of a few
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Figure 3. XRD patterns of (a) SERS ﬁber, (b) CNT ﬁber, (c) ZnO nanoparticles, and (d) silicon substrate.

nanoparticles on a CNT ﬁber surface (Figure 2i) by
decomposition of the deposited zinc acetate layer on the
CNT ﬁber. The prepared ZnO nanoparticle-deposited CNT
ﬁbers are called SERS ﬁbers (Figure 2i). Figure 2i-1 shows the
internal part of the SERS ﬁber, where many ZnO nanoparticles
were observed on the surface of CNTs inside the ﬁber.
XRD was performed on the ZnO nanoparticles, bare CNT
ﬁber, and SERS ﬁber positioned on a silicon substrate, as shown
in Figure 3c,b,a, respectively. Figure 3d shows the peak for the
bare silicon substrate. Figure 3b presents the peaks for the
CNT ﬁber at 19.76° 2θ and 25.14° 2θ. The 19.76° 2θ peak was
assigned to low crystalline carbon and 25.14° 2θ reveals
comparatively higher crystalline carbon in the CNT ﬁber.
Generally, more functionalized or oxygenated carbon shifts the
002 peak to a lower diﬀraction angle due to their higher dspacing.33,34 The CNTs in CNT ﬁber might have oxygencontaining functional groups. Therefore, the peak for low
crystalline carbon of the oxygen containing functional groups
was observed at a higher d-spacing (19.76° 2θ), such as
graphene oxide or functionalized graphene.33,34 The peaks
marked S in Figure 3b were assigned to the silicon substrate
peaks, which are also shown in Figure 3d. Figure 3a presents
the carbon peaks for the SERS ﬁber at 16.48° 2θ and 25.14° 2θ.
Here, the ZnO peak at diﬀerent positions for diﬀerent planes
was observed. All the planes of the ZnO peaks in the SERS ﬁber
(Figure 3a) were similar to those of bare ZnO (Figure 3c). The

position of these peaks and the corresponding planes of ZnO
revealed a hexagonal wurtzite ZnO structure with JCPDS no.
01-075-0576.35 The 100 (31.20), 002 (33.80), 101 (35.60), 102
(46.81), 110 (55.90), 103 (62.16), and 203 (89.04) planes in
the SERS ﬁber were observed for ZnO (Figure 3a). On the
other hand, peaks for the 200 (65.72), 112 (67.26), 201
(68.44), 004 (71.92), 202 (76.34), and 104 (80.80) planes of
ZnO in the SERS ﬁber were not observed because of the high
intensity peak for the Si-substrate in range, 65−81° 2θ. The Sisubstrate curve is shown separately in Figure 3d. In the SERS
ﬁber, a new peak (16.48° 2θ) (Figure 3a) was observed instead
of the peak at 19.76° 2θ. Therefore, in the SERS ﬁber the peak
for CNTs at 19.76° 2θ (Figure 3b) was observed at 16.48° 2θ
(Figure 3a). This suggests that the functional group of the low
crystalline carbon of the CNT ﬁber interacts with the ZnO
nanoparticles either by chemical bonding or by a simple
electrostatic force or physical interaction, such as CZn or
CNT−OZn or CNT−COOZn or all of them. Owing to
these chemical bonding interactions, the peak at 19.76° 2θ for
the SERS ﬁber (Figure 3b) was shifted to a higher d-spacing
position or lower angle, 16.48° 2θ (Figure 3a) than that of the
bare CNT ﬁber. The position of this peak (16.48° 2θ) also
indicates that the CNTs in SERS ﬁber was further functionalized like functionalized graphene or graphene oxide.33,34
To examine the chemical bonding or other interaction
properties in the surface interface of the SERS ﬁber, which was
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and 536.88 eV. The 531.43 eV peak was assigned to the O2− of
the wurtzite structure of the ZnO lattice. The peaks at 532.85
and 533.82 eV were due to the oxygen deﬁcient region of O2−
in the ZnO matrix.36 The high energy positions of these two
peak (532.85 and 533.82 eV) suggest two complex oxygen
vacancy sites. This means that the high electronegativity of C
compared to Zn plays a major role in generating two peaks at
532.85 and 533.82 eV. ZnO might have two oxygen deﬁcient
surroundings. One is CZnC for the 532.85 eV peak, where
Zn was attached directly to carbon via a chemical bond and the
other was OZnC for the 533.82 eV peak in which the
more electronegative oxygen formed one bond with Zn and
another bond with carbon. The 534.86 eV high energy peak
was produced from the CO functional group site, which is
attached chemically to Zn at the site of the low crystalline
carbon of the CNT37 in the SERS ﬁber. The highest energy
peak (536.88 eV) was generated from the functional group of
CO. In general, the CO system provides a peak at the
highest energy position.38 The binding energy of 534.86 and
536.88 eV are signiﬁcantly higher than that of the binding
energy of the 532.85 and 533.82 eV peaks. Generally, the more
electronegative oxygen environment shifts the peak to a higher
energy position.39,40 Therefore, the higher energy peaks at
534.86 and 536.88 eV were also formed in a more
electronegative oxygen environment, such as OCO
ZnOCO for 534.86 eV, in which C is attached
indirectly to Zn through the oxygen of CO functional
groups and C−O−Zn−OC for 536.88 eV, where C is also
attached via oxygen of CO functional groups. Figure 4c
presents the core level C 1s XPS spectra of the SERS ﬁber.
Peaks were observed at 284.82, 285.58, 286.12, 286.98, 287.81,
289.11, and 290.27 eV. The 284.82, 285.58, 286.12, and 286.98
peaks were assigned41 to the CC bond of sp2 carbon, CC
bond for sp3 amorphous carbon, COC, and CO,
respectively. The π-electron transition, π−π*, of the sp2 CC
system in the CNTs of the SERS ﬁber was also detected at
290.27 eV. The left two nearest positioned peaks at 287.81 and
289.11 eV were assigned to the OCO functional groups
but electropositive H was attached, for example, HOCO
for the 289.11 eV peak, and higher electropositive Zn was
chemically bonded as Zn−OCO for 287.81 eV. In this
case, H is less electropositive than Zn or H is more
electronegative than the Zn. Therefore, the binding energy
(289.11 eV) for HOCO peak is higher than that (287.81
eV) of the Zn−O−CO peak. The two peaks at 282.98 and
283.76 were assigned to the carbide type chemical bond42,43
between Zn and C, as observed with ZnC. Two types of
carbide system (ZnC), such as CZnC and OZnC,
might be present. Among these two carbide systems, CZn
C has a less electronegative environment than that of the O
ZnC. Therefore, the binding energy 282.98 eV was
associated with the CZnC peak and 283.76 eV was
assigned to OZnC peak. The carbide type peak was also
anticipated by the O 1s core level peaks.
If ZnO nanoparticles are available inside the ﬁber, it will be
more eﬀective to form the above chemical bond or physical
interaction with the functional groups of carbon of CNTs and
with the ZnO nanoparticles throughout the entire ﬁber.
Therefore, to observe the inside of the ﬁber a cross-section
was prepared using focused ion beam (FIB) techniques to cut
the prepared SERS ﬁber, which was examined by FESEM
(Figure 5a). EDX mapping and EDX were performed to
determine the distribution of ZnO nanoparticles inside the

indicated by XRD, the XPS data (Figure 4) were obtained from
0 to 1361 keV. The 2p3/2 (1022 eV) and 2p1/2 (1045 eV)
position peaks of the SERS ﬁber (Figure 4a) indicated Zn at the
oxidation state of ZnO. Figure 4b exhibited the O 1s peak and
its deconvolution curves of the SERS ﬁber. The O 1s peak was
decomposed into subpeaks at 531.43, 532.85, 533.82, 534.86,

Figure 4. XPS of the SERS ﬁber. (a) Zn 2p core level, (b) O 1s core
level, and (c) C 1s core level XPS spectra of a SERS ﬁber.
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Figure 5. Cross-section cut SERS ﬁber, EDX mapping and EDX spectrum. (a) FESEM image of the cross-section cut of a SERS ﬁber, (b) highresolution FESEM image of the rectangular area of panel a, (e) higher-resolution FESEM image from the rectangular area of pabek b converted to a
SPM image by the WSXM program, (d) higher-resolution SPM image from rectangular area 1 of panel e, (g) 3D image of panel d, (h) higherresolution SPM image of rectangular area 2 of panel e, (i) 3D image of panel h, (c) high-resolution SPM image of rectangular area 3 of panel e, (f)
3D image of panel c, (j) EDX map of the cross-sectional cut area, and (k) EDX spectrum of the same cross-sectional cut area.

SERS ﬁber as well as the percentage. A high-resolution FESEM
image (Figure 5b) was taken from the low-resolution FIB cut
(Figure 5a) sample of the SERS ﬁber. A higher resolution
FESEM image (Figure 5e) was obtained from the rectangular
area of Figure 5b. For a clearer view of the cross-section cutting
part of Figure 5a, the images in Figure 5d and Figure 5h were
taken from the rectangular marked area 1 and 2 of Figure 5e,
respectively. Figure 5d clearly shows ZnO nanoparticles (rough
surface) on the surface of the individual CNTs and a few are
marked with an arrow. Figure 5g presents a 3D image of Figure
5d in which the rough surface of the ZnO nanoparticles (few
are arrow marked) can be visualized clearly. Figure 5i presents a

3D image of Figure 5h. The 3D image (Figure 5i) shows many
ZnO nanoparticles; some of the ZnO nanoparticle areas are
marked by arrows. To further conﬁrm whether the ZnO
nanoparticles are available in the cross-section cut area, Figure
5c presents a rectangular marked 3 area (Figure 5e) and Figure
5f shows its (Figure 5c) 3D image. The ﬁgure shows many
ZnO nanoparticles (arrow marked) in the cross-section area.
Therefore, the zinc acetate solution penetrated the ﬁber and
was converted to ZnO nanoparticles. On the other hand, EDX
mapping (Figure 5j) taken from the FIB cross-section cutting
part (Figure 5b) indicated that Zn, O, C, and Si existing
homogeneously on the inner side of the ﬁber. Here, the
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Figure 6. FESEM image, 3D image, and internal geometry of the SERS ﬁber. (a) SERS ﬁber was torn longitudinally and a FESEM image was taken,
(b) SPM image of the smaller rectangular area of panel a, (b) larger rectangular area of panel a, (d) 3D image of the cross-section cut area of a SERS
ﬁber taken from Figure 5i, (e) proposal of CNT bunches inside the SERS ﬁber, and (f) bunch arrangement of CNTs inside the SERS ﬁber.

arrangement of CNTs inside the SERS ﬁber. The cross-section
cut area showed many bunch-like structures inside the SERS
ﬁber. Among them, a few bunches were marked with a black
dotted line and are indicated by the arrow (Figure 6d). On the
basis of the information in Figure 6(b−d), a bunch of CNTs
(Figure 6e) were drawn and the arrangement of the CNT
bunches inside the SERS ﬁber (Figure 6f), where ZnO
nanoparticles were exhibited among the CNTs, is proposed.
3.2. Raman Scattering. Raman spectroscopy (Figure 7) of
the bare CNT and SERS ﬁber was performed to understand the
interactions of the ZnO nanoparticles with the CNTs in the
SERS ﬁber along with their eﬀects on the surface enhanced
Raman scattering through their various vibration modes. Figure
7a presents the Raman spectra between 1000 and 3000 cm−1.
The presence of D bands in the bare CNT ﬁber (Figure 7a)
highlights the structural defects in the CNT ﬁber, which were
attributed to oxygen-containing functional groups and the
shortage of a conjugation system in the carbon of the CNT
structure of the bare CNT ﬁber and SERS ﬁber. Therefore, the
D band of the CNTs reinforces the comments and provides
evidence of the previous discussion of XRD and XPS regarding
the chemical interaction or bonding through the defect center
or available functional groups in the carbon of the bare CNTs
in the CNT ﬁber or in the SERS ﬁber. The SERS ﬁber showed
a very high intensity G and 2D band compared to the bare
CNT ﬁber (Figure 7a). This shows that the ZnO nanoparticles
interacted signiﬁcantly through the surface Zn or O atoms with
the carbon atoms of the CNTs in the SERS ﬁber according to
XRD and XPS. These interactions enhanced signiﬁcantly the
vibrations of the carbon atoms of CNTs to the planar and inplan optical transverse (iTO) directions, which eventually
intensiﬁed the G and 2D band intensity considerably. A very
strong 2D band peak at 2685 cm−1 was obtained, which
depends on the strain or stress applied to the CNTs by the

indicated color (inset image, Figure 5j) of the common
mapping image exposes the corresponding Zn, O, and C.
Figure S2a−c also shows the mapping image of C, O, and Zn,
respectively, in which every element available was clearly seen
inside of the SERS ﬁber. In addition, the EDX spectrum
(Figure 5k) of the cross-sectional cut area shows 44.43, 17.85,
4.16, and 33.56 wt % C, O, Si, and Zn, respectively. Here, the Si
peak was assigned to the silicon substrate because the sample
was placed on the Si substrate to take the FIB data and EDX
spectra and EDX mapping. The 3D image, EDX mapping, and
EDX spectrum of the FIB cut sample showed that the ZnO
nanoparticles are available on the inner side of the ﬁber.
Therefore, the existence of ZnO nanoparticles inside the ﬁber
supports the chemical bonding of ZnO nanoparticles to the
carbon of the CNTs throughout the entire SERS ﬁber.
Furthermore, if chemical bonding or a physical attraction
force occurs in the CNTs inside the SERS ﬁber, the
arrangement of CNTs inside the SERS ﬁber will be
distinguishable. Therefore, the ﬁber was split longitudinally to
verify the interaction geometry of the individual CNTs inside
the ﬁber, and its FESEM image is shown in Figure 6a. The
images in Figure 6b,c were taken from the smaller and larger
rectangular areas of Figure 6a, respectively. The WSXM
program was used to take both images. These two images
(Figure 6b,c) showed that many portions of individual CNTs
were packed closely and attached (marked by arrows) to each
other to form a bunch-like shape. This means that some parts
of the individuals CNTs were attached to each other by some
attraction force or by a physical or chemical bond as per the
previous discussion of XRD and XPS. The ZnO nanoparticles
might act as a cross-linker among the CNTs in the SERS ﬁber
through chemical or physical bonding, such as CZnC or
OZnC or COZnOC. A 3D image (Figure 6d)
of the cross-section cut area was obtained to determine the
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wall decreases, the full width at half-maximum of 2D band
decreases and it becomes sharp with an increased intensity.
This is because the SERS ﬁber was prepared from the same
bare CNT ﬁbers, or more precisely the same number of walls of
bare CNT ﬁber, which means that the number of walls of the
CNTs in SERS ﬁber and bare CNT ﬁber are the same. The 2D
band intensity increased signiﬁcantly in the case of the SERS
ﬁber. This suggests that iTO phonons near the Brillouin zone
(K and K′ point) are intensiﬁed due to the same direction
vibration and electronic excitation of Zn and O atoms of ZnO
nanoparticles through the ZnO system in the SERS ﬁber,
which leads to the strong collective excitation of iTO phonons
in the SERS ﬁber and increases the intensity of the 2D band of
the SERS ﬁber. Therefore, the intensity of the 2D band was
increased by the surrounding environment of the SERS ﬁber. In
this case, the surrounding environment means the G band
activities and its enhancement through the vibration of Zn and
O atoms in the ZnO system in the SERS ﬁber. The ratio of
the enhanced intensity of the G and 2D bands was similar. This
also revealed the same factor involvement for the enhancement
of the G band and 2D band intensity through the ZnO
system by a diﬀerent phonon mode. The calculation was done
to estimate enhancement factor.25,26 The calculated enhance
factor was 104.
Figure 7b presents the Raman spectra of the 5−1000 cm−1
area of the bare CNT and SERS ﬁbers. Interestingly, the radial
breathing mode (RBM) peak was observed with a very high
intensity but no RBM peak was observed in the case of the bare
CNT ﬁber. This RBM peak of the SERS ﬁber suggests that the
radial expansion and contraction of carbon atoms of the CNTs
in the SERS ﬁber occurred through the vibration. The vibration
of carbon atoms to the radial direction and the radial expansion
and contraction of carbon atoms are believed to have resulted
in the RBM peak in the SERS ﬁber at 182 cm−1. Generally, the
RBM peak is not obtained for multiwalled CNTs. The RBM
mode was attributed to the contribution of ZnO nanoparticles
with the CNTs in the SERS ﬁber. Chemical bonds between
ZnO nanoparticles and CNTs, which were also indicated by
XRD and XPS, cross-section cutting images, horizontal splitting
and 3D, and EDX mapping, helped to activate the RBM mode
of the CNTs in the SERS ﬁber. The vibration mode of the
carbon atoms of the CNTs might have been oriented to the
radial direction due to the radial direction vibration of the
chemically bonded ZnO nanoparticles in the SERS ﬁber. A 514
nm laser was used for Raman scattering. Therefore, the radial
polarization of carbon atoms occurred by the radial direction
vibration of Zn atoms in the ZnO nanoparticles in the SERS
ﬁber in the presence of a 514 nm laser. Ultimately, the radial
polarization of CNTs in the SERS ﬁber was augmented due to
the same polarization direction vibration mode of Zn atoms in
the ZnO nanoparticles through its chemical bond. The
chemical bond should be convenient between the Zn and C
atoms for eﬀective polarization of the RBM mode.
New peaks were also detected and few were also intensiﬁed
at 96, 221, 323, 429, and 561 cm−1 (Figure 7b). On the other
hand, bare ZnO nanoparticles did not show any signiﬁcant
peaks (Figure 7c) in that area except at 96 and 429 cm−1.
Therefore, the intensiﬁcation and generation of those new
peaks showed that Raman scattering also occurred in the ZnO
nanoparticles on the surface of the CNTs in the SERS ﬁber,
which resulted in new peaks. Indeed, the CNTs also worked as
a SERS substrate to generate the ZnO peaks; hence, Raman
scattering occurred by the ZnO nanoparticles and CNT ﬁbers

Figure 7. Raman spectra of the CNT ﬁber, SERS ﬁber, and ZnO
nanoparticles. (a) Raman spectra of the CNT and SERS ﬁber between
1000 and 3000 cm−1, (b) Raman spectra of the CNT ﬁber and SERS
ﬁber between 5 and 1000 cm−1, (c) Raman spectrum of the bare ZnO
nanoparticles between 5 and 1000 cm−1, and (d) bare CNT ﬁber
Raman spectra between 5 and 1000 cm−1.

neighboring environment. This is a function of the layers or the
CNT wall. Actually, the 2D band originates from a secondorder process, involving two optical phonons known as in-plane
optical transverse (iTO) near the K (Brillouin zone) point. On
the other hand, this two-phonon band is allowed in the second
order Raman spectra peak, 2D band, of CNT. As the number of
CNT walls or other carbon material layers increases, the full
width at half-maximum of the 2D band increases and the single
sharp peak splits into more components due to band splitting
in the CNT or other carbon materials electronic structure.44,45
Therefore, signiﬁcant peak broadening occurred by decreasing
the peak intensity. On the other hand, as the number of CNT
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Figure 8. Mechanism of the G, 2D, and RBM peak enhancement. (a) Scheme of ZnO nanoparticle-deposited CNTs inside the SERS ﬁber, (b) 514
nm laser was incident to the SERS ﬁber, (c) Zn and O atoms radial direction vibration through the ZnO system of ZnO nanoparticles and radial
polarization, (d) RBM peak of SERS ﬁber, (e) mechanism of the deformation of CNTs in the SERS ﬁber, in which the Zn and O atoms of the Zn
O system vibrate to the outward direction, deformation force, and CNT squeezing, (f) deformatted CNTs like a graphene layered structure and the
planar vibration of its sp2 carbon with the vibration of Zn and O atoms to the outward direction, and (g) G and 2D band of the CNT and SERS ﬁber.

nanoparticles of the SERS ﬁber, respectively. The peak at 221
cm−1 (Figure 7b) was assigned to the second-order Raman
spectrum due to the zone boundary (M point) phonon 2E2(M). The peak at 32349 was assigned to multiple phonon
scattering and the A1-LO phonon, respectively. The peak at
561 cm−1 was also detected at a diﬀerent position instead of its
normal position (574,48 576,46 and 57950,51). The change in
this peak to a lower frequency (561) also revealed the strong
interactions between the carbon of the CNTs and the ZnO
nanoparticles. On the other hand, it was close to the
theoretically calculated value.52
To determine the enhancement mechanism of the Raman
spectra, UV−visible Near-IR spectroscopy of ZnO, CNT ﬁber,
and SERS ﬁber was performed (Figure S3). The SERS ﬁber
showed absorption peaks at 870 and 347 nm (Figure S3a). On
the other hand, bare ZnO nanoparticles showed a high intensity
absorption peak at the 347 nm position and the absorption in
the high wavelength area (750−1650 nm) almost disappeared.
In the case of the bare CNT ﬁber, absorption peak was high in
the longer wavelength and an absorption peak was observed at
the 806 nm position. On the other hand, the absorption
intensity was less than 0.4 au In contrast, the SERS ﬁber
showed a very high intensity absorption throughout the entire
wavelength range of 300 to 1650 nm and the absorption

simultaneously in the same SERS ﬁber. Therefore, it is clear
that the ZnO nanoparticles worked as a SERS substrate to
enhance the RBM, G band, and 2D band peak of the CNTs
(Figure 7a, b). Moreover, the CNTs also functioned as a SERS
substrate to generate 221 and 561 cm−1 peaks and enhance the
intensity of the 96, 323, and 429 cm−1 peaks (Figure 7b) of
ZnO nanoparticles as in the same SERS ﬁber. In fact, a double
scattering eﬀect was observed in the same SERS ﬁber.
Therefore, this synergetic eﬀect in Raman scattering made
the materials novel and provides new information on the
vibrational force of ZnO nanoparticles and CNTs through their
interactions. Indeed, the ZnO nanoparticles worked as a SERS
substrate to enhance the intensity of the Raman signal of CNTs
in the SERS ﬁber, and at the same time ZnO works as a probe
molecule by forming a new peak through the vibrations of Zn
and O atoms in the Zn−O system in the SERS ﬁber. The
vibration of Zn and O atoms in the Zn−O system in the SERS
ﬁber was enhanced seriously by CNTs in the SERS ﬁber
because of its substrate eﬀect. As a result, a synergetic eﬀect was
observed in the Raman scattering of ZnO nanoparticles in the
SERS ﬁber.
The peaks for ZnO nanoparticles at 96, 429, and 561 cm−1
(Figure 7b) were assigned to the E2 (low),46 E2 (high),47 and
A1-LO (Longitudinal optical)46,48 phonon peak of the ZnO
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In addition, Figure 8g shows the G band of the CNT and
SERS ﬁber, which are located at 1582 and 1572 cm−1,
respectively. The position of the peaks suggests that the G band
of CNTs in the SERS ﬁber had shifted by 10 cm−1 to a lower
frequency position. The peak shift of the G band to the lower
frequency positon indicates that a lower energy was required
for the vibration of planar carbon atoms in the CNTs in the
SERS ﬁber. Therefore, the peak shift of the G band to the lower
energy position supports the proposal of the vibration of the
carbon atom in the planar direction, as shown in Figure 8f. This
is because a large number of sp2 carbon atoms can vibrate in the
planar direction by absorbing low energy photons. Moreover, a
lower energy is required for the planar vibration of sp2 carbon
atoms; hence, the absorbed energy can be distributed in large
number of carbon atoms for the vibration and the vibration of a
large number of carbon atoms in the planar direction enhanced
the intensity of the G band in the SERS ﬁber. Similarly, the 2D
bands of the SERS ﬁbers was shifted by 36 cm−1 (Figures 7a
and 8g) but this shift occurred in the higher frequency position.
In this time, the 2D band positions of the CNTs and SERS
ﬁbers were 2649 and 2685 cm−1, respectively. Generally, when
a graphitic stack or few layer graphene or graphene forms a
tubular structure or CNTs, the 2D band peak shifts to a shorter
frequency position but the 2D band shifts to a higher frequency
position when the tube structure forms a graphene sheet like a
planar structure. The bare CNTs in the CNT ﬁber shows a 2D
band peak at a lower frequency positon and the CNTs in the
SERS ﬁber shows a 2D band peak at a higher frequency
position. Therefore, after the deposition of ZnO nanoparticles
on the CNTs in the SERS ﬁber, the 2D band peak shifts to a
higher frequency position, suggesting that the CNTs in the
SERS ﬁber were deformatted and formed a graphene like planar
layer structure similar to the proposal structure (Figure 8f).
A convenient radial direction polarization scheme of CNTs
in the SERS ﬁber (Figure 8c) was proposed through the radial
direction vibration of Zn atoms in the ZnO systems of ZnO
nanoparticles. The ZnO system was attached to the CNT
ﬁber (Figure 8c) and the ZnO system vibrates in the radial
direction (red arrow) in the presence of a 514 nm laser (Figure
8b). Finally, this radial direction vibration mode formed the
radial breathing (RBM) mode of the CNTs (Figure 8d).
Therefore, the RBM peak of the SERS ﬁbers was identiﬁed
using a 514 nm laser. In the case of the bare CNT ﬁbers (Figure
7b,d), however, the RBM mode was not detected by the 514
nm laser. Indeed, there was no inﬂuencing group or agent for
generating a radial vibration of bare CNT ﬁbers for radial
polarization. The 785 nm laser is superior to the 514 and 633
nm lasers for the detection of the RBM mode of CNTs.53
Generally, the RBM mode is not detected by the 514 nm laser
in multiwalled CNTs.53 In this case, the convenient vibration
mode (Figure 8c) of the ZnO molecule of the CNTs in the
SERS ﬁber assists in generating the RBM mode.

intensity was over 1.5 au In addition, there were two strong
absorption peaks observed at 347 and 870 nm. The 806 nm
peak for the bare CNT ﬁber was also shifted to 870 nm in the
SERS ﬁber. This indicates that the ZnO nanoparticles were not
loosely bonded to the CNTs in the SERS ﬁber. Both peaks
(347 and 870 nm) were strong (near to 1.9 au) and none of
them were near the 514 nm laser, which is used for Raman
excitation. Therefore, the contribution of the resonance
enhancement of SERS ﬁber should be insigniﬁcant.25,26 The
observed SERS eﬀect using 514 nm excitation was assigned to
charge transfer resonance between the CNTs and deposited
ZnO nanoparticles in the SERS ﬁber. Consequently, SERS of
the ZnO nanoparticles deposited on CNTs in the SERS ﬁber is
related to a chemical enhancement mechanism through their
chemical bond bridge. Therefore, the explanation of Raman
scattering through the chemical bond of the ZnO nanoparticles
with carbon of CNTs in the SERS ﬁber through the Zn and O
vibration in Zn−O system of ZnO nanoparticles is reasonable.
On the basis of the above discussion, a schematic diagram,
Figure 8b,e−g, presents the increasing G band. Figure 8b shows
the laser (514 nm) excitation of the SERS ﬁber. The laser was
applied to the SERS ﬁber and photons were scattered to the
virtual energy state. Because it is nonelastic scattering, some
photons were absorbed at the vibration level for the vibration of
carbon atoms of CNTs and ZnO in the SERS ﬁber. The Zn
O system was attached to the SERS ﬁber. Therefore, the Zn
O system absorbed some photons and the vibrations of Zn and
O atoms of ZnO nanoparticles (Figure 8e) occurred through
the ZnO system via a chemical bond bridge of the carbon of
the CNTs in the SERS ﬁber. In this case, deformation of the
CNTs in the SERS ﬁber might have occurred selectively
because the deformation forces (double head arrow) of the
CNTs play a signiﬁcant role in forming a planar shape, as
shown in Figure 8f. The vibration of ZnO nanoparticles to the
outward direction (Figure 8e) (one head red arrow) can be
activated by a 514 nm laser and simultaneously, the carbon
atoms planar vibration to the same direction (outward, marked
by planar vibration of carbon) enhanced the vibration of the
ZnO nanoparticles to the outward direction. Therefore,
deformation force was convenient to squeeze the CNT to the
direction of the black arrow (Figure 8e) for the formation of a
deformation structure of CNTs (Figure 8f) in the SERS ﬁber.
In addition, during RBM mode a contraction force to the black
arrow direction made a convenient environment for deformation, as shown in Figure 8f. This is because there are four types
of vibration forces, carbon expansion force, contraction force,
ZnO nanoparticles radial direction force (outward force), and
carbon atom planar vibration force. Among them, the carbon
atom contraction force and ZnO nanoparticles radial direction
force (outward direction) will be minimized due to their
opposite nature. During photon absorption, however, the
planar direction vibration of carbon atoms, ZnO nanoparticles
outward direction vibration force and the deformation force
will be parallel. Therefore, a signiﬁcant deformation force might
be quite eﬀective in the deformation of CNTs (Figure 8f) due
to the same directional vibration, as shown in Figure 8e. The
deformatted CNTs clearly contained a large number of carbon
atoms in the planar direction, which is marked by the black
rectangular area (Figure 8f). Therefore, most the carbon of the
CNTs in the SERS ﬁber are involved in the planar vibration. As
a result, a high intensity G band (Figure 8g) was observed due
to the larger number of carbon atoms vibrating in the planar
direction.

■

CONCLUSIONS
The exceptional Raman scattering of the G band, 2D band, and
new RBM peak generation were observed in the SERS ﬁber in
which ZnO nanoparticles worked as a Raman scattering
substrate to generate a RBM peak and to enhance the intensity
of the G and 2D band. This is a report showing that the ZnO
nanoparticles worked as a SERS substrate without combining it
with metal nanoparticles. Several vibration peaks for the ZnO
nanoparticles were also observed during 514 nm laser excitation
of the SERS ﬁber. The formation of these peaks suggested a
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synergetic Raman scattering eﬀect in the SERS ﬁber. The
behavior of double scattering or a synergetic eﬀect indicated
that the CNTs also worked as a Raman scattering substrate in
the laser excitation time in the same ﬁber. New information on
a synergetic eﬀect in Raman scattering make the materials more
signiﬁcant in the ﬁeld of SERS. This paper proposes a tentative
novel mechanism showing how ZnO nanoparticles work as a
SERS substrate to increase the Raman G, 2D band by ZnO
nanoparticle vibrations through the deformation mechanism of
CNTs in the SERS ﬁber. Furthermore, this paper proposed a
mechanism for the generation of RBM mode in CNTs with the
radial direction vibration of Zn and O atoms through the Zn−
O system of ZnO nanoparticles in a SERS ﬁber. Therefore, this
work has potential in the ﬁeld of SERS.
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