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We have found that tungsten oxide nanorods have a very large enhancement effect on Raman scattering.
The nanorods with adsorbed 2CO and **CO at the ratio of 1:1 were dispersed on a Si substrate and
Raman mapping was performed. The Raman images of >CO and *CO were completely different, indicat-
ing that a very small number of molecules at the single-molecule level were observed. We also confirmed
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the characteristic blinking phenomenon when single-molecule detection was performed. The very large
enhancement effect of Raman scattering can be attributed to the {001}CS structure of the tungsten oxide
nanorods. It was confirmed from the DFT calculation results that the {001}CS structure exhibits two-
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1. Introduction

Raman scattering spectroscopy is a powerful method of identify-
ing molecular species or obtaining information of the environ-
ment of molecules." However, an extremely small cross section®
of Raman scattering makes it difficult to realize single-mole-
cule-level detection sensitivity, which is required for certain
types of application such as medical diagnostics,® water or
environmental monitoring and food safety monitoring.’
Surface enhanced Raman scattering (SERS) can greatly amplify
Raman signals as already demonstrated using roughened sur-
faces of Ag, Au or Cu®® or their nanoparticles. SERS with extre-
mely high sensitivity has been realized with Ag nanoparticle
aggregates, eventually demonstrating single-molecule-level
detection sensitivity.” " The extremely large enhancement
effect observed is mainly due to the surface plasmon resonance
in a nanogap region between two adjacent Ag nanoparticles.'>"*
Considerable efforts have been devoted so far to optimizing
inter-nanoparticle distances'*™® or shapes of noble-metal
islands on insulating substrates'” to maximize the enhance-
ment effect. To date, metals for obtaining a substantial SERS
effect have been limited to noble metals such as Ag and Au.

In recent years, plasmonics based on semiconducting
materials such as metal oxides, metal chalcogenide and metal
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dimensional electrical conduction properties.

nitrides have attracted considerable attention.'®2° Titanium

nitride nanoparticles for photothermal conversion,*! tunable
localized surface plasmon resonance using indium tin oxide
nanoparticles®® or tungsten oxide nanocrystals,> epsilon-near-
zero materials using tungsten bronze®*>* and photo catalytic
reaction using molybdenum oxide or tungsten oxide**>® have
been reported. SERS effect using semiconducting nanocrystals
has also been reported,>®** however, the enhancement factor
is not very large and single-molecule detection is not
achievable.

In this paper, we report that a metal oxide nanorod, an
intermediate oxide of tungsten, WO, (x < 3),>*® shows an
extremely large enhancement effect of Raman scattering, and
we also show that single-molecule detection becomes possible
by using a certain activation procedure. Carbon monoxide
(CO) adsorbed on WO, is clearly detected through the C-O
stretching peak in Raman spectra; however it is very difficult to
observe Raman scattering from such an adsorbed molecule.
We further show that WO, enables us to detect even single-
molecule through Raman spectroscopy. This result indicates
that an extremely large enhancement effect of Raman scatter-
ing is indeed available with a metal oxide if it is appropriately
engineered. WO, (x = 2.75) is an atomically well-defined single
crystal with two-dimensional conducting layers as revealed by
our theoretical calculations.

2. Results and discussion

The large enhancement effect of Raman scattering that
enables the observation of adsorbed molecule originates from
WO, nanorod. Fig. 1a shows a scanning electron microscope
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Fig. 1 (a) SEM image of WO, nanorods on electrochemically sharpened
tungsten tip. (b) Magnified SEM image of WO, nanorods. (c) TEM image
of WO, nanorod. Observed image corresponds to W40;; that is inter-
mediate oxide of tungsten with {001} type crystallographic shear (CS)
structure. (d) Schematic representation of W04, structure. Red spheres
are oxygen atoms and Green spheres are tungsten atoms. (e) Band
diagram for W404,-CS structure obtained with density functional theory
calculations. (f) Wave functions of the band indicated by the arrow.

(SEM) image of WO, nanorods grown on an electrochemically
etched tungsten tip. The length of the nanorods is typically
1-10 pm. The thickness of the WO, nanorods is 20-150 nm, as
can be determined from the SEM image shown in Fig. 1b.
Fig. 1c shows a transmission electron microscope image of a
WO, nanorod. The nanorod has planar defects of oxygen
inside. The periodic stacking of the planar defects forms the
{001}-type crystallographic shear (CS) structure described as
W,,03,_;. The observed structure corresponds to W,0,,, which
is one of the {001}CS structures.*® A structural model of
W,0,,-CS is shown in Fig. 1d. Various intermediate oxides of
tungsten show metallic conductivity.>’>° However, the electri-
cal conductivity of the {001}CS structure remains unclear.
Therefore, we carried out the first-principles electronic struc-
ture calculation for the W,0,;-CS structure on the basis of
density functional theory. We obtained the electronic band
structure by the localized atomic orbital basis set method
implemented in SAKE.’® We confirmed that the W,0,;-CS
structure exhibits a metallic band structure, as shown in
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Fig. 1e. A highly dispersive band that crosses the Fermi energy
exists. The band has dispersion in the yz directions, but not in
the x direction. This indicates two-dimensional conducting
layers forming in the {001}CS structure. Our theoretical calcu-
lations showed that the wave function of that band localized in
the CS plane as shown in Fig. 1f. It is expected that the
plasmon resonance due to free electrons in the two-dimen-
sional conducting layers may contribute to the enhancement
of Raman scattering.

We found that Raman spectra obtained from WO, nanorods
contain Raman scattering attributable to adsorbed molecules,
as will be shown later. Therefore, we expected that WO, nano-
rods would have the enhancement effect of Raman scattering.
Since the peak frequency of an adsorbed molecule largely
changes from position to position, we expect that the number
of observed molecules will be very small and WO, nanorods
will have an extremely large enhancement effect of Raman
scattering. To prove this hypothesis, Raman spectroscopy was
carried out for the WO, nanorods exposed to a 1:1 mixture of
two isotopes. We used adsorbed CO molecules to estimate the
enhancement effect. The CO molecules on WO, nanorods were
formed by decomposition of 1: 1 mixture of methanol-'>C and
methanol-">C in an ultra high vacuum (UHV) chamber.*'~*

Fig. 2a shows accumulated Raman spectra of the adsorbed
CO on WO, nanorods formed by the decomposition of metha-
nol. The spectra were obtained at 225 different points in a
9 pum x 8 pum area on densely grown WO, nanorods, as indi-
cated by the square in Fig. 2b. In this area, more than one
hundred nanorods were included. Fig. 2b shows an optical
microscope image of densely grown WO, nanorods on the
tungsten tip. The lower spectrum in Fig. 2a was obtained after
exposing the nanorods to methanol-*C at 600 °C and 5 x 107>
torr for 15 min. Only the peak corresponding to >CO mole-
cules was observed. The upper spectrum of Fig. 2a was
obtained after exposing the nanorods to the 1:1 mixture of
methanol-">C and methanol-"*C at 640 °C and 5 x 10~ torr for
10 min. Two peaks correspond to the adsorbed *CO and **CO.
Since we observed CO molecules on a large number of WO,
nanorods in this case, the two peaks appear at a 1: 1 ratio. The
difference in vibrational frequency between the two peaks is
reasonably attributed to the isotope substitution of the carbon
atom of the CO molecules. Normally, it is very difficult to
observe Raman scattering from such adsorbed molecules. We
expected that the WO, nanorods would have some enhance-
ment effect of Raman scattering. Here, we note that as-grown
nanorods did not show the Raman peak from CO molecules.
After laser irradiation of 1 mW um™2, CO peaks appeared.
Once the peaks corresponding to CO molecules appear in the
Raman spectrum, it is possible to observe them even when the
laser intensity is reduced. These results indicate that the acti-
vation by laser irradiation is required for detecting adsorbed
molecules.

It is necessary to mention here the vibrational frequency of
the adsorbed CO molecules observed in this study. The
vibrational frequencies of observed CO molecules are much
lower than that of adsorbed CO molecules shown in the pre-

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (a) Raman scattering spectra of adsorbed CO on WO, nanorods

formed by decomposition of methanol. The spectra were obtained at
225 different points in a 9 pm X 8 pm area on densely grown WO, nano-
rods as indicated by the square in (b). More than 100 nanorods are
present in this region. The lower spectrum was obtained after exposing
the nanorods to methanol-*2C at 600 °C and 5 x 107> torr for 15 min.
The upper spectrum was obtained after exposing the nanorods to the
1:1 mixture of methanol-*2C and methanol-**C at 640 °C and 5 x 107>
torr for 10 min. Raman scattering measurements were carried out in air.
(b) Optical microscope image of tungsten tip with densely grown WO,
nanorods. (c) Raman spectra of adsorbed CO from 20-50 of WO, nano-
rods. (d) Optical microscope image of tungsten tip with densely grown
WO, nanorods. The four red squares indicate the observed areas of
Raman spectra in (c). () Raman spectra of adsorbed CO from 1-3 of
WO, nanorods on Si substrate. (f) Optical microscope image of WO,
nanorods on Si substrate. Excitation laser: Ar* laser, 514.5 nm, 1.0 mW
for (a and e) 0.1 mW for (c).

vious SERS measurements.** This is due to the difference in
substrate materials. What is observed in the literature are CO
molecules adsorbed on silver. CO molecules are weakly
adsorbed on silver, therefore the intramolecular bonding of
CO molecules is not very different from that of CO molecules
in the gas phase. In contrast, CO molecules are strongly
adsorbed on transition metals. As a result, the intramolecular
bonding of CO become weaker and the intramolecular
vibrations shift to lower frequencies. It is known that CO mole-
cules adsorbed on the bridge site have a particularly large low
frequency shift. The 1850 cm™" obtained in the present study

This journal is © The Royal Society of Chemistry 2022
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corresponds well to the peak position of CO molecules
adsorbed on the bridge site of the transition metal surface.*®
As can be seen from the structural model in Fig. 1d, tungsten
oxide nanorods with CS planes have bridge sites on the CS
planes. It is considered that the CO molecules adsorbed on the
bridge sites on the CS planes are observed in this study.

Fig. 2c shows Raman spectra from an intermediate number
of WO, nanorods. In this case, WO, nanorods were exposed to
1 x 107® torr methanol for 100 seconds at room temperature
after growth. To reduce the number of observed molecule, the
number of accumulated pixels was reduced to 9 in a 2 pm x
2 pm area. In this area, 20-50 nanorods were included. Four
spectra were obtained at different positions on densely grown
WO, nanorods, as shown in Fig. 2d with the correspondingly
numbered squares. Although the 1:1 mixture of methanol-'*C
and methanol-">C was used in this case, the intensity ratio of
3CO to 'CO is not anymore 1:1. This indicates that the
number of observed CO molecules was already very small. The
appearance of multiple components in the CO stretching
mode is due to a subtle difference between the adsorption
states of CO on WO, nanorods®® that are averaged out when we
observe many adsorbed molecules. Several components that
originate from different adsorption sites appeared for a small
number of adsorbed CO molecules. The intensity ratio differed
from position to position.

To further reduce their number, WO, nanorods were dis-
persed on a Si substrate, and Raman spectra were observed
from 1-3 WO, nanorods. Fig. 2e shows the Raman spectra
obtained at the single point indicated by the red circle in
Fig. 2f. In this case, the intensity ratio of CO to *CO
increases further. Almost no *CO peak appears except for a
small peak at 1783 cm™", whereas a very sharp and intense
peak at 1848 cm ™" and a smaller peak at 1862 cm™" appear for
2CO. Since the ratio of >CO to >CO should be 1:1 if the
Raman spectra correspond to many molecules, this result
strongly suggests that single-molecule-level observation
becomes possible for adsorbed CO.

To prove the single-molecule Raman scattering observation
with an extremely large enhancement effect of WO, nanorods
more clearly, Raman mapping was conducted for WO, nano-
rods with a 1:1 isotope mixture of CO. Fig. 3a and b show
optical microscope and SEM images of WO, nanorods dis-
persed on a Si substrate. Fig. 3c and e respectively show
Raman mappings of the ">CO and '*CO peaks obtained at the
same area as in Fig. 3a and b. The result of mapping for the
CO peak is totally different from that for the ’CO peak.
Fig. 3d and f show the spectra obtained at the positions indi-
cated by circles in Fig. 3¢ and e. We observed that only one
isotope appears in each spectrum. This indicates that the
observed peaks originate from a very small number of CO
molecules, that is, the single-molecule-level.

As mentioned above, as-grown nanorods did not show a
large enhancement effect of Raman scattering to enable
single-molecule detection. After laser irradiation as intense as
0.1-1.5 mW pm~?, single-molecule detection became possible.
The threshold intensities of activation were dependent on the
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Fig. 3 (a) Optical microscope image and (b) scanning electron micro-
scope image of WO, nanorods on Si substrate. Raman mappings of (c)
13CO and (e) >CO measured in the same area as in (a and b). (d and f)
Show Raman spectra obtained at the positions indicated by circles in (c
and e). Excitation laser: Ar* laser, 514.5 nm, 1.0 mW.

diameter and position of WO, nanorods. Nanorods with larger
diameters tend to be activated at a lower intensity of an irra-
diated laser. In addition, the laser irradiation near the end of a
nanorod can activate the nanorod of a lower laser power than
the irradiation in the center of the nanorod. This activation
procedure corresponds to cutting the CS planes by the local
oxidation of WO, and localizing the plasmon at the active site
formed by the oxidation.

It should be mentioned here that the enhancement factor
(EF) become very large, over 10'°. The calculation of the EF is
described in ESI.f CO molecules do not have absorption in the
visible light region. Therefore, the resonance Raman effect is
not expected. We consider that this very large enhancement
factor is mainly caused by the electromagnetic mechanism
due to plasmon resonance. The results of additional experi-
ments supporting this explanation are shown in Fig. S1 and S2
in ESL.} The light scattering spectrum obtained from a single
WO, nanorod is shown in Fig. S1.F The light scattering with a
peak around 450 nm is attributed to the plasmon resonance of
the WO, nanorod. When the light within the peak wavelength
region of the light scattering spectrum is used as the excitation
light for Raman scattering, a large enhancement effect is
obtained. Fig. S21 shows the results of electrical measure-
ments of a single tungsten oxide nanorod using the prober in
the SEM. A completely linear IV curves were obtained, indicat-
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ing that the WO, nanorods have metallic electrical properties.
The electrical resistivity determined from the diameter and the
length of the nanorod was quite low, 2.9 x 10™* Q cm. These
results support electromagnetic mechanism due to plasmon
resonance. There is possibility that charge transfer mechanism
also contribute to the large enhancement effect. The details of
the enhancement mechanism are not yet clear, and are con-
sidered to be a target for future work.

The enhanced Raman scattering of adsorbed CO on WO,
nanorods shows time-dependent spectral changes, that is, the
so-called blinking phenomenon. As the blinking is character-
istic of single-molecule observation,”*’~*° the following result
is additional evidence that the observed CO is at the single-
molecule level. Fig. 4a shows time series Raman spectra of
adsorbed CO on WO, nanorods dispersed on the Si substrate
acquired at 1.5 s intervals. In this case also, "*CO and '*CO
exist at a 1:1 ratio on WO, nanorods. Fig. 4b indicates the
Raman spectra obtained at various times. A peak at 1772 cm™*
corresponds to *CO molecule and peaks at 1855 and
1886 cm ™" correspond to *CO molecules. The large difference
in peak intensity between *CO and '>CO indicates that the
number of observed CO molecules is very small (single-mole-
cule level). The peak at 1772 cm™' comes from single *CO
molecule, and it shows time-dependent changes in its inten-
sity and position. These time-dependent changes are due to
change of adsorption site of CO. At ¢ = 48.5 s an intense peak
appears at 1745 cm™'. The peak rapidly disappears because of

the instability of the adsorption state that causes a rather low

vibrational frequency of CO. After this event, a shoulder peak
-1

appears at 1795 cm™ . Fig. 4c shows plots of peak intensities
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Fig. 4 (a) Time series Raman spectra of adsorbed CO on WO, nanorods

dispersed on Si substrate acquired at 1.5 s intervals. (b) Raman spectra
obtained at t = 0, 48.5, 50 and 144 s. (c) Peak intensity plots as a func-
tion of time. Excitation laser: Ar* laser, 514.5 nm, 1.0 mW.
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as a function of time. The peak intensities of each peak were
obtained by peak fitting. Although the peak intensities of *CO
at 1855 and 1886 cm ™" were constant throughout the measure-
ments, the peak intensity of >CO at 1772 ecm™" drastically
changed. The splitting of the peak starting at ¢ = 48.5 s corres-
ponds to the rapid hopping of CO molecule between two
adsorption states. The peak intensity indicates the occupation
time of each adsorption state. The peak intensity at 1772 ecm ™
gradually decreases from ¢ = 124 s, whereas the peak intensity
at 1795 cm™' increases. The total intensity of peaks at
1772 em™" and 1795 cm™" was almost constant after the start
of splitting at ¢ = 48.5 s. This result clearly indicates the nega-
tive correlation between two peaks and can be explained by the
variation of the occupation time between two different adsorp-
tion states. When we observe thousands of molecules using a
conventional spectroscopic technique, such detailed infor-
mation of adsorption states is averaged out. Single-molecule
detection with a large enhancement effect of Raman scattering
enables us to examine in detail the dynamic behavior of the
bonding state and environmental conditions of the target
molecule.

3. Conclusions

We have found that WO, nanorods show an extremely large
enhancement effect of Raman scattering, and the vibrational
spectra of a single adsorbed CO molecule become observable.
Although as-grown nanorods did not show a large enhance-
ment effect of Raman scattering, after laser irradiation at an
intensity of 0.1-1.5 mW um™>, single-molecule detection
became possible. This activation procedure corresponds to
cutting the CS planes by the local oxidation of WO,, and the
locally oxidized part works as the active site for Raman
enhancement. The Raman mapping of the isotope mixture
proved the detection of a single molecule. The Raman
mapping was performed for nanorods with adsorbed **CO and
13CO at the ratio of 1:1. The Raman images of *CO and *CO
were completely different, indicating that a very small number
of molecules at the single-molecule level were observed. DFT
calculations revealed the existence of a 2D conducting layer at
the CS plane. Therefore, we considered that plasmon reso-
nance using free electrons in 2D conducting layers in WO,
nanorods is the main factor for the large enhancement effect.
Conventional single-molecule SERS is always realized in a
nearly closed system such as a nanogap or nanocavity. In con-
trast, the enhancement of Raman scattering by WO, is
expected to be realized at the cleavage site of conducting
planes at the surfaces of nanorods. It is considered that the
active sites of Raman enhancement can be brought into close
proximity to macromolecules such as proteins. Therefore, this
technique has the potential to greatly expand the application
of single-molecule SERS. WO, nanorods can be attached to the
apex of probe for a scanning probe microscope.’® Therefore,
chemical analysis with extremely high spatial resolution is
expected to realize.

This journal is © The Royal Society of Chemistry 2022
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4. Experimental section

We have already developed an epitaxial growth technique for
WO, nanorods on tungsten in a UHV chamber.’*>*> The WO,
nanorods were grown on electrochemically etched tungsten
substrates. The substrates were annealed at 1100 °C to remove
the residual oxide layer on the surface. Then the substrate was
kept at 700 °C to 850 °C. Oxygen gas at 5 x 10~° torr was intro-
duced into the chamber, and the tungsten foil heated at
1100 °C was placed in front of the substrate in order to deposit
tungsten oxide on the substrate. The growth time was 5 to
10 h. The obtained tungsten oxide showed a nanorod shape.

Raman scattering spectral measurements were performed in air
with a micro-Raman system (HORIBA Jobin-Yvon, HR-800) using
an Ar-ion laser of 514.5 nm wavelength for excitation focused in a
1 pm diameter spot with a 100x objective lens (Olympus, 0.90
numerical aperture). The light that scattered back from the sample
was collected with the same objective lens and detected through a
polychromator with a liquid-nitrogen-cooled CCD camera. Detailed
structures of WO, nanorods were observed by field emission-SEM
(JEOL JSM-6500F) and TEM (JEOL JEM-2000EX). Highly pure
oxygen gas (99.99995%) was used for WO, nanorod growth.
Deuterated methanol-">C,"*C (Cambridge Isotope Laboratories)
was used for the formation of adsorbed molecules.
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