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Abstract: Phthalocyanines are frequently used as prob-
ing molecules in the field of single-molecule surface-
enhanced Raman spectroscopy (SERS) and tip-enhanced 
Raman spectroscopy (TERS). In this work, we system-
atically compare the SERS and TERS spectra from a thin 
cobalt phthalocyanine (CoPc) film that is deposited on 
a Au film. The contributions from electromagnetic (EM), 
resonance, and charge-transfer enhancements are dis-
cussed. Radially and azimuthally polarized vector beams 
are used to investigate the influences of molecular ori-
entation and the localized surface plasmon resonance 
(SPR). Furthermore, two different excitation wavelengths 
(636 and 532 nm) are used to study the resonant excitation 

effect as well as the involvement of the charge-transfer 
processes between CoPc and the Au substrate. It is shown 
that the Raman peaks of CoPc are mostly enhanced by 
636  nm excitation through a combination of resonant 
excitation, high EM enhancement, and chemical enhance-
ment via charge transfer from the metal to the molecule. 
At 532 nm excitation, however, the SERS and TERS spectra 
are dominated by photoluminescence, which originates 
from a photo-induced charge-transfer process from the 
optically excited molecule to the metal. The contributions 
of the different enhancement mechanisms explain the 
optical contrasts seen in the TERS images of Au nanodisks 
covered by the CoPc film. The insight achieved in this 
work will help to understand the optical contrast in sub- 
or single-molecule TERS imaging and apply SERS or TERS 
in the field of photocatalysis.

Keywords: TERS; SERS; phthalocyanines; charge transfer; 
photoluminescence.

1   Introduction
Surface-enhanced Raman spectroscopy (SERS) has wit-
nessed tremendous development since its discovery in 
the 1970s [1, 2]. It has been widely applied to the fields 
of sensing [3, 4], spectroelectrochemistry [5, 6], single-
molecule spectroscopy [7], and many others. The physical 
mechanisms of SERS have been intensively discussed and 
extended, especially when new types of SERS substrates 
have been proposed [8, 9].

Electromagnetic (EM) enhancement is believed to con-
tribute dominantly to SERS on metallic substrates, by pro-
viding greatly enhanced EM fields both in the excitation 
and scattering steps. This mechanism is also proposed 
as the main process to explain the Raman enhancement 
observed in tip-enhanced Raman spectroscopy (TERS). In 
TERS, the substrate on which the probing molecules are 
deposited does not necessarily provide a high EM field; 
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instead, a sharp noble metal tip (for the visible spectral 
range) is used. Depending on the type and geometry of the 
TERS tips [10], be it an electrochemically etched one [11], 
a specially designed tip shaft (i.e. grating-based) [12], or 
a tailored tip apex based on a single nanoantenna [13], a 
strong and localized EM field can be achieved at the tip 
apex. This EM field can be further localized and inten-
sified via a gap-mode geometry, where the sharp tip is 
positioned in the proximity of a metallic surface, e.g. a dis-
tance of 2–3 nm, for a tip-sample feedback that is based on 
shear force [14] or 1 nm for one with tunneling current [15, 
16]. With this configuration, an optical resolution down to 
sub-molecular level has been achieved [17].

When the probe molecules adsorb chemically on 
the metal surface, another Raman enhancing channel 
through charge-transfer processes, either from the metal 
to the molecule, or vice versa, can play a role [18]. This 
kind of mechanism is called chemical enhancement 
[19]. When the excitation wavelength matches one of 
the charge-transfer processes, chemical enhancement of 
specific Raman modes can be observed. For SERS experi-
ments using metallic nanoparticles or roughened metallic 
surfaces, chemical enhancement has long been regarded 
as a subsidiary factor [19]. Recently, with the application 
of two-dimensional materials (i.e. graphene or dichalco-
genides) as the SERS substrate, chemical enhancement 
is often proposed as the main enhancement mechanism 
[8, 9]. The physical origin of chemical enhancement and 
its importance have attracted much attention, providing 
new insights and theories in this regard. Even in TERS, 
chemical enhancement via charge transfer has been pro-
posed [20]. As reported by Sun et al. in their theoretical 
work [20], four kinds of charge transfer can be identified: 
tip to molecule, substrate to molecule, tip and surface to 
molecule simultaneously, and tunneling charge transfer 
between the tip and substrate. With the ever-increasing 
interest in applying TERS to sub-molecular imaging, it is 
therefore essential to examine the different mechanisms 
of enhanced Raman spectroscopy and weigh their con-
tributions individually. In particular, both the metal-to-
molecule and molecule-to-metal charge transfer could 
enhance specific Raman modes and are very useful for 
manipulating chemical reactions at the single-molecule 
level in photocatalysis.

Transition-metal phthalocyanines (TMPcs) have been 
intensively studied in optoelectronic devices as electron 
donors [21]. When it comes to optical spectroscopy, TMPcs 
are often used as probe molecules because of their large 
Raman scattering cross-section and their high stability 
against humidity, oxygen, light, and heat [22]. TMPcs can 
be deposited onto a variety of substrates using physical 

vapor deposition, with well-defined adsorption geometry 
and controlled surface coverage. This is very beneficial for 
understanding the influence of molecular orientation on 
the SERS enhancement. Moreover, at the metallic inter-
face, a variety of interactions with the semiconducting 
molecules occur [23]. In the case of strong interaction, the 
electronic structure of both the molecule and the metal 
can be modified. As revealed by photo-excited electron 
spectroscopies, local charge transfer from the gold sub-
strate toward the central metal atom of cobalt phthalo-
cyanine (CoPc) affects the charge state of the Co ions. At 
the same time, enhanced features in the energy region 
across the d bands of the gold substrate can be observed 
using photoemission spectroscopy [23]. These character-
istics make TMPcs ideal samples to discuss the EM- and 
the charge-transfer-based chemical enhancement in SERS 
and TERS.

Here we demonstrate the different enhancement pro-
cesses in the SERS and TERS measurements on a CoPc 
thin film that is deposited on a Au surface. Radial and 
azimuthal polarizations are used for evaluating the con-
tributions from EM enhancement and molecular orienta-
tion. Two different excitation laser wavelengths, namely 
636 and 532 nm, are applied to investigate the resonance 
Raman process and to identify the charge-transfer process 
between the CoPc molecule and the Au substrate. Based 
on these studies, the optical contrasts observed in the 
TERS images are analyzed.

2   Results and discussion

2.1   Parabolic-mirror-assisted optical 
microscopy

For this study, we use a parabolic mirror (PM)-assisted 
confocal optical microscope, which can also be applied 
for performing tip-enhanced Raman spectroscopy by 
combining with shear-force scanning probe microscopy 
[24–26]. The optical paths of this microscope can be found 
in Figure S1 (Supporting Information). Different from the 
conventional setup of using an objective lens for focusing 
and detection, there are several advantages of using a PM: 
(1) The PM focuses the incident rays by reflection. Hence, 
PM is free from chromatic aberration, and it can be easily 
adapted to work with different laser wavelengths. (2) 
Opaque substrates can be used since the PM focuses and 
collects the optical signal both from above the sample. (3) 
A high numerical aperture (NA) of 0.998 can be achieved 
in air, which enables a tight focus and large signal 
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collection efficiency [25, 27–29]. PM is also beneficial for 
the TERS experiment. In most microscopes used for TERS, 
the laser beam is incident at the tips from the side, thereby 
illuminating a large sample area. For a sample with high 
Raman cross-section or photoluminescence (PL) quantum 
yield, the optical signal from the far-field excitation could 
be overwhelmingly stronger than the TERS signal. In addi-
tion, a lens system with a long working distance is often 
required for the configuration with side illumination, 
which collects only a few percent of photons from one 
side of the tip. In our case, we insert the tip at the center 
of the PM, which is able to focus the incident radiation 
symmetrically onto the tip apex. In this way, the optical 
signal from the far-field focus is minimized. This is espe-
cially advantageous for TERS study of samples with high 
fluorescence quantum yield or large Raman cross-section.

Besides, in order to excite the oriented adsorbate or 
plasmonic nanostructure with a defined polarization, 
we implement higher order laser modes such as radial 
and azimuthal polarizations in the PM-assisted confocal 
optical microscope. Radial and azimuthal polarizations 
are produced by a mode converter, which is composed of 
four quarters of differently oriented half-wave plates as 
described in [30, 31]. The schematic of these two modes 
are shown in Figure 1A. The incoming laser mode is lin-
early polarized initially. After passing through the mode 
converter, the polarization is turned into radial or azi-
muthal. The dashed white arrow denotes the polariza-
tion direction, and the black double-ended arrows denote 
the fast axis of the quarter half-wave plate. Radial or azi-
muthal polarization could be interchanged by turning the 
mode converter by 90°. The distributions of the electric 
field intensity at the focus of the radially and azimuthally 
polarized beams are shown in Figure 1C and D, respec-
tively. E2, Ex,y

2, and Ez
2 denote the total field intensity, the 

field intensity in the xy-plane, and the field intensity in 
the z-direction (optical axis of the confocal microscope), 
respectively. λ is the wavelength of the excitation laser. As 
can be seen in Figure 1C, while the Ez

2 component domi-
nates the electric field intensity in the focus of a radially 
polarized beam, an exclusive Ex,y

2 field intensity is present 
in the focus of an azimuthally polarized beam. These 
distinctly different electric field distributions allow the 
determination of the orientation of a dipole moment [32, 
33] or the selective excitation of a certain plasmonic mode 
[34]. Applying higher order laser modes in TERS has been 
proven advantageous. Thanks to the dominant Ez

2 compo-
nent in the focus of a radially polarized beam, the long 
axis of the tip can be effectively excited, giving rise to a 
strong and localized plasmonic field at the tip apex exper-
imentally [32, 35, 36] and theoretically [37].

2.2   Confocal optical imaging of CoPc on 
nanostructured Au

For this study, periodic arrays of Au nanodisks with 
varying diameters and interparticle distances were fab-
ricated lithographically on Au substrates, as sketched in 
Figure 2A. The nanodisks are 20 nm in height and 80 nm 
in diameter, with an edge-to-edge interparticle distance of 
200 nm. An ultrathin film of CoPc with a nominal thickness 
of 2 nm was deposited on the sample by organic molecular 
beam deposition under ultrahigh vacuum conditions. The 
topographic image of the sample can be seen in Figure S2 
(Supporting Information). The chemical structure of CoPc 
is shown in Figure 2B, which has a planar geometry and is 
assigned to the D4h point group.

Figure 2C–F is the confocal optical images recorded 
by scanning the sample through the laser focus. Two exci-
tation wavelengths (532 and 636 nm) were used to excite 
the different optical processes, namely the molecular res-
onance of CoPc and the interband transition of gold, inde-
pendently. The abbreviations “RAD” denotes the radially 
polarized mode, while “AZI” is the azimuthally polarized 
mode. The optical images correspond to 40 μm × 40 μm. 
In all four pictures, rectangular bright areas can be seen, 
which are from the Au nanodisk arrays. Because of the 
diffraction-limited optical resolution, individual Au nano-
disks, which have an interparticle distance of 200 nm, are 
not well resolved. Clear optical contrasts between the Au 
nanodisk array and the Au film can be seen. Furthermore, 
it seems that, at the same excitation wavelength, the 
optical signal excited with radial polarization is stronger 
than that with azimuthal polarization.

2.3   SERS spectra of CoPc on  
nanostructured Au

The SERS spectra of CoPc on nanostructured Au are shown 
in Figure 3A and B. The symbol “ON” denotes the meas-
urements performed at the rectangular bright areas (Au 
nanodisk array) in Figure 2C–F. “OFF” is used to designate 
the positions outside the rectangular bright regions. All the 
spectra were excited with a laser power of 200 μW and an 
integration time of 60  s. When illuminated by a 636  nm 
continuous wave laser with radial polarization, CoPc 
shows well-defined Raman peaks at 1540, 1463, 836, 754, 
and 684 cm−1 [38–40], which are assigned to the in-plane 
ring symmetric non-metal bond N–C stretch, benzene C–C 
stretch, macrocycle breathing, in-plane ring symmetric 
N-metal stretch, and macrocycle breathing, respectively. 
The most prominent Raman modes (1463, 1540 cm−1) in the 
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spectra are the in-plane modes [41]. One can see that the 
Raman intensity at the “ON” positions in Figure 3A and 
B is higher than at the “OFF” positions, which is in agree-
ment with the optical contrasts observed in Figure 2C–F. 
The Raman peak at 1540 cm−1 observed with 636 nm excita-
tion (Figure 3B) from the Au nanodisk array is more than 20 
times stronger than that away from the Au nanodisk region.

2.4   TERS spectra and image of CoPc on 
nanostructured Au

The TERS spectra excited at different wavelengths and 
locations are shown in Figure 4, which were taken with 
radially polarized beams. For a better comparison, the 
SERS spectra are also shown in Figure 4. The index to each 

Figure 1: Radial and azimuthal polarization: generation and electric field intensity distribution. 
(A) Realization of the radial and azimuthal modes from a linearly polarized laser by a mode converter. The red arrows indicate the 
polarization of the laser beam, and the black two-side arrows stand for the fast axis of the λ/2 wave plate. Parabolic mirror (PM, illustrated 
as a gray block) focuses (B) the radially polarized laser beam, and (C) the azimuthally polarized laser beam onto the sample (orange block). 
The green arrows indicate the light propagation direction, while the red ones show the polarization directions. The gray-dashed line is the 
optical axis of the PM. (D, E) Calculated electric field intensity distributions when a radially polarized beam or an azimuthally polarized beam 
is focused by a PM. Ex,y2, Ez2, and E2 are the field intensity of the transverse component, of the longitudinal component, and the total electric 
field intensity, respectively. The results are calculated using an excitation wavelength of 636 nm and air medium.
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Figure 2: Confocal optical images of CoPc on nanostructured Au. 
(A) Schematic diagram of a CoPc thin film deposited on a nanostructured gold substrate. (B) Chemical structure of CoPc. (C–F) Confocal 
optical images from a Au nanodisk array using 532 nm excitation and 636 nm excitation, respectively. For (C) and (E), a radial incident 
polarization is used, while for (D) and (F) an azimuthal polarization is used. The abbreviations “RAD” denotes the radially polarized mode, 
while “AZI” is the azimuthally polarized mode. The excitation power at the sample is ~200 μW for the 636 nm excitation and ~50 μW for the 
532 nm excitation.

Figure 3: SERS spectra of CoPc on nanostructured Au. 
SERS spectra taken at different excitation wavelengths, namely (A) 532 nm and (B) 636 nm, incident polarizations, and locations. “ON” 
stands for spectra recorded from rectangular shaped bright areas, and “OFF” indicates the spectra recorded outside. The abbreviations 
“RAD” denotes the radially polarized mode, while “AZI” is the azimuthally polarized mode. Excitation power is 200 μW, and integration time 
is 60 s. The background of each spectrum is subtracted.
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spectrum is shown as an inset in the respective picture. 
Notably, the TERS spectra and the spectrum from the Au 
tip at 636  nm excitation were collected with an integra-
tion time of 10 s. At 636 nm excitation in Figure 4A, the 
Au tip shows a broad but weak spectral background. Upon 
approaching the tip to the top of a single Au nanodisk 
(“ON” position), Raman features from CoPc appear with 
higher overall intensities than when the tip is in proximity 

to the planar Au substrate away from the Au nanodisks 
(“OFF” position). The peak positions of the main Raman 
features in TERS are very similar to those in the SERS 
spectra, though the peak intensity varies in some cases. 
In Figure 4B, the spectra taken with 532  nm excitation 
are shown. Notably, all TERS spectra and the tip spec-
trum at 532 nm excitation were taken with an integration 
time of 60 s. Interestingly, different from Figure 4A, each 
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Figure 4: TERS and SERS spectra of CoPc at different excitation wavelengths. 
Comparison of the SERS and TERS spectra taken at (A) 636 nm excitation, and (B) 532 nm excitation. The SERS spectra in (A) are integrated 
for 60 s, while the TERS spectra and the one from the tip alone are taken with only 10 s integration. In (B), all the spectra are taken with 
60 s integration time. (C) Comparison of the background-subtracted TERS spectra taken on top of a Au nanodisk at different excitation 
wavelengths. To highlight the features in the TERS spectrum at 532 nm excitation, the Raman peaks are fitted by Lorentzian functions. 
The green line is the cumulative fit, and dashed blue curve shows the fitting components. The solid blue line indicates the baseline. The 
integration time for TERS at 532 nm is 60 s, whilst it is 10 s for the one at 636 nm excitation. (D) Comparison of the intensity ratios between 
two Raman modes at 754 and 1540 cm−1, which are derived from the SERS and TERS measurements with different excitation wavelengths and 
locations. Each spectrum is taken by using radially polarized beam. The excitation power at the sample is ~200 μW for 636 nm and ~150 μW 
for 532 nm, respectively. “On” and “OFF” stand for positions on the top of or away from a Au nanoparticle, respectively. “BTW” indicates a 
position at the Au film in between the Au nanoparticles.
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spectrum in Figure 4B has a very strong spectral back-
ground. In order to compare the Raman features more 
clearly, two background-subtracted TERS spectra taken 
with 636 and 532 nm excitations are shown in Figure 4C. 
Because of the low Raman intensity with 532 nm excita-
tion, only a few peaks can be seen and the ratios between 
the individual peaks seem to be different from those 
with 636 nm excitation. As an example, in Figure 4D, the 
intensity ratios between the two Raman modes at 754 and 
1540 cm−1 are compared. The detailed data analysis can be 
found in Supporting Information. Whereas ratios around 
0.4 are derived from the SERS and TERS spectra taken with 
532 nm excitation, they are only about 0.2 for the measure-
ments with 636 nm excitation. These phenomena will be 
further analyzed in Section 2.5.

Additionally, the TERS scattering images are shown in 
Figure 5A and C, which were recorded with 532 and 636 nm 
excitation, respectively. The respective topographic 
images obtained by recording the shear-force feedback 
signal are shown in Figure 5B and D. The topography in 
Figure 5B reveals the presence of six neighboring Au nan-
odisks. The seemingly rough surface for each nanoparticle 
is shown to be reproducible, which is likely from a slightly 
worn tip apex. The positions of these nanodisks correlate 

well with the bright contrasts seen at the round features in 
Figure 5A. The TERS images at 636 nm excitation is shown 
in Figure 5C and D, where a 1 μm × 1 μm sample area is 
scanned and the optical image is recorded with 128 × 128 
pixels. In the topographic image (Figure 5D), the regular 
array of the Au nanodisks can be seen clearly resolved. 
However, in its simultaneously recorded optical images, 
the positions of the bright spots cannot be directly corre-
lated to the positions of the nanodisks. In detail, optical 
contrasts of two different sizes are seen, which are high-
lighted by the white circles in Figure 5C. The mechanisms 
that could be responsible for the above-mentioned phe-
nomena will be analyzed in the discussion part.

2.5   Discussion

2.5.1   Molecular resonance

The contributions to the SERS signal by resonance, EM, 
and charge-transfer enhancements are often entangled. 
Lombardi and Birke have proposed the use of Herzberg-
Teller coupling to examine the contributions from all 
the three processes mentioned above [42]. An analytical 

C D

BA

Figure 5: TERS images of CoPc at different excitation wavelengths. 
TERS images recorded with (A) 532 nm excitation and (C) 636 nm excitation. (B) and (D) are the simultaneously recorded topographic 
images, respectively. Excitation power at the sample is ~ 200 μW for both 532 and 636 nm excitations. The incident polarizations for both 
532 and 636 nm are radial.
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expression for the Raman intensity in the proximity of 
metal nanoparticle(s) has been introduced. The relation-
ship between the Raman polarizability αIFK(ω) and the 
three possible contributions has been proposed as

2 2 2 2 2 2 2 2
1 0 2

1
[ 2 ( ) ](

( )
( ( ) ) ( ) )( )IFK

FK FK IK IK

α ω
ε ω ε ε ω ω ω γ ω ω γ

∝
+ + − + − +

where ε1(ω) and ε2(ω) [43] are real and imaginary parts 
of the dielectric constant of the metal, respectively; ε0 is 
the dielectric constant of the environmental medium and 
is real; and I, K, and F refer to the ground state, excited 
state, and the charge-transfer state, respectively. Detailed 
definitions of these states are given in the literature [40]. 
ωFK and ωIK are the frequencies of the charge-transfer 
processes between states F and K and between I and K, 
respectively; γFK and γIK are the damping parameters for 
transitions between states F and K and between I and K, 
respectively; and ω is the excitation frequency.

We start the discussion from the contribution of the 
molecular resonance process, which is the third term in 
the denominator. At ω = ωIK, the Raman process occurs 
between the ground state and the electronically excited 
states of the molecule, giving rise to the so-called surface-
enhanced resonant Raman scattering (SERRS). The mole-
cular structure of CoPc contains 18 delocalized π electrons 
surrounding the central metal atom to form a two-dimen-
sional π-electron conjugated system. The optical absorp-
tion spectra of CoPc show two major absorption regions: 
the Soret band at about 300–400 nm, and the Q band at 
600–900 nm, both of which are due to the π-π* electronic 
transitions. Particularly, in the Q band regime two peaks 
appear, with the high-energy one at around 620–635 nm 
originating from the first π-π* transition on the phthalo-
cyanine macrocycle [44]. The photon energy of 636  nm 
laser matches the HOMO-LUMO (highest occupied-low-
est unoccupied molecular orbital) separation of CoPc, 
which is 1.96 eV [45]. Therefore, molecular resonance is 
one of the reasons for the stronger Raman scattering at 
636  nm excitation than at 532  nm excitation, as seen in 
Figure 3A and B.

2.5.2   Electromagnetic enhancement

Now we turn the discussion to the contribution of EM 
enhancement, which is described by the first term in 
the denominator in the equation. First, we discuss the 
influence of different excitation wavelengths on the EM 
enhancement of the SERS signal. For a Au thin film, 
the nanometer-sized surface roughness helps to break 
the momentum conservation, allowing the coupling 

of far-field light to the propagating surface plasmon-
polaritons at the interface, which would be otherwise 
forbidden [19]. SERS enhancement factor in the order of 
103–104 due to SPR has been reported [19]. For SERS at 
Au nanodisks, the excitation of localized surface plas-
mons (LSPs) needs to be considered, which has been 
shown to further enhance the local electric field for the 
optical excitations. This effect is also responsible for the 
clear optical contrast in intensity from the nanoparticle 
arrays and the surrounding Au film in Figure 2C–F. In 
the quasi-static approximation, where the size of a Au 
nanoparticle is much smaller than the excitation wave-
length, the polarizability of the metallic nanoparticle is 
the largest at the Fröhlich condition, where ε1(ω) = −2ε0. 
In the UV-vis spectral range, the dielectric constant of Au 
has a very small imaginary part and a negative real part. 
Therefore, the Au nanostructure is often used for produc-
ing localized surface plasmon oscillation in the visible 
range. At shorter wavelengths (less than 600 nm), ε2(ω) 
of Au is increasing, which damps significantly the LSP 
resonance that may be present in this region. Moreover, 
interband absorption of Au also occurs in this spectral 
range. Therefore, at 636 nm excitation, a more dominant 
EM enhancement is expected than at 532 nm excitation. 
A detailed comparison of the TERS spectra is shown in 
Figure 4C. At 636 nm excitation, the integrated spectral 
intensities of individual Raman peaks are 2–4.6 times 
(peak to peak difference) stronger than they are for 
532 nm excitation. This observation agrees well with the 
theoretical prediction that field enhancement at a gold 
tip using excitation at 636  nm is nearly 5 times higher 
that it is with excitation at 532 nm radiation [37].

Additionally, TERS on the Au nanodisk is stronger 
than that at the Au film, which could be due to the further 
increase in EM enhancement via a double-tip geometry, 
where the Au nanodisk acts as the second pointing tip [20, 
46]. As predicted by theoretical calculations [47], the local 
EM field enhancement ratio, Rdouble tip/conventional, from dou-
ble-tip TERS configuration and from conventional TERS 
(tip and planar substrate) is about 2 for 632.8 nm excita-
tion. In our TERS measurements, the ratio of integrated 
Raman intensity of the double tip (tip on Au nanodisk) 
and conventional TERS (tip on Au film) configuration is 
1.6–2.5 (peak-to-peak) at 636  nm excitation, which is in 
good agreement with theoretical prediction.

Now we discuss the influence of the excitation 
polarization on the EM enhancement. As can be seen in 
Figure 3, using a radially polarized incident laser beam, 
where the dominant electric field is oriented perpendicu-
larly to the substrate plane, the Raman intensity is always 
higher than that with an azimuthally polarized beam. This 
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phenomenon is not likely due to the influence of mole-
cular orientation as one might expect according to the 
surface selection rule. As reported in the literature [41], 
for a CoPc thin film of about 2 nm thickness on a rough 
Au surface, the molecular plane at its interface layer tends 
to be parallel to the substrate surface (“lying”), while 
it gradually becomes perpendicular (“standing”) with 
increasing molecular film thickness. The focal depth of 
our setup is on the order of some hundreds of nanom-
eters. Hence, CoPc molecules of all orientations, from 
“lying” to “standing”, are probed, giving rise to the minor 
influence on the polarization-dependent Raman inten-
sity shown in Figure  3. Therefore, the dominant role of 
LSP resonance at different excitation polarizations needs 
to be considered. LSP resonances are very sensitive to 
their surrounding environment. The nearby presence of a 
conducting surface could induce frequency shifts in the 
plasmon resonances of a nanostructure [48, 49]. It has 
been shown experimentally and theoretically that two 
localized dipolar plasmonic modes can be excited when 
a Au nanosphere is in close contact with a 45-nm-thick 
Au film [49]. By varying the incident polarization from 0° 
(s-polarization) to 90° (p-polarization) with respect to the 
surface plane, the two peaks in the dark-field scattering 

spectrum gradually change their relative intensity, and in 
the end the red-shifted one dominates the spectrum [49]. 
This phenomenon has been explained on the basis of the 
interactions between a dipolar mode in the nanoparticle 
and its image dipole in the film. When the electric field 
of the polarized light is parallel to the film, the in-plane 
(parallel to the film) image dipole moments are opposite 
to those in the nanoparticle, so that the net scattering 
from the Au nanoparticle vanishes. The nanoparticle and 
its image dipole can then be polarized only normal to the 
surface, which leads to a larger dipole strength [49, 50]. 
Therefore, independent of the excitation wavelength, the 
Raman signal is always stronger when a radially polarized 
laser beam is used, as seen in Figure 3A and B.

2.5.3   Charge-transfer enhancement

Finally we turn our discussion to the second term in the 
denominator of the equation, which describes the contri-
bution from the charge-transfer process. For ω = ωFK, the 
laser can excite the charge-transfer process resonantly. 
In Figure 6, the energy diagrams of the CoPc thin film on 
the Au substrate are shown, with the orbital alignments 

Figure 6: Energy diagram at the interface between Au and the CoPc molecule.
(A) The different excitation and charge-transfer process occurring at 636 nm excitation. On the left side, only the hot electron population 
(shown as a blue peak) in Au is excited by the 636 nm laser irradiation. On the right side, the HOMO-LUMO transition in CoPc is resonantly 
excited by the 636 nm laser. The two blue arrows indicate the possible photo-induced metal-to-molecule charge-transfer processes. The 
horizontal blue arrow shows the charge transfer from the hot electron population to the LUMO of the CoPc molecule. The diagonal blue arrow 
indicates the charge-transfer process from the Au Fermi level directly to the LUMO of the CoPc molecule. The downward-pointing brown arrow 
represents the Raman scattering process. (B) The excitation, emission, and charge-transfer process occurring at 532 nm excitation. The green 
arrows refer to either the d-sp interband transition in Au or the molecular excitation of CoPc. The downward-pointing dashed green arrow 
indicates the nonradiative relaxation. The downward-pointing dark-blue arrow indicates the radiative relaxation in Au. The blue arrow indicates 
the possible photo-induced molecule-to-metal charge transfer. The downward-pointing brown arrow represents the Raman scattering process.
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derived from the literature values [23]. On the left side of 
Figure 6A, the red arrow indicates the excitation of SPR 
states from the Fermi level of Au with the 636  nm laser. 
The possible charge-transfer pathways between Au and 
CoPc are indicated by two blue arrows. The horizontal 
blue arrow shows the charge transfer from the SPR states 
to the LUMO of the CoPc molecule. The diagonal blue 
arrow indicates the charge-transfer process from the Au 
Fermi level to the LUMO of the CoPc molecule [51]. At 
636  nm excitation, both charge-transfer pathways could 
exist. On the right side, the LUMO and HOMO levels 
of CoPc are shown. The vacuum level of CoPc (EV, CoPc) is 
shifted by Δ ~ 1.1 eV downward with respect to that of Au 
as a result of the formation of an interfacial dipole layer, 
as reported in [23]. The red arrow between the LUMO and 
HOMO of CoPc indicates the excitation of the molecular 
resonance at 636 nm, which matches the absorption of the 
Q band. The downward-pointing brown arrow represents 
the Raman scattering process.

It has been reported that for copper phthalocyanine 
(CuPc) in the spectral region at about 650 nm, the symmet-
ric Raman modes (e.g. B1g) borrow intensity from allowed 
molecular transitions (Q bands) by charge-transfer reso-
nances [52]. The intensity ratio between the metal-center-
related vibrational mode to that of the benzene ring 
vibrational mode has been used to evaluate the strength 
of the charge-transfer interaction between CuPc and 
Au foil or MoS2 [52]. For the CuPc molecule, the 749 cm−1 
vibration is assigned to the in-plane N–Cu stretch, while 
the peak at 1530  cm−1 is the in-plane ring symmetric 
non-metal-related N–C stretch. The lower intensity ratio 
(I749/I1530 cm−1) observed from the CoPc molecule on the Au 
surface as compared to that from CuPc on MoS2 has been 
attributed to the higher charge transfer between CuPc and 
Au. Here we follow the same considerations to evaluate 
the contributions of the charge-transfer process between 
CoPc and the Au substrate in our experiments. For the 
CoPc molecule, the vibrational mode involving the metal 
center appears at 754 cm−1 while the non-metal bond N–C 
stretch is located at 1540 cm−1 [52]. The results are shown 
in Figure  4C. While for SERS and TERS at 636  nm exci-
tation the Raman intensity ratio I754/I1540 cm−1 is ~0.2, it 
increases to about 0.4  when 532  nm excitation is used. 
This indicates a higher charge transfer between CoPc and 
the Au substrate for 636 nm excitation, matching the reso-
nant excitation of the Q band. Notably, this ratio is nearly 
the same in the SERS and TERS experiments, indicating 
a similar level of charge-transfer enhancement in both 
cases. Given the fact that the tip-to-Au substrate distance 
is about 3 nm larger in our measurements [53–55], extra 
charge-transfer paths such as between the tip and the 

molecule are unlikely to occur as has been predicted for 
STM-TERS in a theoretical work [20]. Regarding this point, 
further experiments with a scanning tunneling micro-
scope (STM) feedback are planned.

In addition to the Raman peaks, the intensity of the 
spectral background is different for the different excita-
tion wavelengths as well. As can be seen in Figure 4, while 
the Raman peaks dominate all the SERS and TERS spectra 
at 636  nm excitation, the spectral background is clearly 
prominent for all measurements at 532 nm excitation. To 
explain this effect, we start the analysis with the spectrum 
of the tip taken at 532 nm excitation, shown in the bottom 
panel of Figure 7A. The photoexcited Au tip by a radially 
polarized laser beam produces a broad spectrum, which 
has been assigned to the radiative decay of the localized 
plasmon oscillation in the form of PL [56–59]. Its spec-
tral profile is shown to be similar to that of the extinction 
or scattering spectra [56, 60, 61]. The tip shows a strong 
spectral background with a maximum at about 615 nm at 
the excitation of 532 nm because the PL is emitted after an 
interband absorption process. When the tip approaches 
the Au film or Au nanoparticles (NPs), this PL increases 
dramatically (Figure 7A and C) and the peak maximum 
stays at nearly the same position (Figure  7B). To clarify 
these phenomena, we analyze the different excitation and 
emission processes occurring at the molecule-metal inter-
face, as shown in Figure 6B. On the left side, the 532 nm 
green laser excites the interband d-sp transition of Au, 
shown as an upward-pointing green arrow. On the right 
side, photons at 532 nm have a much higher energy than 
the HOMO-LUMO band gap of CoPc, which will therefore 
excite the molecule in off-resonance condition (upward-
pointing green arrow). The excited electron returns to the 
lowest electronic level of LUMO by a thermal equilibrium 
(dotted downward-pointing green arrow) step. Here a 
charge-transfer process may occur from the LUMO of CoPc 
to the sp band of Au. From there, the electron can further 
relax energy, for example, by emitting photons (shown as a 
downward-pointing dark-blue arrow in Figure 6B). There-
fore, one observes a stronger PL at 532 nm excitation than 
at 636 nm. In addition, though the excitation of localized 
plasmons in Au at 532  nm is much less efficient than at 
636 nm excitation due to the interband transition and large 
damping rate, a weak near-field enhancement induced 
by the tip is still present. This moderate EM enhancement 
excites more HOMO-LUMO transitions in TERS than in 
SERS at 532 nm excitation, enabling more photo-induced 
charge-transfer processes from the excited LUMO in CoPc 
to the sp band in Au. Therefore, in all TERS spectra at 
532 nm excitation, stronger PL signals are observed than in 
the SERS measurements, as seen in Figure 7A and C.
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Based on the above analysis, now we can clarify the 
optical contrasts in the TERS images shown in Figure 5 at 
different excitation wavelengths. For Figure 5A, the optical 
signal consists mainly of PL signal via a photo-induced 
molecule-to-metal charge-transfer process. This process is 
intensified via a stronger EM enhancement thanks to the 
presence of a double-tip geometry. Therefore, the brighter 
optical features shown in Figure 5A correlate closely with 
the individual positions of the Au nanodisks. On the con-
trary, the optical contrast at 636 nm excitation in Figure 
5C is dominated by overlapped Raman signals from both 
SERS and TERS. The contrast from the TERS signal is 
highlighted with a smaller dashed white circle, which 
correlates with the positions of Au nanodisks. The optical 
contrasts from SERS signal (labeled with a larger dashed 

white circle) can be seen at the center of four neighboring 
Au nanodisks. This can be well understood by consider-
ing the diffraction-limited far-field focus in a PM. For a 
636 nm laser, the FWHM (full width at half-maximum) of 
the central Airy disk is about 300 nm [28]. Therefore, when 
the laser focus is at the center of the four neighboring Au 
disks, the SERS signals add up, giving rise to intense and 
diffraction-limited optical signals there.

3   Conclusions
In this article, we systematically discussed the EM 
enhancement and chemical enhancements in both SERS 
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Figure 7: Analysis of the TERS spectra. 
(A) Analysis of spectral background from the tip alone (bottom), SERS at the Au nanodisks (middle), and TERS at the Au nanodisk (top) 
at 532 nm excitation. Black curves are the original spectra. The red curves are the sum of the fit. Three Gaussians (blue curves) with the 
maxima at around 540 nm (a), 580 nm (b), and 613 nm (c) are used to fit the spectral background. (B) Comparisons of the peak positions 
of a, b, and c, which are derived from the spectra of Au tip alone, SERS on film (SERS OFF), SERS on particle (SERS ON), TERS between the 
particle (TERS BTW), and TERS on the particle (TERS ON). (C) Comparisons of the peak intensities of a, b, and c. The detailed data analysis 
can be found in Supporting Information.
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and TERS measurements. Using a CoPc thin film on Au 
as the object, we compared the influences from incident 
polarizations and excitation wavelengths on the Raman 
enhancement as well as on the PL signal. As a result of 
the matching of molecular resonance and effective exci-
tation of plasmon resonance, Raman enhancement at 
636  nm is stronger than at 532  nm. Furthermore, it was 
shown that radial polarization of incident beam leads to 
a stronger SERS enhancement on the Au nanodisks than 
on the Au film, which is due to the constructive dipolar 
interactions in the nanodisk and the underlying Au film. 
Because of the double-tip effect, the TERS enhancement 
at the nanodisk is higher than on the Au film. Because 
of the strong enhancement of the Raman signals in both 
SERS and TERS measurements at 636 nm excitation, the 
TERS image from the CoPc/Au nanodisk array shows an 
overlapping contrast from both processes, where only 
the enhanced Raman signal from the TERS process cor-
relates with the position and dimension of individual Au 
nanoparticle. The contribution from the SERS enhance-
ment gives rise to the diffraction-limited optical signal 
at the center of four neighboring Au nanodisks. Instead, 
at 532  nm excitation, only a weak Raman enhancement 
can be seen and the most prominent observation is the 
largely increased PL intensity. This is likely due to the 
photo-induced charge-transfer process from the optically 
excited CoPc to Au, which further relaxes radiatively via 
an interband transition. This process is stronger thanks 
to the higher EM enhancement while using the double-
tip geometry. Therefore, at 532 nm excitation, the optical 
contrast in the TERS image is dominated by the PL signal, 
which correlates directly with the position and dimension 
of each Au nanodisk.

The findings of this paper can be generalized in 
several aspects: (1) Though both SERS and TERS benefit 
from EM enhancement and chemical enhancement, 
they occur at different levels. At the same excitation 
wavelength, Raman features appearing in the SERS 
and TERS spectra are comparable with the regard of 
peak positions, but with slightly varying relative peak 
intensities. (2) Both metal-to-molecule and molecule-
to-metal charge-transfer processes can happen, which 
depends sensitively on the energy level alignment at 
the interface between the semiconducting molecule and 
metal and the excitation wavelength. In turn, different 
charge-transfer pathways need to be considered, espe-
cially for the rational design of photocatalysis reactions 
with light of different energies. (3) SERS and TERS spec-
tral background could hint at important photophysical 
processes occurring in the light-matter interaction. They 
are important in understanding the contrast of optical 

images, especially in the field of single-molecule TERS 
imaging.

As an outlook, it is known that the Raman scatter-
ing signal can be selectively polarized, such as for a 
single molecule located in the nanocavity of a dimer [62] 
or randomly oriented molecules on self-organized gold 
nanowires [63]. As a comparison, for SERS nanostructures 
without axial symmetry, such as in the cases of trimers 
and tetramers, the Raman scattering signals are only par-
tially polarized [64, 65]. Therefore further studies on the 
polarization of the CoPc Raman signals in the SERS and 
TERS configurations will be performed.

4   Experimental
As the substrate, a 50-nm-thick Au film was evaporated 
onto a Si wafer coated with a Cr film (2 nm thick). After-
wards, arrays of Au nanodisks were fabricated on top 
using electron-beam lithography. The edge-to-edge inter-
particle distance was 200  nm. An ultrathin film of CoPc 
with a nominal thickness of 2  nm was deposited on the 
sample by organic molecular beam deposition under 
ultrahigh vacuum conditions.

Combined optical spectroscopy and topography 
measurements were conducted using a home-built setup 
[28]. This is a PM-assisted confocal optical microscope 
expanded with a shear-force scanning probe microscopy 
(SPM) function. The setup uses a 636.3  nm diode laser 
(Picoquant, PDL 800-D, Berlin, Germany) operated in the 
continuous wave mode, as the excitation source. A 532 nm 
laser (QIOPTIQ, NANO 250-532 max, UK) is also integrated 
with the microscope. To reach a diffraction-limited focus, 
we convert the linearly polarized beam into a radially 
polarized beam. This is achieved by guiding the beam 
through an expanding telescope followed by a λ/2 plate 
mode converter. Finally, we focus the optical beam on the 
sample using a PM with a large opening angle (numerical 
aperture = 0.998). Optical signals were cleared from elastic 
scattering using two optical notch filters (total optical 
density = 12) and detected by an avalanche photodiode 
(single-photon counting module SPCM-AQR-14; Perkin 
Elmer, MA, USA) for optical imaging. Simultaneously, a liq-
uid-nitrogen-cooled charge-coupled device (CCD) coupled 
to a spectrometer (Acton Research, SpectraPro 300i, Perkin 
Elmer, MA, USA) was used to collect spectra. A chemically 
etched gold tip attached to a tuning fork was used to collect 
the topogram synchronously with the optical signal. The 
tuning fork approaches the sample through an opening at 
the top of the PM and is then placed in the focus to ensure 
optimal excitation of the tip apex. A constant tip-sample 
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distance was maintained by monitoring the phase shift 
using an Ametek 7270 DSP lock-in amplifier and regulat-
ing the tip-sample distance with a RHK-SPM100 unit. The 
optical and topographic images were collected by raster-
scanning the sample through the focus.
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[49] Lei DY, Fernández-Domínguez AI, Sonnefraud Y, et al. Revealing 
plasmonic gap modes in particle-on-film systems using dark-
field spectroscopy. ACS Nano 2012;6:1380–6.

[50] Mock JJ, Hill RT, Degiron A, Zauscher S, Chilkoti A, Smith DR. 
Distance-dependent plasmon resonant coupling between a 
gold nanoparticle and gold film. Nano Lett 2008;8:2245–52.

[51] Londero PS, Leona M, Lombardi JR. Definitive evidence for linked 
resonances in surface-enhanced Raman scattering: excitation 
profile of Cu phthalocyanine. Appl Phys Lett 2013;102:111101.

[52] Birmingham B, Liege Z, Larson N, et al. Probing interaction 
between individual submonolayer nanoislands and bulk MoS2 
using ambient TERS. J Phys Chem C 2018;122:2753–60.

[53] Sevinc PC, Wang X, Wang Y, Zhang D, Meixner AJ, Lu HP. Simul-
taneous spectroscopic and topographic near-field imaging of 
TiO2 single surface states and interfacial electronic coupling. 
Nano Lett 2011;11:1490–4.

[54] Wang X, Azimi H, Mack HG, et al. Probing the nanoscale phase 
separation and photophysics properties of low-bandgap poly-
mer: fullerene blend film by near-field spectroscopic mapping. 
Small 2011;7:2793–800.

[55] Wang X, Zhang D, Wang Y, Sevinc P, Lu H, Meixner AJ. Interfacial 
electron transfer energetics studied by high spatial resolution 
tip-enhanced Raman spectroscopic imaging. Angew Chem Int 
Ed Engl 2011;50:A25–9.

[56] Beversluis MR, Bouhelier A, Novotny L. Continuum generation 
from single gold nanostructures through near-field mediated 
intraband transitions. Phys Rev B 2003;68:115433.

[57] Boyd G, Yu Z, Shen Y. Photoinduced luminescence from the 
noble metals and its enhancement on roughened surfaces. 
Phys Rev B 1986;33:7923.

[58] Ngoc LLT, Wiedemair J, van den Berg A, Carlen ET. Plasmon-
modulated photoluminescence from gold nanostructures and 
its dependence on plasmon resonance, excitation energy, and 
band structure. Opt Express 2015;23:5547–64.

[59] Wackenhut F, Failla AV, Meixner AJ. Multicolor microscopy and 
spectroscopy reveals the physics of the one-photon lumines-
cence in gold nanorods. J Phys Chem C 2013;117:17870–7.

[60] Hu H, Duan H, Yang JK, Shen ZX. Plasmon-modulated photo-
luminescence of individual gold nanostructures. ACS Nano 
2012;6:10147–55.

[61] Wang J, Gürdal E, Horneber A, et al. Carrier recombination and 
plasmonic emission channels in metallic photoluminescence. 
Nanoscale 2018;10:8240–5.

[62] Shegai T, Li Z, Dadosh T, Zhang Z, Xu H, Haran G. Managing 
light polarization via plasmon–molecule interactions within an 
asymmetric metal nanoparticle trimer. Proc Natl Acad Sci USA 
2008;105:16448–53.

[63] Fazio B, D’Andrea C, Bonaccorso F, et al. Re-radiation enhance-
ment in polarized surface-enhanced resonant Raman scattering 
of randomly oriented molecules on self-organized gold nanow-
ires. ACS Nano 2011;5:5945–56.

[64] Bosnick KA, Jiang J, Brus LE. Fluctuations and local symmetry 
in single-molecule rhodamine 6G Raman scattering on silver 
nanocrystal aggregates. J Phys Chem B 2002;106:8096–9.

[65] Jiang J, Bosnick K, Maillard M, Brus L. Single molecule Raman 
spectroscopy at the junctions of large Ag nanocrystals. J Phys 
Chem B 2003;107:9964–72.

[66] Horcas I, Fernandez R, Gomez-Rodriguez JM, Colchero J. WSXM: 
a software for scanning probe microscopy and a tool for nano-
technology. Rev Sci Instrum 2007;78:013705.

Supplementary Material: The online version of this article offers 
supplementary material (https://doi.org/10.1515/nanoph-2019-0100).

https://doi.org/10.1515/nanoph-2019-0100

