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In this paper, we attempt to reveal the nature of the chemical and electromagnetic mechanisms

of tip-enhanced Raman scattering (TERS). Direct visual evidence regarding the chemical

mechanism via charge transfer was obtained with charge difference density. It is found that there

are several kinds of charge transfer: (1) tip to molecule, (2) surface to molecule, (3) tip and

surface to molecule simultaneously, and (4) tunneling charge transfer between the tip and the

surface. Direct evidence regarding the electromagnetic mechanism via intracluster (tip or surface)

charge redistribution was also revealed via charge difference density. The distance (between tip

and surface) dependence of the near electric field distribution and the TERS enhancement at

different incident lights is also discussed using the three-dimensional finite-difference time-domain

(FDTD) method. The electromagnetic enhancement of double-tip TERS is approximately

10 times larger than that of conventional TERS. Theoretical results reveal that plasmon coupling

effects between the metal tip and surface play an important role in TERS.

I. Introduction

Surface-enhanced Raman scattering (SERS) is a well-known

phenomenon where the Raman signal from adsorbates on a

roughened metal surface is enhanced by factors as large as 1011,

thereby making the detection of single molecules possible.

These large enhancement factors arise from the excitation of

surface plasmons (SPs) on roughened metals and/or from ‘‘first

layer’’ enhancements which includes charge transfer between

adsorbates and metals at resonance excitations.1,2 However,

one of the most severe restrictions in the application of SERS to

a wide variety of problems in ultrahigh vacuum single-crystal

surface science, electrochemistry, heterogeneous catalysis, micro-

electronics, and tribology is the requirement that the surface

be roughened or nanostructured Ag, Au, or Cu.3

While it is based on the same phenomenon as SERS, tip-

enhanced Raman scattering (TERS) can circumvent these

limitations and achieve complete substrate generality.4–8 When

a metallic probe outfitted with a nanometric tip is illuminated

with an optical field, conductive free electrons collectively

oscillate at the surface of the metal. The electrons (and the

positive charge) are concentrated at the tip apex and generate

a strong external electric field. Photon energy is confined to the

local vicinity of tip. Therefore, the metallic tip works as a

photon reservoir.9 The advantages9 of TERS over SERS

include: (1) TERS occurs on a single metallic nanotip which

is capable of specifying an observation position for analysis

with nanometric accuracy. (2) A nanotip is able to perturb

molecules dynamically, electrically, or magnetically due to the

fact that the tip is controlled by another type of scanning

probe microscopy, e.g. atomic force microscopy or scanning

tunneling microscopy. Zenobi and coworkers found that

nanoscale roughness on metal surfaces can increase tip-enhanced

Raman scattering by an order of magnitude.8 There are two

kinds of TERS, as illustrated in Fig. 1. For conventional

TERS the surface is flat5 while, for double-tip TERS, a fixed

nanoprotrusion (i.e., a gold nanoparticle made using an aerosol

technique) is placed on a flat gold surface.7 Comparing this to

the case of a gold tip on a flat gold surface, Chen et al. found

that a larger Raman enhancement can be obtained using the

double-tip configuration.7

The mechanisms of electromagnetic (physical) enhancement

and charge transfer (chemical) enhancement in SERS

have been extensively investigated both experimentally and

theoretically.1–8,10–14 Similarly, the physical enhancement effects

(e.g. SPs) and chemical enhancement effects can be expected in

TERS.9 The local field distribution near a metallic probe tip

has been studied via simulations using the three-dimensional

finite-difference time-domain (FDTD) method.15,16 These

simulations show that a metallic probe localizes and strongly

amplifies the optical field through the resonance effect of the

plasmon at the probe tip. While the insight into the chemical

mechanism on TERS was limited, it is very important to

theoretically reveal the nature of the chemical enhancement

on TERS.

The aim of this paper is to try to reveal the nature of the

TERS chemical enhancement in a direct visual way. With

charge difference density,17 we provide direct visual evidence

for the chemical mechanism via charge transfer from tip

(and/or surface) to molecule, and tunneling charge transfer

between tip and surface. The direct evidence for the electro-

magnetic mechanism via intracluster (tip and/or surface)

charge redistribution was also revealed with charge difference
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density. We studied the effect of tip shape and size on TERS

and tip-enhanced resonance Raman scattering (TERRS) using

a quantum chemical method. Using the 3D-FDTD method,

we also report the distance-dependent (between tip and

surface) distribution of the near electric field enhancement

for TERS at different incident lights. Finally, the electro-

magnetic enhancements of double-tip TERS are compared

with those of the conventional TERS.

II. Methods

Recent photoelectron spectroscopy and relativistic density

functional calculations strongly predict that Au20 has a tetrahedral

geometry similar to a fragment of bulk face-centered cubic

gold.18 In this paper, the tetrahedral Au20 configuration is

adopted, which is a relaxed fragment of the face-centered cubic

(fcc) lattice of bulk gold and is one of the local minima for the

Au20 cluster.18 For tetrahedral Au20, there are two very

different binding sites [S-complex and V-complex, see

Fig. 2(a) and (b)]. The former consists of an on-top binding

onto one of the four faces of the tetrahedral Au20 configuration,

which represents a (111) surface of fcc silver, while the latter

consists of binding onto one of its vertices, which represents an

ad-atom site. It has been found that the calculated SERS

spectrum using the S-complex is in better agreement with the

experimental results (for much large nanoparticles) than that

of the V-complex.13 In this paper, we use the S-complex in our

SERS calculations. For the TERS calculations, an S-complex-tip

(Au2 and Au20) was employed. All of the models in Fig. 2(a),

(c) and (d) were optimized with density functional theory

(DFT),19 using the B3PW91 functional,20,21 LANL2DZ basis

set22 for Au, and the 6-31G basis set for C, N and H. Normal

Raman scattering (NRS) of the SERS and TERS models were

calculated with the same method at zero frequency. The

electronic structures of these models were calculated using a

time-dependent DFT (TD-DFT) method,23 along with the

same functional and basis sets. The above quantum chemical

calculations were performed using the Gaussian 03 suite.24

Charge difference density17 was employed to visualize intra-

cluster excitation or charge transfer (CT) between pyrazine

and both the tip and the surface in electronic transitions.

The 3D-FDTDmethod was used for the theoretical simulation

of the local electric field between tip and surface. The FDTD

method is a powerful computational technique which is widely

used to simulate the optical properties of plasmonic nano-

structures with arbitrary sizes and shapes.25 The models of

TERS and double-tip TERS can be seen from Fig. 1. In the

FDTD method, the space containing the simulated model is

discretized using elements called the ‘‘Yee cell’’.25 To accurately

simulate the detailed nanostructure, a non-uniform FDTD

mesh method was adopted in our calculations. This method

serves to save computational resources without losing the

accuracy. The number of periods of the incident sinusoidal

plane wave was set to 12 to guarantee calculation convergence,

which could be judged by checking whether near-zone electric

field values had reached a steady state. The amplitude of the

sinusoidal plane wave was set at 1 V m�1 in the calculation,

and the excitation wavelengths are 1064 nm, 785 nm, 633 nm

and 514 nm, respectively. The angle between the tip axis and

the incident light is set at 601 (see Fig. 1), which is suitable

according to the theoretical reports in ref. 16.

An important requirement of this method for the study of

dispersive materials, such as gold or palladium, is an analytical

law of dispersion. It is known that the Drude model can not

accurately describe the frequency-dependent complex permittivity

for metals over a wide frequency range, especially for gold,

since the interband transitions play an important role in the

dielectric function. In recent years, some efficient analytical

models have been developed to describe the dielectric response

of dispersive materials.26–29 In this work, to simulate the

complex permittivity of gold and palladium, instead of the

simple Drude model, we adopted the general Drude model

with the form29,30

eðoÞ ¼ e1 þ
es � e1
1þ iot

þ s
ioe0

where es, eN, s, t represent static permittivity, infinite

frequency permittivity, conductivity and the relaxation time,

respectively. o is the angular frequency, and e0 is the

permittivity of free space. The four parameters, es, eN, s and

t, can be adjusted by curve-fitting techniques to correctly

match the complex permittivity which can be derived from

the experimentally determined optical constants through the

relationships er = n2 � k2 and ei = 2nk, where er and ei are the
real and imaginary parts of the dielectric function of the

dispersive material, respectively. This model for the local

dielectric function of metallic materials represents the optical

response over a wide frequency region, especially at visible

Fig. 1 (a) Illustration of a conventional TERS and (b) double-tip TERS in our calculations, where the radius of the final tip apex is 25 nm.
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frequencies, ensuring the accuracy of the FDTD simulation.29,30

The experimental optical constant data are taken from

ref. 31 and 32.

III. Results and discussion

A Ground state properties

The redistribution of the charge when forming the complex

can be seen in Fig. 3. We find that, in the SERS model, 0.16 e is

transferred from pyrazine to the surface. For the TERS model,

0.25 e is transferred to the surface (Au20) and tip (Au2), and

the transferred electrons are 0.17 e and 0.08 e, respectively. As

the tip size increases, more electrons (0.27 e) are transferred,

and most of the transferred electrons (0.17 e) are localized on

the tip, not the surface.

Due to the interaction between pyrazine, the surface and the

tip, the charge is transferred to the surface and/or tip, which

results in a change in polarizability. The calculated static

electronic polarizability components are listed in Table 1.

It can be found that the polarizability components in TERS

are larger than those of SERS; furthermore, with the increase

in tip size, the polarizability components are increased as well.

These changes in the electronic properties of the molecule will

affect its NRS spectra, as shown in the simulated NRS spectra

presented in Fig. 4. The intensities are enhanced by a factor of

approximately 2 in the case of SERS, due to static chemical

enhancement via charge transfer. The NRS spectrum of

pyrazine is dominated by three intense peaks at 1041, 1273

and 1611 cm�1, which correspond to the ring-breathing, C–H

bending, and ring-breathing modes, respectively. The ring-

breathing mode at 1041 cm�1 splits into two ring deformation

modes for SERS, due to the lower symmetry. Additionally,

these two ring deformation modes are strongly enhanced in

comparison with other modes. Comparing the SERS spectrum

and the TERS (tip is Au2) spectrum, it is clear that there are

some significant changes. The two deformation modes are

enhanced by factors of approximately 10 and 5, respectively.

The C–H bending mode is enhanced by a factor of

approximately 20. The ring-stretching mode at 1624 cm�1 is

enhanced by a factor of approximately 140. When the size of

the tip is increased to an Au20 cluster, we find that the profile

of TERS (Au2 tip) and that of TERS (Au20 tip) are almost the

same, and all the modes were enhanced equally.

B Electronic excited state properties

We first calculated the electronic absorption spectrum of

SERRS and found the first excited state to be at B578 nm.

By carefully examining the coherence of electron–hole pairs

for these excited states, one can find that there are two kinds of

optical electronic excitations (see Fig. 5): (a) intracluster

excitation (where all the electrons and holes are localized on

an Au20 cluster); (b) CT excitation (charge transfer from

pyrazine to surface, or charge transfer from surface to

pyrazine). It can be found that almost all the excited states

are intracluster excitations from 578 nm to 425 nm, which is

direct visual evidence for the electromagnetic mechanism.

Fig. 2 (a) S-complex and (b) V-complex SERS models and (c) and (d) are TERS models for tips with different sizes.

Fig. 3 Charge redistribution for the three models at the ground state.
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From 435 nm to 375 nm, there are a lot of CT excited states

with strong oscillator strengths. This serves as direct evidence

for the chemical mechanism, via CT, for TERS . Also, there

are three strong intracluster excitations in this region. From

375 nm to 350 nm, almost all excited states are the result of

intracluster excitations. It should be noted that at 375 nm and

390 nm, intracluster and CT excited states exist simultaneously,

indicating that the SERRS spectrum is the result of both

chemical and electromagnetic mechanisms. When the incident

light is above 578 nm, Raman spectra should result from

SERS instead of SERRS, and the enhanced mechanism should

be the static chemical enhancement and the electromagnetic

enhancement.

Next, we calculated the electronic absorption spectrum of

TERRS (see Fig. 6, where the tip is Au2). In this case, the first

excited state is at B598 nm, which is red shifted by 20 nm

compared to the S1 in SERRS, due to the influence of the tip.

By carefully examining the coherence of electron–hole pairs

for these excited states, one can find that there are three kinds

of optical electronic excitations (see Fig. 6): (a) intracluster

excitation (where all the electrons and holes are localized on

the Au20 cluster); (b) CT excitation (charge transfer from

surface and/or tip to pyrazine); (c) intercluster CT excitation

(charge transfer from tip to surface).

For the Au20 cluster tip, we calculated the first ten singlet

excited states in the optical absorption spectrum (see Fig. 7).

With the increase in tip size, the optical absorption spectrum is

red shifted to 688 nm. The charge transfer between molecule

and tip (or surface), between tip and surface, and intracluster

(tip or surface) charge redistributions can be found.

It should be mentioned that quantum chemical calculations

require a huge computational effort, and the calculations are

Fig. 4 (a) Normal Raman, (b) SERS and (c) and (d) TERS spectra of pyrazine for the tips with Au2 and Au20, respectively.

Table 1 Static polarizabilities (in au) for SERS and TERS models at
the ground state

xx yy zz

Pyrazine–Au20 891.630 784.248 764.884
Au2–pyrazine–Au20 1139.565 826.502 806.110
Au20–pyrazine–Au20 2010.329 1481.275 1462.075

Fig. 5 (a) Optical absorption for the SERS model and (b) charge

difference density for cases A, B and C in the inset in (a); the green and

red stand for holes and electrons, respectively.
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limited by computational resources. Consequently, the clusters

in quantum chemical calculations may not model a bulk

material very well and there might be aspects that are missing,

such as imperfections in surface roughness. To better describe

the optical properties of TERS in the bulk material and a real

tip, we investigated electromagnetic enhancements on TERS

with FDTD methods.

C TERS at intense electric fields

In our quantum chemical calculations, the distance between

tip and surface was not changed when the geometry of

tip–molecule–surface was fully optimized. In most of our

experiments, the distance between tip and surface is tunable,

which will affect the TERS intensities. In this paper, the

distance-dependent (between tip and surface) distributions of

the near electric field enhancement for TERS at different

incident lights were investigated theoretically using a 3D-FDTD

method. A model consisting of a tip and surface was used in

our 3D-FDTD simulation (see Fig. 1).

Fig. 8(a) gives a typical field distribution of a tip–plane

system (yz plane at x = 0), with a 1 nm distance between tip

and surface, illuminated with 785 nm light. It is found that the

strongest electromagnetic enhancement is localized between

tip and surface, which is usually called a ‘‘hot site’’. The field in

the hot site is about 300 times larger than the incident light and

is caused by the strong near field coupling between the tip and

the plane. In a typical TERS experiment, the molecules in the

hot site give the main contribution to the Raman signals.

Fig. 9(a) shows local electromagnetic field enhancements

(M ¼ jEloc
Ein
j, where Eloc and Ein stand for the local and incoming

field, respectively) with different distances and different incident

lights (the TERS enhancement isM4). It is found that the local

electromagnetic field enhancements decrease dramatically with

increase of gap distance. This is due to the fact that the near

field decays exponentially with distance from the metal surface,

causing the coupling of the tip and the plane to weaken as the

gap increases. At the same gap distance, the electromagnetic

enhancement with incident light of 1064 nm is the strongest.

This might be due to the fact that the tip used in this case has a

longer shape and, hence, a plasmonic resonant peak that is

located at a long wavelength. Additionally, the plane is not

large enough in comparison with the incident wavelength. The

incident angle of 301 has a transverse field distribution which

may cause the TERS enhancement at the incident light of

785 nm to be less than the TERS enhancement at the incident

light of 633 nm. However, this is beyond the scope of this

article, and the simulation of the resonant peak of the system is

not included here.

D Electromagnetic enhancement on double-tip TERS

Fig. 8(b) gives a typical field distribution of a double tip

system (yz plane at x = 0) with a distance of 1 nm between

Fig. 6 (a) Optical absorption for the TERS model; there are five kinds of optical properties (for A, B, C, D and E), which are illustrated in (b),

where the green and red stand for holes and electrons, respectively.
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tip and nanoparticle using an incident light of 785 nm.

As expected, the strongest electromagnetic enhancement is

localized between tips. Fig. 9(b) shows local electromagnetic

field enhancements (M) at different distances and different

incident lights. It is also found that the local electromagnetic

field enhancements decrease dramatically with the increase

of gap distance due to the gradual weakening of the

coupling between the two tips with increasing gap distance.

However, the field excited by 633 nm light decreases more

slowly than the other two. This is attributed to the blue-shift

of the plasmon resonant peak due to the increase in gap

distance.33

Fig. 10(a)–(c) shows the enhancement (M4) of double-tip

TERS with incident light of 633 nm, 785 nm and 1064 nm,

respectively. Obviously, the enhancement of the double tip is

much stronger than that of conventional tip–plane TERS

systems. This has been demonstrated experimentally by Chen

and coworkers in ref. 7. Physically, a nanosphere on a perfect

Fig. 7 Optical absorption for the TERS model, where the green and red stand for holes and electrons, respectively.

Fig. 8 Near field E distribution in tip–plane (a) and double-tip (b) systems, with a 1 nm gap between tip and surface/nanoparticle, excited by

785 nm laser.
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conductor with a 1 nm gap is equivalent to two nanospheres

with a 2 nm gap, which means that the tip–plane system with a

golden substrate and 1 nm gap has a smaller enhancement

factor of the electromagnetic field than two nanospheres with

a 2 nm gap, and consequently smaller than a double tip system

with a 1 nm gap which can be treated as two nanospheres

separated by a gap of approximately 1 nm. The Au surface in a

TERS experiment is not a perfect conductor in ref. 7. The local

electromagnetic field enhancements decrease dramatically with

the increase of gap distance. Also, at the same gap distance,

the strongest enhancement of the double-tip TERS is at the

incident light of 1064 nm.

The ratio of TERS enhancements between double-tip TERS

and conventional TERS with different gap distances and at the

incident lights of 633 nm, 785 nm and 1064 nm can be seen

from Fig. 11. We define the ratio as R ¼ MD
MS

� �4
, where D and

S stand for double-tip TERS and conventional TERS,

respectively. The largest ratio of TERS enhancement is R = 4.3

at the incident light of 632.8 nm, when the gap distance is 5 nm.

From 1.0 nm to 5.0 nm, the ratio of TERS enhancement is

increased with the increase of the gap distance at the incident

light of 632.8 nm. At a suitable experimental distance (around

2 nm), R is about 2. At the incident light of 785 nm, R is almost

constant with the increase in the gap distance from 1.0 nm to 5.0 nm,

and R E 4. When the incident light is 1064 nm, R decreases

exponentially, and the largest R is 6.4 when the gap distance is

1 nm. Hence, the double-tip TERS is the most important for

the situation in which incident light of 1064 nm is used. Note

that we also increase the length of the tip to 525 nm from 325 nm

for the case of 1064 nm incident light, when the gap distance is

1 nm. The TERS enhancements are 5.31 � 1010 and 1.05 � 1010

for double-tip TERS and conventional TERS, respectively,

and R = 5.1, which shows that the results (tip length is 325 nm)

are reasonable. Consequently, when the gap size is around

1 nm, R(lin=1064 nm) 4 R(lin=785 nm) 4 R(lin=633 nm), where lin
is the incident light wavelength. When the distance of the gap

is around 2 nm, R(lin=1064 nm) E R(lin=785 nm) 4 R(lin=633 nm).

The coupling of tip and surface may be interpreted with

plasmon interactions, which depend strongly on the gap distance

between them. Similar to the particle–film system,34,35 the reso-

nance wavelengths will shift to the red when the separation

decreases, due to dipole–dipole interactions. These shifts of the

resonant peaks result in the complicated dependence of R on

separation at the special frequencies as shown in Fig. 11.

Fig. 9 (a) Local E field enhancement (M ¼ jEloc
Ein
j) for conventional TERS with different gaps, at different incident lights and (b) M ¼ jEloc

Ein
j for

double-tip TERS with different gaps, at different incident lights.

Fig. 10 TERS enhancements for the double-tip TERS and conven-

tional TERS at the incident lights of (a) 632.8 nm, (b) 785 nm and

(c) 1064 nm.
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IV. Conclusion

The nature of the chemical enhancement in TERS was revealed

visually with charge difference density. There are four kinds of

charge transfer: (1) tip to molecule, (2) surface to molecule,

(3) tip and surface to molecule simultaneously, and (4) tunneling

charge transfer between tip and surface. Intracluster (tip or

surface) charge redistribution visually reveals direct evidence

for the electromagnetic mechanism. The distance (between tip

and surface) dependent distribution of the near electric field

enhancement for TERS at different incident lights was also

obtained theoretically through calculations employing the

3D-FDTD method. The TERS enhancement decreases

dramatically as the distance between tip and substrate is

increased. Electromagnetic enhancement of the double-tip

TERS is less than 10 times that of conventional TERS.
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