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Single-molecule tip-enhanced Raman
spectroscopy of C60 on the Si(111)-(7 � 7)
surface†
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Tip-enhanced Raman spectroscopy (TERS), combined with low-

temperature scanning tunnelling microscopy (STM), has emerged

as a highly sensitive method for chemical characterization, offering

even sub-molecular resolution. However, its exceptional sensitivity

is generally limited to molecules adsorbed onto plasmonic surfaces.

Here we demonstrate single-molecule TERS for fullerene (C60)

adsorbed on the Si(111)-(7 � 7) reconstructed surface. Distinct

adsorption geometries of C60 are manifested in the TERS spectra.

In addition, we reveal that formation of a molecular-point-contact

(MPC) drastically enhances Raman scattering and leads to the

emergence of additional vibrational peaks, including overtones

and combinations. In the MPC regime, the anti-Stokes peaks are

observed, revealing that vibrationally excited states are populated

through optical excitation of the MPC junction, whereas showing

no significant vibrational heating by current flow via inelastic

electron–vibration scattering. Our results will open up the possibi-

lity of applying TERS for semiconducting surfaces and studying

microscopic mechanisms of vibrational heating in metal–mole-

cule–semiconductor nanojunctions.

Introduction

Understanding the structures and properties of organic mole-
cules on semiconductor surfaces is of fundamental importance

for the performance and functionality of organic–inorganic
hybrid devices and molecular electronics.1 Scanning probe
microscopy (SPM) has been employed to directly study single
molecules on various substrates, ranging from metals to insu-
lating thin films and semiconductrors,2,3 and provides unique
opportunities to characterize and manipulate the structures
and properties of individual molecules.4 The combination of
optical techniques with low-temperature SPM has recently led
to remarkable advancements5,6 such as highly sensitive single-
molecule Raman and photoluminescence (PL) spectroscopy,
sub-molecular spectroscopic imaging,7–10 detection of photo-
currents,11 control of photo-reactions,12 and observation of
ultrafast coherent dynamics.13 However, many of these applica-
tions primarily rely on the strong enhancement and confine-
ment of electromagnetic fields occurring in the plasmonic
nanogaps,14 restricting its application mostly to plasmonic
metal substrates. Among these methods, tip-enhanced Raman
spectroscopy (TERS) is the most established, allowing detailed
chemical analysis of surface adsorbates. Applying TERS to
semiconductor surfaces is a significant challenge to extend its
applications and indeed, it has been recently shown that
intense TERS signals are obtained on Si surfaces, demonstrat-
ing the observation of surface phonons or single molecules.15,16

However, further examples are necessary to elucidate the
enhancement mechanism.

Here, we demonstrate single-molecule TERS measurements
of C60 on the Si(111)-(7 � 7) reconstructed surface with approxi-
mately 1-nm resolution. The enhancement factor is quantified
by comparing the TERS intensity with the optical phonon mode
of the bulk Si. Furthermore, the additional drastic enhance-
ment of the Raman scattering when a molecular-point-contact
(MPC) between the tip and a single C60 molecule is formed,
enables the observation of the anti-Stokes peaks and investiga-
tion of potential vibrational excitations (heating) in the current-
carrying metal–molecule–semiconductor junction. This pro-
vides microscopic insights into vibrational heating through
inelastic electron–phonon coupling.17–19
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To investigate single C60 molecules on the Si surface, as
schematically depicted in Fig. 1a, we prepare a low coverage
sample by depositing the molecules using Knudsen cell with
the sample kept at room temperature (see Methods in ESI†).
The strong interaction between the C60 and the Si(111)-(7 � 7)
reconstructed surface inhibits surface diffusion and the for-
mation of extended self-assembled islands,20–22 resulting in
isolated single C60 on the surface and a stable junction under
illumination with an irradiance of B1 W cm�2 at liquid
nitrogen temperatures. Fig. 1b shows a topographic scanning
tunnelling microscopy (STM) image of an isolated C60 on the
Si(111)-(7 � 7) surface, with the atomic structure of the recon-
structed surface resolved. The characteristic (7 � 7) reconstruc-
tion of the Si surface consists of two halves:23 the faulted and
the unfaulted triangular subunit cells, leading to a variety of
different adsorption sites. The high-resolution image allows to
distinguish the adsorption site close to the centre of the faulted
unit cell, depicted as the grey triangle in Fig. 1b. TERS of a
single C60 is obtained with an Ag tip and 532-nm excitation
wavelength in the tunnelling regime (Fig. 1c). By comparing the
spectra of the C60 (blue curve) with that of the bare Si surface
(black), a Raman peak at 520 cm�1 and broad peak below
180 cm�1 can be assigned to the optical phonon mode of the Si
bulk and the Ag tip phonon modes, respectively.15,24 Thus, the
remaining peaks in the spectrum over C60 are attributed to
molecular vibrations. Particularly, the most intense peak at
1441 cm�1 can be assigned to the Ag(2) mode of C60, in
agreement with previous experiments on other surfaces.25

The high sensitivity of our setup allows imaging of the spatial
distribution of the Ag(2) mode (Fig. 1d), which reveals a
potential sub-molecular feature. Other intense adjacent modes
at 1382 and 1478 cm�1 can be also mapped with the compar-
able resolution (see Fig. S1, ESI†). The slight asymmetry
observed in the TERS mapping of these vibrational modes
may be due to the adsorption geometry of C60 and the orienta-
tion of the topmost pentagonal ring.4 These results suggest that
the observed Raman scattering occurs through the interaction
with the plasmonic field tightly localized at a (sub-)nanostruc-
ture, specifically nanotip at the Ag tip apex.26 Although the Si
substrate does not support localized surface plasmon resonance
(LSPR) in the visible range, the nanotip can provide an extreme
field enhancement at very close tip–sample distances,16 resulting
in B1 nm resolution (Fig. 1d).27

Surprisingly, the observed TERS intensity for a single C60 is
comparable to the far-field Raman scattering intensity of the
optical phonon mode of the bulk Si. Based on the Raman cross
sections of the bulk phonon and the Ag(2) mode of C60, we
estimate the total TERS enhancement factor to be B1012 (see
Section 3 in ESI†). According to classical simulations of the
electric field in an Ag–Si STM junction,16 the field enhancement
is calculated to be B109 at the expected tip–surface distance in
the tunnelling regime. Thus, the observed enhancement cannot
be rationalized solely by the electromagnetic enhancement,
suggesting a significant contribution from the chemical
enhancement, leading to overall enhancement comparable to that
on metallic surfaces. The TERS intensity observed in the Ag tip–
C60–Si surface is comparable to that in Ag tip–C60–Ag surface.25

This implies that the approximately 2 orders of magnitude lower
electric field on the Ag–Si junction compared to the Ag–Ag case is
supplied mainly by the chemical enhancement. The larger con-
tribution of chemical enhancement will originate from a stronger
molecular–surface interaction between the molecule and Si sur-
face compared to the Ag surface. Previous surface-enhanced
Raman spectroscopy experiments have shown that drastic
chemical enhancement such as 105 occurs on semiconductors
through charge transfer,28 inspiring the exploration of vibrational
spectroscopic experiments of C60 on other semiconducting sur-
faces. We also note that the relative intensity between the C60 and
the Si bulk is around 2 orders of magnitude larger than previous
results for a double-decker phthalocyanine on the same surface
under similar tunnelling tip–sample distance conditions,16 indi-
cating an unexpectedly large enhancement for C60.

We measured TERS of C60 molecules adsorbed on various
sites of the Si(111)-(7 � 7) surface, which are reflected in the
distinct appearance in STM images. Fig. 2 shows three distinct
TERS spectra obtained from three different single molecules
along with their corresponding STM images (see Fig. S2 for the
spectra without the Si signal, ESI†). Spectra (a) and (b) are from
molecules adsorbed on the unfaulted half unit of the Si(111)-
(7 � 7) surface, with (b) closer to the corner hole.29 The red
spectrum (c) is acquired from a single C60 on the faulted half, in
accordance with the molecule in Fig. 1. Notably, each spectrum
exhibits characteristic features, including distinct peak posi-
tions and relative peak intensities. Furthermore, by comparing

Fig. 1 (a) Schematic of the experimental configuration: a single C60

molecule junction is formed in the STM junction consisting of the recon-
structed Si(111)-(7 � 7) substrate and an Ag tip. (b) STM image of a single
C60 molecule on the Si(111)-(7 � 7) surface, scanned under illumination
with the faulted region highlighted with a grey triangle (80 K, Vbias = 0.3 V,
jSTM = 60 pA, lext = 532 nm, P = 5 mW). (c) TERS spectra recorded over the
individual C60 (blue) and over the bare Si surface (black) acquired on the
points depicted in (b) (averaging time = 5 s). (d) TERS map of the Ag(2) peak
(80 K, feedback on, setpoint: Vbias = 0.3 V and jSTM = 50 pA, lext = 532 nm,
Pext = 5.5 mW, 16 � 14 pixels, 5 s per point, TERS scale bar: arbitrary units).
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the observed peaks with Raman spectra on C60 in the solid state
and Ag(111) (refer to Table S1, ESI†), it is clear that the spectra
show more peaks than expected from Raman selection rules for
icosahedral (Ih) symmetry, which allows 10 active modes. While
our STM images do not resolve the detailed molecular orienta-
tion relative to the surface, it will affect molecule–surface
interactions.29–31 The strong interaction between molecules
and the Si(111)-(7 � 7) surface32 has two different effects on
the vibrational spectra. First, the splitting of vibrational modes is
observed when C60 is adsorbed on surfaces, which is associated
with the lifting of degeneracy due to symmetry lowering as C60 is
deformed upon adsorption, which depends on the interaction
between the molecule and the underlying surface.25 Second, this
interaction can also lead to the formation of covalent Si–C
bonds, with the subsequent change of the surrounding C–C
bonds, which may also be manifested as new peaks in the TERS
spectra. The detailed assignments of the observed peaks would
be a future challenge in the TERS simulations. Although most of
the single C60 molecules exhibit a stable TERS signal over time
(refer to Fig. S3a and b, ESI†), some molecules exhibit a transi-
tion between two states when tracked over several seconds,
accompanied by a change of the TERS spectrum (see Fig. S3c
and d, ESI†). This observation suggests that TERS is capable of
distinguishing subtle differences in molecular configurations.

The precise control of the tip–molecule distance in the STM
junction enables us to examine the evolution of the TERS
spectra as the tip approaches the molecule with picometer
precision. Fig. 3 displays the evolution of the TERS spectra as
the Ag tip sequentially approaches and retracts from a C60

molecule adsorbed on the same site as that in Fig. 2c. Fig. 3a
shows the STM current jSTM as a function of the tip height Dz.
The drastic change upon the MPC formation occurs simulta-
neously in jSTM and the Raman intensity, as highlighted in the
waterfall plot of the approach–retract process (Fig. 3a–c). The
spectral evolution is symmetric with respect to the turning
point (Dz = �750 pm), indicating that the approach–retract
process is reversible and the C60 remains intact. The TERS
intensity exponentially increases as the tip approaches the
molecule in the tunnelling regime. This increase is explained
by the electromagnetic field enhancement in the STM junction
as the tip–sample distance decreases.33 Once the MPC is
formed, an abrupt increase of the TERS intensity and addi-
tional vibrational modes are observed, including the overtones
and/or combination bands34 (see Fig. S4, ESI†). This phenom-
enon can also be observed on molecules on different adsorp-
tion sites, as shown in Fig. S5 (ESI†) for a C60 adsorbed on the
unfaulted half unit cell. The change in the interaction between
the carbon atoms in the deformed molecular cage and the
underlying silicon atoms upon MPC formation likely results in
an increased splitting of the molecular vibrations similar to
that observed on Pt(111).25 We estimate the additional
enhancement factor upon the MPC formation to be B30, based
on the ratio of the TERS intensities of the Ag(2) peak measured
100 pm below and above the MPC, which is consistently
observed for different adsorption sites. This enhancement
factor is comparable to those observed in MPCs on noble metal
surfaces.25 The strong enhancement occurs in both the Stokes
and anti-Stokes branches (cf. Fig. 4). This observation suggests
that the enhancement cannot be explained by a change of the
plasmonic resonance in the STM junction, which may occur
upon MPC formation, because the plasmonic resonance does
not cover such a wide wavelength range. We ascribe it primarily
to an additional chemical enhancement emerging from hybri-
dization of the Si–C60 system with the metallic states in the tip,
resulting in additional charge transfer and broadening of the
molecular electronic states.25 The broadening and renormali-
zation of molecular energy levels caused by hybridization
impacts the static Raman polarizability, facilitates charge
transfer within hybridized states, and affects the resonant
Raman channels within the internal molecular levels.35,36 The
relative intensity of certain TERS peaks varies between the
tunnelling and MPC regimes, e.g. the ratio between Ag(2) and
its adjacent peak at lower frequency in Fig. 3d, while it reverts
back as the tip is retracted from the MPC. This reversibility
rules out possible chemical transformations (e.g. decomposi-
tion) as the cause of the intensity change.19,37 Instead, this
observation can be explained by subtle differences in the C60–Si
covalent bonds after contact with the Ag tip. Minor changes in
the adsorption geometry can lead to significant changes in the
relative intensities of the TERS spectrum, as demonstrated in

Fig. 2 (a)–(c) TERS spectra (80 K, Vbias = 0.3 V, jSTM = 0.3 nA, lext =
532 nm, Pext = 5.5 mW, averaging time = 100 s) acquired over three C60

molecules with different adsorption sites. Insets: STM images (constant
current mode, Vbias = 0.3 V, jSTM = 50 pA) of the molecules over which the
spectra were recorded, with the same color-coding and labels (a)–(c) as
those for the spectra. Triangles facing up (labelled as (a) and (b)) corre-
spond to the unfaulted half unit cell, while the red triangle facing down (c)
to the faulted one. (d) TERS spectrum over the bare Si(111)-(7 � 7) surface
recorded with the identical acquisition conditions. See Fig. S2 (ESI†) for the
spectra with the Si signal subtracted.
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Fig. 2 and Fig. S3 (ESI†). Moreover, the sudden shift in the
vibrational frequencies of the peaks, e.g. Ag(2) indicated by the
dashed line in Fig. 3d, may be attributed to the additional
charge transfer upon the MPC formation, with each mode
being affected differently.38

In the MPC regime, the anti-Stokes peaks of C60 are
observed, allowing the investigation of vibrational heating in
single-molecule junctions17 (Fig. 4). In the case of C60 both in
the tunnelling and MPCs regimes on metal surfaces, it has been
shown that strong vibrational heating occurs via inelastic
electron–vibration scattering.17,18 Fig. 4a displays the jSTM–Vbias

characteristic of a single C60 junction on the Si(111)-(7 � 7)
surface with simultaneously tracking the anti-Stokes and Stokes
branches (Fig. 4b and c, respectively), with single spectra of
both branches depicted in Fig. 4d and e. Since thermal excita-
tion of the C60 vibrations is negligible at 80 K (B7 meV), an
external energy input must be present. The appearance of the
anti-Stokes peaks even at zero current indicates that the vibra-
tionally excited states are significantly populated through opti-
cal excitation of the MPC junction, further enhanced by the
plasmonic response.39,40 However, unlike the case for metal
surfaces, there is no obvious indication of vibrational heating
through inelastic electron–vibration scattering in the Ag tip–
C60–Si junction, which should be manifested as a simultaneous
redshift and broadening of vibrational peaks as well as an
increase in the anti-Stokes to the Stokes ratio.18 The redshift
and broadening are caused by an increase in the anharmonicity
of the vibrational modes due to considerable heating of the
molecule,41 while the increase of the IaS/IS ratio results from a
higher population of excited states. In the present case, we

observe a minor peak shift of few cm�1 in the peak position of
the high-frequency vibrational mode such as Ag(2) (Fig. 4f, red),
which is an order of magnitude smaller than what is observed for
metal–C60–metal junctions. Consequently, no peak broadening is
expected, suggesting that vibrational heating through inelastic
electron–vibration scattering is not significant in metal–C60–Si
junctions18 (Fig. 4f, orange). Therefore, the quasi-symmetric
behaviour of the peak position cannot be rationalized by vibra-
tional heating within C60. In current-carrying C60 junctions, bias-
voltage-driven charging effects typically result in a quadratic
behaviour,42,43 while the vibrational Stark effect exhibits a linear
dependence on the applied electric field. Small variations of the
peak position can also be attributed to mechanical deformation
accompanied with the MPC.25 Thus, we tentatively attribute
the peak shift in Fig. 4f (ca. 4 cm�1) to the consequence of the
interplay between these three factors. The minimal variation in
the anti-Stokes to Stokes ratio (IaS/IS) as a function of Vbias in
Fig. 4g further indicates the inefficiency of vibrational heating.
The absence of significant vibrational heating is primarily due to a
much smaller current density in the MPC on the Si(111)-(7 � 7)
surface compared to that in the MPCs on metal surfaces (about
one order of magnitude). We would like to note that the vibra-
tional decay mechanisms could also differ from those on metal
surfaces. In a metal–C60–metal junction the creation of electron–
hole pairs (EHP) dominates the cooling mechanism, as the
phonon-mediated mechanism is much slower due to the large
energy mismatch between the molecular vibrations (33 to
200 meV) and the phonon bandwidths of the substrates (Ag,
22 meV; Au, 16 meV; Cu, 30 meV; Pt, 24 meV).44,45 Alternatively, in
the case of the Si(111)-(7� 7), the intense optical phonon mode of

Fig. 3 (a) jSTM–Dz curve showing the reversible transition from the tunnelling to the MPC regimes, where Dz = 0 corresponds to the set point
corresponding to Vbias = 0.3 V and jSTM = 10 pA over the C60, with Vbias kept constant over the whole process. (b) Simultaneously recorded waterfall plot
of TERS acquired during tip-approach and retraction over single C60 on faulted half unit cell of the Si(111)-(7 � 7) surface (80 K, setpoint: Vbias = 0.3 V and
jSTM = 60 pA, lext = 532 nm, Pext = 5.5 mW, 5 s per spectrum, scale bar: arbitrary units). (c) Intensity of the Ag(2) mode in the different regimes highlighting
the sudden increase upon MPC formation. (d) TERS spectra in the tunnelling and MPC regimes. The coloured points in (c) indicate where the spectrum in
the same colour was recorded, and the grey dashed line highlights the shift of the Ag(2) mode upon MPC formation.
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the bulk lies at 65 meV and the Debye cutoff appears up to
68 meV,46 facilitating the decay of molecular vibrations to the
lattice oscillations.

Conclusions

We conducted TERS measurements for single C60 molecules
adsorbed on the Si(111)-(7 � 7) reconstructed surface. The
molecules adsorb onto several different sites and orientations,
each exhibiting different spectral features. The spatial distribu-
tion of the TERS intensity within a single C60 shows a distribu-
tion that could be attributed to sub-molecular feature. In
addition, a large enhancement of Raman scattering, reaching
B1012, is quantified in the tunnelling regime by comparing it
to the Raman intensity of the optical phonon mode of the bulk
Si. This enhancement involves contributions from both electro-
magnetic and chemical mechanisms. Furthermore, we showed
that Raman scattering can be further enhanced by a factor of
B30 when a MPC is formed between the tip and a single C60,
comparable to those observed on metal substrates. In the MPC
regime, additional Raman peaks emerge, including overtone

and combination bands. Additionally, the anti-Stokes peaks are
also observed in the MPC junction at 80 K, indicating that the
vibrationally excited states are populated by an external energy
input. The optically induced vibrational excitation is evidenced
by the appearance of the anti-Stokes peaks at zero current,
whereas vibrational excitation by current flow is negligible. Our
findings demonstrate the applicability of TERS to the charac-
terization of organic molecules on semiconductor surfaces and
potentially to single-molecule Raman thermometry studying
vibrational heating and dissipation in current-carrying metal–
molecule–semiconductor nanojunctions.

Data availability

Data for this article are available at Zenodo at https://doi.org/
10.5281/zenodo.12517248.
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Fig. 4 (a) jSTM–Vbias curve simultaneously acquired with the evolution of the TERS spectra in the MPC regime (80 K, setpoint: Vbias = 2.0 V and jSTM =
162.2 nA). (b) and (c) Waterfall plot of the Vbias-dependent TERS of a single C60 junction measured in the contact regime, simultaneously recording the
anti-Stokes and Stokes branches (80 K, lext = 532 nm, Pext = 5.5 mW, 5 s per spectrum, scale bar for anti-Stokes IaS: arbitrary units, independent scale bar
for Stokes IS: arbitrary units). The bottom panels correspond to selected Raman spectra in the anti-Stokes and Stokes branches from (b) and (c),
respectively, at Vbias = �0.3 V and jSTM = 4.4 nA, with the Ag(2) mode highlighted in grey. (d) Peak position (red, left axis) and width (orange, right axis) of
the Ag(2) mode as a function of Vbias, with the error bars extracted from the Gaussian fitting. (e) IaS/IS ratio of the Ag(2) mode as a function of Vbias.
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