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Chemical mapping of a single molecule by
plasmon-enhanced Raman scattering
R. Zhang1*, Y. Zhang1*, Z. C. Dong1, S. Jiang1, C. Zhang1, L. G. Chen1, L. Zhang1, Y. Liao1, J. Aizpurua2, Y. Luo1,3, J. L. Yang1

& J. G. Hou1

Visualizing individual molecules with chemical recognition is a
longstanding target in catalysis, molecular nanotechnology and
biotechnology. Molecular vibrations provide a valuable ‘finger-
print’ for such identification. Vibrational spectroscopy based on
tip-enhanced Raman scattering allows us to access the spectral
signals of molecular species very efficiently via the strong localized
plasmonic fields produced at the tip apex1–11. However, the best
spatial resolution of the tip-enhanced Raman scattering imaging is
still limited to 3215 nanometres5,12–16, which is not adequate for
resolving a single molecule chemically. Here we demonstrate
Raman spectral imaging with spatial resolution below one nano-
metre, resolving the inner structure and surface configuration of a
single molecule. This is achieved by spectrally matching the res-
onance of the nanocavity plasmon to the molecular vibronic trans-
itions, particularly the downward transition responsible for the
emission of Raman photons. This matching is made possible by
the extremely precise tuning capability provided by scanning tun-
nelling microscopy. Experimental evidence suggests that the highly
confined and broadband nature of the nanocavity plasmon field
in the tunnelling gap is essential for ultrahigh-resolution imaging
through the generation of an efficient double-resonance enhancement

for both Raman excitation and Raman emission. Our technique not
only allows for chemical imaging at the single-molecule level, but also
offers a new way to study the optical processes and photochemistry of
a single molecule.

Chemical identification by optical means down to single-molecule
sensitivity is a challenging task and usually requires large enhance-
ments of the local fields acting on the molecule6,7,17–19. These field
enhancements can typically be achieved by using metallic nanoparti-
cles acting as optical antennas to increase the signals8,11,17,19. One of the
most efficient optical antennas consists of a metallic tip that localizes
and enhances optical fields at the tip apex, as in tip-enhanced Raman
scattering (TERS), enabling a combination of spectroscopy and micro-
scopy capabilities1–8,12–18. However, the spatial extent of the local plas-
monic field (5210 nm) appears to be a limiting factor for spatial
resolution18,20. Moreover, conventional TERS usually requires the
use of strong incident laser fields that could result in undesired dif-
fusion, desorption and even damage to the molecule, thus affecting the
sustainability and stability of Raman spectral mapping.

Here we present an experimental study of plasmon-enhanced Raman
imaging of single molecules located at the scanning tunnelling micro-
scopy (STM) nanocavity under ultrahigh vacuum and low temperature

*These authors contributed equally to this work.

1Hefei National Laboratory for Physical Sciences at the Microscale, University of Science and Technology of China, Hefei, Anhui 230026, China. 2Material Physics Center CSIC-UPV/EHU and Donostia
International Physics Center DIPC, Paseo Manuel de Lardizabal 5, Donostia-San Sebastián 20018, Spain. 3Theoretical Chemistry and Biology, School of Biotechnology, Royal Institute of Technology,
S-10691 Stockholm, Sweden.

High

Low

+

Tip

Metal substrate

Molecule

Enhanced field

Laser in

Ram
an photon

a

300 600 900 1,200 1,500 1,800

Raman shift (cm–1)

Tip-retracted

Tip-in, Ag(111)

Tip-in, island

R
a
m

a
n
 i
n
te

n
s
it
y
 (
a
.u

.)

8
1
7

9
2
8

1
,0

0
6

+_+
--

+
__ ++

1
,4

5
9

2 nm

Powder

1
,3

5
9

1
,4

9
5

Vb

It

1
,0

7
7

1
,1

4
4

1
,2

3
3

1
,3

1
6

1
,5

5
0

b

c

1
,2

1
0

100 counts

per second

Tip-in, single molecule

Figure 1 | Clean TERS spectra using well-defined tip and sample.
a, Schematic tunnelling-controlled TERS in a confocal-type side-illumination
configuration, in which Vb is the sample bias and It is the tunnelling current.
b, STM topograph of sub-monolayered H2TBPP molecules on Ag(111) (1.5 V,
30 pA, 35 nm 3 27 nm). The inset shows the chemical structure of H2TBPP and
the white circle indicates one representative site for TERS measurements on the
molecular islands. c, TERS spectra for different conditions. The tip-in spectra
were acquired at 120 mV, 0.5 nA and 3 s. The green spectrum is taken on top of

the molecular island (the green scale bar shows the signal level detected by
charge-coupled device (CCD). The red spectrum is taken on top of a single
molecule (marked by the red arrow in b). The blue spectrum is taken on bare
Ag(111). The black spectrum is taken on top of the molecular island but with
the tip retracted 5 nm from the surface (120 mV, 3 s). For comparison, a
standard Raman spectrum (brown) is shown on the top for a powder sample of
H2TBPP molecules.
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(Fig. 1a and Supplementary Fig. 1). These special conditions allow us to
achieve exquisite tuning between the nanocavity plasmon (or tip plas-
mon) resonance and the molecular vibronic transitions. In particular,
the spectral matching of the nanocavity plasmon resonance to the down-
ward transitions associated with the emission of Raman photons is
found to be crucial for enhancing and stabilizing the inelastic scatter-
ing signals. Remarkably, the very small incident photon flux used in our
STM-controlled spectral-matching TERS enables stable single-molecule
mapping with unambiguous chemical identification and unprece-
dented sub-molecular spatial resolution for a single meso-tetrakis(3,5-
di-tertiarybutylphenyl)-porphyrin (H2TBPP) molecule on the Ag(111)
surface.

Figure 1b and c illustrate the high quality and level of cleanness of
the tip and sample under a low-temperature and ultrahigh-vacuum
environment13,17,21, which allows for reproducible chemical identifica-
tions through vibrational fingerprints. In the STM image of Fig. 1b for
H2TBPP on Ag (111), we can identify two isolated single molecules on
the right (featuring the characteristic four-lobe pattern22,23), a three-
molecule cluster at the centre, and a densely packed monolayer island
on the left. The bare Ag surface in blue serves as an in situ check-
ground for monitoring the tip cleanness and the nanocavity plasmon
resonance mode.

As shown in Fig. 1c, when a tip is positioned on the bare Ag surface,
a featureless spectrum (blue) containing simply a broad continuum is
obtained, consistent with the absence of molecules and also suggesting
the operation of a contamination-free tip. On top of the molecular
islands (marked with a white circle in Fig. 1b), the TERS spectrum
(green) shows clear vibrational fingerprints of H2TBPP molecules over
a broad continuum. The spectral features do not change substantially
when acquired at different positions of molecules on the island
(Supplementary Fig. 2). When the tip is retracted about 5 nm from
the island (black spectrum), the molecular fingerprints disappear, pro-
viding unambiguous evidence that the TERS signals observed in the
green spectrum originate only from the molecular sample itself. The
far-field Raman signal associated with the tip-retracted mode is absent,
so a relatively high signal-to-noise ratio for the TERS signal (for
example, the 1,210 cm21 peak) implies a large enhancement in the
present system17,18. This is nicely illustrated by the TERS measure-
ments on an isolated single H2TBPP molecule (red spectrum), which
exhibits unambiguous vibrational fingerprints similar to those on the
molecular island.

We note that inelastic electron tunnelling spectroscopy in cryogenic
STM can also provide information about certain vibrational modes of
a single molecule through inelastic electron exication24. By contrast,
the STM-controlled TERS provides full vibrational fingerprints of
molecules through the excitation of optical fields alone. Localized
tunnelling electrons do not contribute to the TERS signals because
the vibrational fingerprints of the H2TBPP molecule show up in the
spectrum even when the bias voltage is well below the excitation
threshold of vibrational modes (see Supplementary Fig. 3 and related
discussion in the Supplementary Information).

For comparison, the standard Raman signals from a H2TBPP pow-
der sample are also given in Fig. 1c, showing all Raman-active modes
averaged over the full space of randomly oriented molecules. Many of
the fingerprint peaks of the powder spectrum are in good correspond-
ence with the vibrational fingerprints on the molecular island and
single molecules (see dashed lines), thus providing clear chemical
identification of the molecules on the surface. However, the number
and relative intensity of peaks reveal differences as well. These could be
attributed to the ordering of the H2TBPP molecules on Ag(111) and
the preferred axial polarization of the nanocavity plasmon, which
selects particular Raman modes. A detailed spectral assignment is
given in the Supplementary Methods and Supplementary Video,
obtained using density functional theory calculations.

Of particular interest is the broad continuum that usually accom-
panies the TERS measurements on both the bare metal surface and

the molecules (Fig. 1c)25–27. This broad continuum turns out to correlate
closely with the nanocavity plasmon resonance mode that is determined
by the junction geometry of the STM nanocavity and dielectric pro-
perties of the tip and substrate25, and can be monitored in situ by
STM-induced luminescence through tunnelling electron excitation22.

In Fig. 2a, we show two TERS spectra (red) obtained from the
‘on-resonance’ and ‘off-resonance’ conditions defined below. ‘On-
resonance’ here refers to good spectral matching between the nano-
cavity plasmon resonance (blue curves) and the downward molecular
vibronic transition of Qy(1,1). The latter has an energy similar to that
of the Qy(0,0) band measured by the photoluminescence excitation
technique (see brown curve at the bottom of Fig. 2a and the sche-
matic of molecular vibronic transitions in Fig. 2b). In contrast, ‘off-
resonance’ refers to the situation in which the nanocavity plasmon
resonance does not match well with the Qy(1,1) band, but does match
the laser line. We note that for H2TBPP molecules, the laser line at
532 nm is always resonant with the upward molecular vibronic Qy(1,0)
transition, but under the ‘off-resonance’ condition, the TERS spectrum
shows very few observable spectral features. In contrast, a dramatic
enhancement of the Raman signals can be observed under the ‘on-
resonance’ condition even under a small incident laser flux of about
102 W cm22. The Raman vibrational modes appear as sharp spectral
features on top of a smooth continuum, whose profile matches very
well with the nanocavity plasmon profile.

In other words, under the ‘on-resonance’ condition, the broadband
nature of the nanocavity plasmon field allows us to realize an efficient
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Figure 2 | Spectral matching to generate broadband nanocavity plasmon-
enhanced Raman scattering. a, Dependence of TERS spectra (red, 200 mV,
1 nA, 3 s) on the spectral matching among the laser line (green), nanocavity
plasmon resonance (blue), and molecular vibronic transitions (brown). The
lower panel shows the ‘on-resonance’ situation with the nanocavity plasmon
resonance matching the downward molecular vibronic transition Qy(0,0). The
nanocavity plasmon profile (blue) is determined by STM-induced
luminescence for the Ag tip on Ag(111) (2.8 V, 0.1 nA, 10 s), whereas the
adsorption spectrum of H2TBPP (brown) is measured by photoluminescence
excitation. The upper panel shows the ‘off-resonance’ situation in which the
nanocavity plasmon resonance does not match the downward Qy(0,0)
transition. The scale on the top axis shows the Raman shifts for the TERS
measurements. b, Schematic of the optical transitions involved in the Raman
process between the ground state S0 and excited state S1, in which vP is the
frequency of the incident pumping laser, vRaman is the frequency of Raman
photons, and vv(k) is the vibrational frequency of the kth mode of the molecule;
v and v9 stand for the vibrational levels of excited states and ground states,
respectively. c, TERS spectra on the molecular island as a function of tunnelling
currents (120 mV, 3 s).
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doubly resonant TERS process: not only producing sufficient resonant
excitation through the spectral overlap between the nanocavity plasmon
shoulder, the laser line, and the upward molecular vibronic transitions,
but, more importantly, also generating large resonant emission enhance-
ment owing to the good spectral matching of the nanocavity plasmon
resonance to the downward molecular vibronic transitions. It is worth
mentioning that the photon flux used for the ‘on-resonance’ TERS
experiments is about one to two orders of magnitude smaller than what
has been reported to date (,1032104 W cm22)6,14,17,21, thus guarantee-
ing the sustainability of the single molecule during the measurements,
that is, it will not be damaged.

Moreover, the broad continuum and associated TERS signals are
found to be enhanced dramatically when tunnelling currents are
increased (Fig. 2c)17, which suggests a highly sensitive dependency of
both signals on the gap distance (that is, on the local field enhance-
ment) (Supplementary Fig. 4c)25. In our spectral-matching TERS, the
nanocavity plasmon resonance mode is tuned mainly by modifying the
tip status22 while the strength of the nanocavity plasmon mode is
controlled by the gap distance set by the tunnelling condition, particu-
larly the tunnelling current. A sufficiently intense nanocavity plasmon
field associated with a relatively short gap distance is important to yield
pronounced TERS signals.

However, as shown in Fig. 2a, the proper setting of the nanocavity
plasmon resonance to satisfy the ‘on-resonance’ condition is much
more critical to achieve large enhancement and high signal levels.
These observations correlate directly with how the nanocavity plas-
mon field is involved in the Raman scattering process. The overall

spectral profile of the ‘on-resonance’ TERS spectrum in Fig. 2a strik-
ingly resembles that in the broadband femtosecond stimulated Raman
scattering process28. In addition, we also observed a nonlinear relation-
ship between the TERS response and the incident laser power (see
Supplementary Figs 4 and 5). Such nonlinear power dependency,
together with the spectral profile similarity to the broadband stimulated
Raman scattering, suggests that our spectral-matching TERS can be
viewed as an analogue to the third-order nonlinear stimulated Raman
scattering process28, providing both enhanced signals and improved
spatial resolution (see Supplementary Information for more details).

The large enhancement thus gained by exploiting the broadband
nanocavity-plasmon-stimulated Raman process not only allows for
non-invasive TERS measurements with single-molecule sensitivity,
but also provides an opportunity to explore the influence of molecular
orientations on the vibrational spectral features. Figure 3a shows two
representative TERS spectra acquired on two isolated molecules with
different adsorption configurations (or molecular orientations). As
shown in the STM images on the right (which remain the same after
the TERS measurements), one spectrum is acquired on a single flat-lying
H2TBPP molecule adsorbed on the terrace of Ag(111) (blue spectrum),
and the other is on a single tilted molecule adsorbed at the step edge (red
spectrum). Both spectra reveal vibrational fingerprints characteristic of
the H2TBPP molecules (Fig. 1c) in terms of Raman peak positions.

However, there also exist differences in the relative peak intensities
between the two spectra in Fig. 3a, reflecting the changes in the adsorp-
tion configurations (or molecular orientations). With the help of the
density functional theory calculations under the dipole approximation,
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Figure 3 | Single-molecule TERS spectra and their dependency on
molecular orientations. a, Single-molecule TERS spectra (100 mV, 1 nA, 3 s)
for an isolated H2TBPP molecule adsorbed on the terrace (bottom, blue) or at
the step edge (top, red) of Ag(111). Both spectra were acquired on the molecular
lobes marked with crosses in the STM images on the right (subtracted from the
broad continuum for clarity). b, Calculated TERS spectra of a molecule for
different tilt angles h. Shown on the right are the schematics of flat-lying and
tilted molecules, respectively. c, 35 sequential TERS spectra (120 mV, 1 nA, 2 s)
acquired on the centre of a single flat-lying H2TBPP molecule adsorbed on the
Ag(111) terrace (the terrace is the flat area between the step edges); the centre is
marked as a cross in the corresponding STM image on the right.
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Figure 4 | TERS mapping of a single H2TBPP molecule on Ag(111).
a, Representative single-molecule TERS spectra on the lobe (red) and centre
(blue) of a flat-lying molecule on Ag(111). The TERS spectrum on the bare Ag
about 1 nm away from the molecule is also shown, in black (120 mV, 1 nA, 3 s).
b, The top panels show experimental TERS mapping of a single molecule for
different Raman peaks (23 3 23, ,0.16 nm per pixel), processed from all
individual TERS spectra acquired at each pixel (120 mV, 1 nA, 0.3 s; image size:
3.6 3 3.6 nm2). The bottom panels show the theoretical simulation of the TERS
mapping. c, Height profile of a line trace in the inset STM topograph (1 V,
20 pA). d, TERS intensity profile of the same line trace for the inset Raman map
associated with the 817 cm21 Raman peak, integrated over 8002852 cm21.
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the origin of such differences can be associated to the particular ori-
entation of the single molecule that governs the Raman selection rules of
the fingerprints. The simulated spectra in Fig. 3b correctly interpret the
activation and deactivation of the experimental modes observed in
Fig. 3a when the tilting angle of the molecule is changed (see Sup-
plementary Methods for more information). As often found in experi-
ments, similar spectral variations can also occur on the same molecule
during the TERS measurements, owing to configurational changes,
particularly under the strong illumination condition. Previous single-
molecule TERS studies under ambient conditions are usually based on
statistical analysis of such spectral fluctuations within a timescale of
several seconds6,7,9,10,17. However, a single molecule can also remain
stable for a certain period of time during the TERS measurements
without revealing any substantial spectral changes.

Remarkably, Fig. 3c shows one example of such stability over 70 s
when 35 sequential TERS measurements were made on a single
H2TBPP molecule on the Ag terrace. The STM image on the right
was taken before the sequential TERS measurements, but remains the
same after the measurements. Such molecular stability over a suffi-
ciently long period of time is crucial to perform TERS imaging experi-
ments that can yield a complete and meaningful spectral map.

The realization of efficient nanocavity-plasmon-stimulated Raman
scattering in our STM-controlled technique provides a means of per-
forming Raman mapping with unprecedented spatial resolution.
Figure 4a indicates that, for an isolated single H2TBPP molecule on
Ag(111), the TERS spectra acquired on the molecular lobe are stronger
than those on the centre, whereas the nearby Ag gives a broad con-
tinuum, highlighting the highly localized nature of the TERS signals.
Such contrast is best illustrated in the panoramic TERS mapping image
in Fig. 4b (top row), in which we plot experimental TERS mapping
results of a flat-lying molecule on Ag for five selected Raman peaks.
The characteristic four-lobe pattern of a H2TBPP molecule is discern-
ible in the TERS mapping, at least for low-wavenumber vibrational
modes. The molecular lobes appear bright but the centre appears dark.
However, for relatively large wavenumbers of 1,210 cm21 or above, the
contrast and central dark area become smaller.

Such Raman image contrast and frequency dependence can be qua-
litatively understood by the relative locality of the vibrational modes of
the H2TBPP molecule with respect to the axial polarization of the
highly confined local plasmonic fields6 (Supplementary Video). In
brief, the low-wavenumber vibrational modes are more localized in
the lobe while the high-wavenumber modes above about 1,210 cm21

contain more contribution from the porphyrin core. To help to explain
the contrast between these Raman images and their evolution, the
bottom of Fig. 4b shows TERS mapping by assuming that the
enhanced local electric field follows a Gaussian beam distribution
(Supplementary Methods). The simulated images are consistent with
the experimental TERS mapping results, although the consistency is
better at low-wavenumber vibrational modes. Strikingly, in compar-
ison with the spatial resolution of the STM topograph (Fig. 4c), the
profile of the Raman spectral mapping shown in Fig. 4d not only
exhibits a comparable spatial resolution below 1 nm (about 0.5 nm
estimated within a 10% to 90% contrast), but more importantly, also
provides chemically resolved information revealing intramolecular
features.

The ability to access the structure and conformation of a single
molecule with both chemical recognition and subnanometre resolu-
tion by optical means as presented here provides a new potential to
explore the nanometre-scale world, offering new ways to design, con-
trol and engineer the functionality of molecules on demand. This
should substantially affect the fields of nanophotonics, biochemistry,
surface science and molecular electronics, in which identifying
molecular species with single-molecule resolution is important.
Furthermore, our findings open up a new avenue for studying non-
linear optical processes and photochemistry at the single-molecule
scale.

METHODS SUMMARY
Our STM-controlled TERS experiments were performed on a custom low-
temperature and ultrahigh-vacuum STM (Unisoku) in a confocal-type side-
illumination configuration29 at about 80 K under a base pressure of around 10210 torr
(Supplementary Fig. 1). H2TBPP molecules were thermally evaporated onto the
Ag(111) surface (previously cleaned by argon ion sputtering and annealing). Silver
was also used as tip material because the nanogap defined by the Ag tip and the Ag
substrate can offer very strong plasmonic resonance30. After fabrication via electro-
chemical etching, Ag tips were cleaned in ultrahigh vacuum via outgassing and ion
sputtering, with the tip status further modified by high-voltage pulses30. STM imaging
and spectral measurements were taken in a constant-current mode with the sample
biased. The photon collection and detection systems were described previously22,30. A
continuous-wave laser at 532 nm is used as a Raman pumping source with a photon
flux of about 100 W cm22 illuminating over the junction area.
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