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Subnanometer-resolved chemical imaging via
multivariate analysis of tip-enhanced Raman maps
Song Jiang1, Xianbiao Zhang1, Yao Zhang1, Chunrui Hu1, Rui Zhang1, Yang Zhang1, Yuan Liao1,
Zachary J Smith2, Zhenchao Dong1 and JG Hou1

Tip-enhanced Raman spectroscopy (TERS) is a powerful surface analysis technique that can provide subnanometer-resolved ima-
ges of nanostructures with site-specific chemical fingerprints. However, due to the limitation of weak Raman signals and the
resultant difficulty in achieving TERS imaging with good signal-to-noise ratios (SNRs), the conventional single-peak analysis is
unsuitable for distinguishing complex molecular architectures at the subnanometer scale. Here we demonstrate that the combi-
nation of subnanometer-resolved TERS imaging and advanced multivariate analysis can provide an unbiased panoramic view of
the chemical identity and spatial distribution of different molecules on surfaces, yielding high-quality chemical images despite
limited SNRs in individual pixel-level spectra. This methodology allows us to exploit the full power of TERS imaging and unam-
biguously distinguish between adjacent molecules with a resolution of ~ 0.4 nm, as well as to resolve submolecular features and
the differences in molecular adsorption configurations. Our results provide a promising methodology that promotes TERS imaging
as a routine analytical technique for the analysis of complex nanostructures on surfaces.
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INTRODUCTION
One of the ultimate goals of analytical chemistry is to achieve the
identification of different species and their chemical properties at the
single-molecule scale. To this end, tip-enhanced Raman spectroscopy
(TERS) offers an attractive approach to obtaining a panoramic
chemical image of a sample’s surface because it combines the
advantages of ultrahigh spatial resolution in scanning probe micro-
scopy and sensitive chemical specificity with respect to vibrational
fingerprints in Raman spectroscopy1–9. Significant progress has been
made in TERS with respect to its application to nanoscale chemical
identification, from carbon nanotubes10–15 to organic16–20 and bio-
related molecules21–28. Recently, its spatial resolution has even been
pushed down to the subnanometer scale15,29–31.
However, despite this progress, it is still highly challenging to obtain

a relatively high pixel density TERS image for an area of closely packed
species with subnanometer resolution32–46, even if the acquired image
only has a very limited signal-to-noise ratio (SNR). This result is due
to the acquisition time for each pixel being limited by the stability of
the system (for example, the stability of molecules and the tip status, as
well as the thermal drift), resulting in relatively weak Raman signals at
each pixel. Therefore, subnanometer-resolved TERS imaging of closely
packed species remains to be demonstrated. Furthermore, under-
standing how to extract useful chemical information from such TERS

images becomes important and increases the demand for advanced
statistical analysis methods.
In this paper, by using a scanning tunneling microscope (STM)-

controlled, plasmon-enhanced Raman scattering technique under low
temperature and ultrahigh vacuum, we demonstrate high-resolution
TERS imaging of molecular domains and molecular chains composed
of different porphyrin molecules. By developing an advanced multi-
variate analysis method based on full-spectrum fingerprints (rather
than single peaks), we achieve an unbiased panoramic view of the
chemical information and spatial distribution of different molecules
on surfaces and are even able to resolve submolecular features and
differences in molecular adsorption configurations.

MATERIALS AND METHODS
Our experiments were performed using a custom low-temperature
ultrahigh-vacuum STM (Unisoku) at ~ 80 K under a base pressure of
~ 1× 10–10 Torr, equipped with a side-illumination confocal optical
system47, as shown in Figure 1a and the Supplementary Information
(see Supplementary Section S1 for more details). Two different
porphyrin molecules, that is, metal-centered zinc-5,10,15,20-tetraphe-
nyl-porphyrin (ZnTPP) and free-base meso-tetrakis (3,5-di-tertiary-
butyl-phenyl)-porphyrin (H2TBPP) (upper-right corner of Figure 1a),
were used to build different molecular nanostructures on metal
surfaces via thermal evaporation. Both ZnTPP and H2TBPP molecules
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were thermally sublimed at ~ 580 K onto Ag(111) sequentially. The
vacuum pressure in the preparation chamber was o2× 10− 9 Torr
during the molecular deposition. The coverage of molecules on the
substrate was controlled using different deposition times. Silver (Ag)
was used as the tip and substrate material because the Ag nanogap can
offer strong plasmonic enhancement. Atomically flat Ag(111) sub-
strates were prepared via cycles of argon ion sputtering and annealing
in ultrahigh vacuum. Electrochemically etched Ag tips were used for
both STM imaging and TERS measurements, operating in the
constant-current-topographic mode with the sample biased48.
The laser excitation, Raman photon collection and detection

systems are described elsewhere (Supplementary Section S1).
A continuous-wave green laser at 532 nm was used as a Raman
pumping source with a relatively small photon flux of ∼ 100 W cm− 2

over the junction area. The thermal drift at ∼ 80 K was ∼ 150 pm per
min. High-resolution Raman spectral imaging was achieved by
adopting a plasmon-enhanced STM-controlled TERS29,30. To generate
large enhancement, the nanocavity plasmon mode was tuned to
invoke a double-resonance scheme29,30, with its resonance matching
the Raman emission of the molecules particularly well. The acquisition
time for each pixel in the TERS mapping process was kept at 1 s in the
present work to create a balance between the SNR of the spectra and
the thermal drift.

RESULTS AND DISCUSSION
TERS imaging of molecular domains
Figure 1b shows an STM image of two different porphyrin molecular
islands that are packed close to each other, that is, within the van der
Waals contact distance. A 7× 7 nm2 area, denoted by the dashed
square in Figure 1b, across the molecular boundary was selected for
TERS imaging with a pixel resolution of 0.22 nm per pixel, in which a
TERS spectrum was recorded at each pixel during raster scanning.
A simultaneously acquired STM image is shown in Figure 1c, in which
the H2TBPP molecules appear brighter than the ZnTPP molecules due
to the presence of eight additional tertiary butyl groups (see
Supplementary Section S2 for more details). During the TERS
mapping, the tip was very close to the molecular layer, and the local
order of the molecular layer could be disturbed. Fortunately, owing to
the stable feedback control in our ultrahigh-vacuum, low-temperature
STM system, there was hardly any modification to the ZnTPP
molecular layer despite some disturbances on the lobes of the H2TBPP
molecules.
Figure 1d shows the TERS spectra, averaged over the blue and green

squares (3× 3 pixels) shown in Figure 1c, extracted from the datacube
for the ZnTPP and H2TBPP molecules, respectively. Because of the
limited acquisition time and resultant weak Raman signals, the
averaging procedure was used to improve the SNR of these TERS
spectra to obtain the molecular vibrational fingerprints, which indeed
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Figure 1 TERS imaging of molecular domains adsorbed at silver terraces. (a) Schematic of STM-controlled TERS. The molecular structures of the porphyrin
molecules under study (ZnTPP and H2TBPP) are shown in the upper-right corner. (b) STM image of two adjacent porphyrin molecular domains (–1 V, 5 pA).
(c) STM image simultaneously acquired during TERS imaging of the area denoted by the dashed square in b (–0.1 V, 1 nA, 7×7 nm2, 32×32 pixels, 1 s
per pixel). The boundary between the molecular domains is highlighted by a yellow line. (d) TERS spectra, averaged over the blue and green squares (3×3
pixels) shown in c, extracted from the datacube for ZnTPP and H2TBPP molecules, respectively. (e, f) TERS images reconstructed based on single-peak
analysis for the Raman peaks at ~701 cm–1 (e, integrated over 687–736 cm–1) and ~918 cm–1 (f, integrated over 890–959 cm–1).
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agree with those of previous reports29,30. As shown in Figure 1d, the
fingerprint features of the TERS spectra for the ZnTPP and H2TBPP
molecules are evidently different from each other. However, when we
use conventional analysis based on single Raman peaks, the optical
contrasts of the reconstructed TERS images are still limited, even for
the strong characteristic Raman peaks (for example, ~ 701 cm–1 for
ZnTPP30 and ~ 918 cm–1 for H2TBPP

29) (Figure 1e and 1f), because of
the low SNR of the Raman spectra at individual pixels. Although the
slightly brighter area in Figure 1e (Figure 1f) can be generally
attributed to the ZnTPP (H2TBPP) islands, a clear and conclusive
identification is still hard to achieve without a priori knowledge about
the molecules under study. The chemical identification becomes even
more difficult for TERS images based on the analysis of weak or
overlapped spectral peaks (see Supplementary Section S2 for more
details). Therefore, it is highly desirable to have an advanced statistical
analysis method that can take into account the full-spectrum
fingerprint information and provide an unbiased panoramic view of
the spatial distribution of different molecular species on surfaces.

Multivariate analysis of the TERS data set over complex molecular
domains
Multivariate analysis has been widely used in hyperspectral imaging,
from fluorescence to Raman and reflectance imaging34,39,49–52. Here
we develop an optimized multivariate analysis pipeline to extract
chemical information from the subnanometer-resolved TERS images

based on the analysis of full-spectrum fingerprints rather than single
peaks. The analysis pipeline is composed of several steps, including
principal component analysis (PCA)39, hierarchical clustering analysis
(HCA)53 and vertex component analysis (VCA)34,54, as detailed below.
The datacube of a TERS image is first preprocessed via total

variation-constrained denoising55,56, baseline correction with asym-
metric least squares57 and vector normalization (the integral of each
spectrum is set equal to 1) to improve the signal SNR and to make the
spectra at each pixel comparable, as shown in Figure 2a (see
Supplementary Section S3 for more details). Next, the datacube is
processed by conducting PCA to identify the most significant spectral
features. In the PCA space, each spectrum in the datacube can be
considered as a single point in this multidimensional space, as shown
in Figure 2b. PCA is a common first-step process in multivariate data
analysis and is advantageous in that uncorrelated noise is distributed
equally throughout the principal components (PCs), whereas impor-
tant signal variations are concentrated in the first few PCs. Therefore,
projecting the data into a lower-dimensional PC space (the first 10
principal components are used in our multivariate fingerprint analysis)
has the effect of preserving the important spectral features in the data
set while removing noise.
Then, HCA is applied to the dimension-reduced data set, which is

briefly described as follows. In the PCA space with the first 10 PCs, the
pairwise distance between two spectral points can be defined as the
Euclidean distance (that is, spectral distance), as shown in Figure 2b
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(for visualization purposes, only the first three PCs are shown). With
such a definition, the spectral distance provides a quantitative
evaluation of the degree of spectral similarity between two spectra.
That is, the longer the spectral distance, the greater the spectral
difference. Thus, similar spectra are clustered near each other, whereas
dissimilar spectra (those with large pairwise distances) are spatially
separated in the PCA space. A dendrogram of the data set is
constructed by repeatedly merging two clusters to form a larger
cluster based on these pairwise distances, as shown in Figure 2c, which
depicts an example application to the TERS image of molecular
domains presented in Figure 1 (see Supplementary Section S3 for
more details). In our method, Ward’s criterion58,59 is used for
clustering the data, where at each step in the clustering, the two
clusters chosen for merging are those whose merging leads to the
smallest increase in within-cluster variance.
To guide the selection of the appropriate number of clusters for our

data set, we can evaluate the change in merge distance versus the
number of clusters, as plotted in Figure 2d. (For visualization
purposes, we truncate Figure 2d at 30 clusters, corresponding to the
gray line in Figure 2c). Evidently, the merge distance decreases rapidly
when the number of clusters is increased from two to three, indicating
that the largest difference in the data set is between clusters one and
two. The change in merge distance becomes much smaller for larger
numbers of clusters, indicating much subtler spectral differences
between clusters. The occurrence of a unique and large merge-
distance difference between two and three clusters strongly suggests
that the most likely number of chemically distinct components is 2,
which is consistent with the real number of molecular species for the
molecular domain sample in Figure 1.
We chose two clusters, which is the most likely number of clusters,

as suggested by the analysis above, to generate an HCA image for
TERS imaging of the molecular domain sample presented in Figure 1.
The HCA image can be generated by coloring each cluster with a

particular color for all pixels. As shown in Figure 3a, the delineation of
different molecular domains can be unambiguously observed, being
much clearer than in the images presented in Figure 1e and 1f, which
are based on single-peak analysis. The right panel shows the
corresponding distinctive TERS spectra that are averaged over all the
spectra in each cluster, with an improved SNR of ~ 30-fold compared
with the raw single-pixel data.
According to the dendrogram in Figure 2c, each cluster correspond-

ing to different molecular domains can be further divided into two
subclusters, giving rise to four clusters. In this case, as shown in
Figure 3b, although the spectral differences between the subclusters in
each domain are relatively small, the HCA image seems to exhibit
certain submolecular features. However, such patch-like patterns
appear randomly and are difficult to correlate with the relatively
ordered molecular domains shown in Figure 1b. Such inconsistency is
due to the drawback of HCA, which assumes that each spectrum at
each pixel must be assigned to one cluster or another. However, in
reality, due to the finite spatial confinement of the nanocavity
plasmon, each spectrum at each pixel (0.22 nm per pixel) can still
contain contributions from different subclusters at adjacent pixels,
which violates the assumption underlying HCA.
To overcome this limitation of HCA, another multivariate analysis

technique called VCA is used, which assumes that each spectrum is a
linear combination of contributions from several underlying compo-
nents (called ‘endmembers’) (see Supplementary Section S4 for more
details). The number of endmembers can be estimated based on the
dendrogram and the associated analysis provided by the HCA
described above.
In the simplest case, that is, a two-component mixture, the data set

is projected into a one-dimensional space (the PC1 axis), as shown in
Figure 2b, in which the ‘purest’ pixels are the points lying at the
extrema of this axis. The pixels near the center could be defined as
mixtures of these two purest pixels. Non-negative least squares fitting
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is used to determine the amount that each endmember contributes to
each pixel, which yields the VCA abundance image shown in
Figure 3c. The VCA image clearly shows how the TERS spectra
gradually transition from one molecular domain to another. By
analyzing the line profiles across the domain boundary in the VCA
abundance image, the spatial resolution of TERS imaging for chemical
identification can be estimated down to ~ 0.4 nm (see Supplementary
Section S5 for more details). The origin of the subnanometer
resolution is believed to correlate with the highly confined plasmonic
field inside the STM junction29,30,60–62. Although the exact mechanism
is not yet completely clear, some recent theoretical studies suggest that
the subnanometer resolution may involve additional effects such as
field gradients63, molecular self-interaction64 and even the chemical
effect associated with the interaction with a single atom at the tip
apex65.
Such subnanometer-resolved spatial resolution (~0.4 nm) implies

that the TERS images can provide submolecular information. Indeed,
when we analyze the TERS imaging data set of molecular domains
with four VCA endmembers, the generated VCA image (Figure 3d)
reveals fine structures in both molecular domains. As mentioned
before, the molecular lobes in the H2TBPP domain can be disturbed
slightly by the tip during the TERS mapping process. As a result, we
focus on the analysis and discussion of the TERS imaging pattern in
the intact ZnTPP molecular domain, even though some irregular
periodic-like patterns appear in the H2TBPP domain (Figure 3d). The
TERS-VCA image for the ZnTPP domain shows relatively periodic
patterns, which can be divided into blue and red regions with two
different spectral profiles in terms of relative intensities among
different Raman peaks. As shown in the solid (dashed) line profile
of Figure 4a, the periodicity of the blue (red) region along the green
dashed line in the inset VCA image is ~ 1.4 nm, which is in good
agreement with one of the lattice constants (n) measured based on a

high-resolution STM topograph for an ordered self-assembled ZnTPP
monolayer (Figure 4b). The periodic pattern for the ZnTPP domain in
the TERS-VCA image also resembles the unit-cell symmetry of the
ordered ZnTPP packing structure.
To determine the chemical origin of the red and blue regions in the

VCA abundance map, we carried out density functional theory
calculations based on a previously established molecular
configuration30 (Figure 4c) and simulated site-specific TERS spectra
by treating the tip as a highly localized plasmonic field scanning over
the ZnTPP molecular domain, as detailed in Supplementary Section
S6. A VCA procedure similar to that described above was then applied
to these simulated TERS spectra by selecting two endmembers for the
ZnTPP domain. The simulated VCA abundance image and related
endmember spectra are shown in Figure 4d and 4e, respectively, which
reproduce the periodic patterns and the spectral difference for the
ZnTPP domain shown in Figure 3d fairly well. As illustrated in
Figure 4d, when the tip is positioned above the molecular lobes (the
red region), the corresponding spectra exhibit a strong Raman peak at
~ 700 cm− 1 (the red curve in Figure 4e) that is associated with the
out-of-plane vibrational mode of the porphyrin core and phenyl ring
(see Supplementary Movie for details); when the tip is positioned
above the molecular core areas (the blue region), the corresponding
spectra exhibit strong Raman peaks at ~ 1200 cm− 1 and above (the
blue curve in Figure 4e) due to the stronger involvement of the
porphyrin core vibrations (see Supplementary Movie for details).
Therefore, by combining with the theoretical simulations, we can
assign the red region in the experimentally observed TERS-VCA image
of Figure 3d to the ZnTPP molecular lobe areas and the blue region in
Figure 3d to the ZnTPP molecular core areas. Such ability to
distinguish submolecular features in molecular domains illustrates
the power of the combined TERS-VCA method to map local
vibrations and associated local structural units within a single
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molecule. We note that TERS signals also show up in the pinhole
between two molecular domains, which are caused by TERS signals
from the surrounding molecules because of the small size of the
pinhole (comparable to the spatial extent of the localized plasmonic
field) and the inability of the tip to reach down to the bare metal
surface when scanning over the pinhole.

Multivariate analysis of TERS imaging of molecular chains
The PCA–HCA–VCA analysis pipeline can also be used to study
randomly distributed molecular mixtures. In the following, we
demonstrate an example of the multivariate analysis applied to a
mixed molecular chain. Figure 5a shows an STM image of two
molecular chains adsorbed on silver step edges. A 16× 16 nm2 area
denoted by the dashed square in Figure 5a, containing a mixture of
ZnTPP and H2TBPP molecules, was selected for TERS imaging, with a
simultaneously acquired STM image shown in Figure 5b.
The TERS spectra for ZnTPP and H2TBPP molecules adsorbed at

the step edges are shown to have more similarities than those adsorbed

on the terraces (see Supplementary Section S7 for more details),
presumably due to different adsorption configurations and orienta-
tions. In this case, it is more difficult to distinguish between different
molecular species via single-peak analysis (see Supplementary Section
S7 for more details). However, the subtle spectral differences can still
be resolved via the multivariate analysis based on the full-spectrum
fingerprints, as demonstrated below.
Figure 5c shows the dendrogram of the hyperspectral data set,

obtained according to the procedure described above. At first glance,
there are two evidently different components, which corresponds very
well to the co-existence of both a Raman-silent bare metal surface and
Raman-active organic molecules (see Supplementary Section S8 for
more details). If we further examine the molecular branch in the
dendrogram, we can divide the entire data set into three clusters
(indicated by the gray line). In this case, two types of porphyrin
molecules (ZnTPP and H2TBPP) as well as their locations in the
molecular chain can be clearly distinguished in the generated VCA
image (Figure 5d) based on their chemical fingerprints (Figure 5e).
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The blue-dominant areas represent the ZnTPP molecules, and the
green-dominant areas represent the H2TBPP molecules, which corre-
lates very well with the STM image presented in Figure 5a.
Interestingly, as shown in Figure 5f and 5g, the ZnTPP areas can be

further divided into red and blue regions if the endmember number is
chosen to be four (indicated by the red dashed line in Figure 5c).
Around the step edges, single ZnTPP molecules adsorbed at the lower
terrace (for example, the one highlighted by the small arrow in Figure
5a and 5f) or the portions of ZnTPP molecules overhanging and
leaning toward the lower terrace but adsorbed at the upper terrace are
identified as the red endmember. The spectral differences between the
two ZnTPP endmembers in Figure 5g revealed by the analysis reflect
the differences in molecular adsorption configurations and the
influence of the local environment30. However, because of the
complicated plasmonic field distribution at the step edge, it is still
challenging to theoretically simulate the TERS-VCA abundance image
experimentally observed in Figure 5g around the step edge. In this
sense, our environment-sensitive experimental results may provide
fine spectral features that can help to confirm more sophisticated
theoretical models or test theoretical predictions. We note that further
division into more clusters is not meaningful because the associated
merge distance enters the noise range indicated by the merge distance
value (~0.1) for the Raman-silent bare metal surface, as illustrated in
Figure 5c.

CONCLUSIONS
In summary, by combining subnanometer-resolved TERS imaging
with an advanced multivariate analysis method, we have demonstrated
an unbiased method for mapping the chemical identity and spatial
distribution of different molecules on surfaces, which can even resolve
submolecular features and the differences in molecular adsorption
configurations. Our analysis clearly highlights the power of multi-
variate fingerprint analysis to unlock the full potential of even a noisy
TERS hyperspectral data set. The spatial distribution of different
species in TERS imaging can easily be obtained using HCA images.
Thanks to the intelligent assumption of VCA regarding the natural
mixing of spectra in a data set (which is lost during HCA), further
analysis via VCA can provide a better estimate of the spectra of
chemical species and yield ‘natural images’ with submolecular features
that can correlate with local molecular vibrations and structural units
within a single molecule. In short, treating the images by multivariate
analysis allows easier identification of the chemical composition in
molecular structures on a surface and can reveal further details not
readily observed when using single-peak analysis. Our results can help
to promote TERS as a routine analytical technique for the analysis of
complex nanostructures and lay the foundation for the exploration of
nanomaterials, nanodevices, surface chemistry and biology.
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