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Tip-enhanced Raman spectroscopy - an
interlaboratory reproducibility and
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Since its first experimental realization, tip-enhanced Raman spectroscopy (TERS) has emerged as a potentially powerful
nanochemical analysis tool. However, questions about the comparability and reproducibility of TERS data have emerged. This
interlaboratory comparison study addresses these issues by bringing together different TERS groups to perform TERS mea-
surements on nominally identical samples. Based on the spectra obtained, the absolute and relative peak positions, number
of bands, peak intensity ratios, and comparability to reference Raman and surface-enhanced Raman spectroscopy (SERS) data
are discussed. Our general findings are that all research groups obtained similar spectral patterns, irrespective of the setup or
tip that was used. The TERS (and SERS) spectra consistently showed fewer bands than the conventional Raman spectrum.
When comparing these three methods, the spectral pattern match and substance identification is readily possible. Absolute
and relative peak positions of the three major signals of thiophenol scattered by 19 and 9 cm ’, respectively, which can prob-
ably be attributed to different spectrometer calibrations. However, within the same group (but between different tips), the
signals only scattered by 3cm ™" on average. This study demonstrated the suitability of TERS as an analytical tool and brings
TERS a big step forward to becoming a routine technique. Copyright © 2014 John Wiley & Sons, Ltd.

Additional supporting information may be found in the online version of this article at the publisher’s web site.

Keywords: tip-enhanced Raman spectroscopy; interlaboratory comparison study; thiophenol self-assembled monolayer; spectra
interpretation; metrology

Introduction

Since its experimental realization,”' ™ tip-enhanced Raman spec-
troscopy (TERS) has evolved remarkably and has become more
and more mature. Starting with point measurements in the early
days, e.g. on dyes,”™ TERS imaging experiments have become
possible in recent years on single molecules™ graphene,®
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carbon nanotubes,”’ and even biological samples.® With TERS
gaining increasing importance as a chemical analysis technique
and being commercialized by an increasing number of manufac-
turers, questions about the comparability and reproducibility of
TERS data arise. This calls to clarify whether deviations in TERS
spectra obtained by different groups are due to differences in
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samples, differences in TERS instruments, or differences in mea-
surement procedures applied.

A TERS experiment is characterized by the substrate, the tip
(full metal or metallized), and the illumination/detection geome-
try. Typical substrates include the following: glass slides,'>®!
mica,*'? template-stripped (TS) Au substrates,>' Au plate-
lets,®'? or single crystalline Au surfaces.”'® TERS tips are pro-
duced in many different ways, e.g. by electrochemical etching
from a full metal wire,®'*'! by metal coating of an atomic force
microscopy (AFM) cantilever,**! or by more complicated proce-
dures such as focused ion beam (FIB) milling (e.g. for grating
coupled tips)."® Ag and Au are most commonly used as tip
materials in combination with excitation wavelengths in the green
or red part of the visible spectrum. Setups based on AFM or
scanning tunneling microscopy (STM) feedback mechanisms are
in use. Another big difference in the TERS setups is the illumination/
detection geometry applied: transmission illumination/detection,””’
top illumination/detection,’® side illumination/detection (all
using a microscope objective), or illumination/detection with
a parabolic mirror’® are most commonly used (Fig. 1). With
such a diversity of different experimental parameters, it is
not surprising that the results obtained are sometimes differ-
ent. Examples include discrepancies in TERS spectra (in terms
of band pattern and signal positions) recorded in different
laboratories from malachite green,*°? phenylalanine,'**2%
and 4-nitrobenzenethiol.'72>2% |t is therefore important to
clarify what spectral differences are to be expected because of
the experimental differences mentioned earlier.

Round robin or interlaboratory comparison studies have been
carried out since analytical sciences exist to achieve reproducibility

top-illumination setup

side-illumination setup

sample
substrate

and comparability between different laboratories and research
groups. They are very powerful means to validate a method and
to show its potential as an analytical tool. Various examples can be
found in the literature, e.g. a round robin study about X-ray photo-
electron spectroscopy and Auger-electron microscopy,>’* the in-
ternational evaluation program (IMEP) with several rounds, e.g.
IMEP-9 on trace elements in water,” an intercomparison study
on accurate mass measurements of small molecules*” or an
interlaboratory study on protein glycosylation by mass spectrome-
try.B" After more than 10 years of TERS development and research,
one might ask whether it will soon reach the metrological level. At
present, TERS still has some way to go until it is possible to directly
compare TERS spectra obtained in different laboratories on differ-
ent setups and to determine the efficiency and accuracy of a TERS
setup by means of a standardized procedure (e.g. with a standard
sample). In this study, we carry out an interlaboratory study to com-
pare TERS spectra obtained by different groups using different
TERS setups on equivalent samples.

As samples, self-assembled monolayers of thiophenol on two
kinds of gold substrates — a transparent one for transmission
illumination/detection and an opaque one for top/side illumina-
tion/detection — were sent to the participating groups to be studied
using their TERS setups. They performed TERS measurements
on the sample with different tips and sent the raw data back
to the organizing group (ETH Zurich). If the measurements on
the thiophenol sample were successful, a second sample of
undisclosed nature followed. Only the organizing group knew the
composition of the unknown sample (a tripeptide, CysPhePhe).

The aim of this interlaboratory comparison was to address the
following questions: Is the same spectral pattern (relative peak

bottom-illumination setup

enhancing
tip

“objective

parabolic mirror setup

Figure 1. Schematics of different types of setups used in this study. lllumination and collection of scattered light occurs via the same optics in all

four cases.
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positions) observed when measuring equivalent samples? Do the ab-
solute peak positions vary and if yes by how much? Do the peak in-
tensity ratios differ? How many bands are observed compared with
conventional Raman spectroscopy and SERS? Are there unique TERS
selection rules? What has to be considered when comparing TERS
spectra obtained by different groups/setups? Is there a systematic
difference in the TERS spectra that can be traced back to differences
in the illumination/detection geometry, tip type, or tip-sample
distance control feedback mechanism? Can the differences/
similarities that were observed for the thiophenol sample also
be observed for a more fragile tripeptide (used as the
‘unknown’ sample)? And finally, can TERS be used as a reliable
analytical tool to identify unknown substances? This study
shows that all groups observed a very similar spectral pattern
although using various kinds of setups and tips. The absolute
and relative signal positions were within 3 cm ™" for TERS spectra
recorded by same group. However, absolute and relative peak
positions scattered by 19 and 9cm™" respectively, which can
probably be attributed to different spectrometer calibrations.
In addition, the same signals are visible in the TERS and shell-
isolated nanoparticle-enhanced Raman spectroscopy (SHINERS)
spectra of thiophenol.** The differences between the SERS/TERS
and conventional Raman spectra can be rationalized with density
functional theory (DFT) calculations performed by Feugmo et al.*?

Experimental

Because of the different requirements for the involved TERS setups,
substrates had to be designed accordingly. Some setups could only
accommodate certain sample sizes, and some required transparent
substrates. The used substrates can be divided in two main groups:
opaque TS gold substrates and semi-transparent gold-coated glass
slides. Self-assembled monolayers were chosen as samples, because

they can be prepared in a reproducible manner. For the known sam-
ple, thiophenol was chosen, because it has a strong Raman response
and it readily self-assembles on gold.**** For the unknown sample,
the tripeptide CysPhePhe was chosen because of several reasons: (1)
cysteine is known to self-assemble on gold,®’ (2) while cysteine itself
has a small Raman cross section, the two additional phenylalanine res-
idues of CysPhePhe lead to a much larger Raman cross section,*®*”!
and (3) there is an ongoing discussion about TERS spectra of biomol-
ecules, especially whether the amide | mode (which is related to
the secondary structure of proteins) can be observed.*%3*¥ The choice
of a peptide for this work could potentially address this question.

TERS setups

In Fig. 1, schemes of the different types of TERS setups used in this
study are displayed. A detailed description of the different configu-
rations of individual groups can be found in the Supporting
Information pages 2-4. The most important experimental
parameters are summarized in Table 1. The spectral resolution
was calculated from the signal positions of two adjacent pixels (at
997 cm ™). The results of this comparison study were anonymized,
and all participating groups were labeled A to G.

TERS tips

A detailed description can be found in the Supporting Information
pages 5-6. The most important details are summarized in Table 2.

Samples

All samples were prepared by the organizing group (Blum et al,, ETH
Zlrich) according to the procedures described in the following. The
samples were then packaged and shipped to the participating
groups for measurement. Because the participating laboratories
are located in different parts of the world and mailing times

Table 1. Overview of the instrument characteristics of all participating groups
Group A B C D E F G
Feedback STM AFM STM STM AFM STM STM AFM
mechanism (contact) (shear-force) (contact)
Tip material Ag, Au Ag Au Ag Au Au Ag Ag
Excitation 632.8 532.0 636.6 632.8 632.8 632.8 632.8 532.0
wavelength (nm)
Numerical aperture 0.45 1.49 0.998 0.7 0.5 0.42 0.7 14
lllumination, angle Side, 60° Transmis. Top, Top, 0° Side, 60° Side, 60° Top, 0° Transmis.
of incidence 15-86°
Tip angle with respect  90° 90° 90° 30-50° 90° 90° 30-50° 90°
to the surface
Spectral resolution 22 2.5 22 1.1 57 22 1.1 2.7
(cm”/pixel)
Polarization Linear, parallel  Radial Radial Linear, along Linear, parallel Linear, parallel Mixed Radial
to tip axis tip axis to tip axis to tip axis

Spectrometer Ne lamp, Ne lamp, Ne lamp, Si H, Si Si, diamond, Ne lamp
calibration (cm_1) Si, HOPG Si Si Ne lamp
Side, side/epi-illumination/detection; transmis., transmission illumination/detection; top, top illumination/detection; HOPG, highly ordered

pyrolytic graphite; STM, scanning tunneling microscopy; AFM, atomic force microscopy. The surface normal is the reference for defining the

angle of incidence.
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Table 2. Overview of the different tip preparation recipes

Group A B C D E F G

Feedback mechanism STM AFM (contact) STM STM AFM (shear-force) STM STM AFM (contact)

Wire material Ag, Au — Au Ag Au Au Ag —

Wire diameter (mm) 0.25 — 0.25 0.25 0.125 0.125 0.25 —

Etching solution HCl: EtOH — HCl  HCIO4:MeOH HCI:EtOH RX:ROH HCIO4:MeOH —

coating (nominal thickness) — 42nm Ag — — — — 50nm Ag

Underlying material — 300 nm SiO, — — — — SiN
(oxidation)

STM, scanning tunneling microscopy; AFM, atomic force microscopy.

varied, the samples were measured after different delay times
(up to approximately 2 weeks). It had been tested by the organiz-
ing group that the same signals were still observed after this
time.

TS Au substrates for top/side illumination/detection based setups

The opaque substrates were prepared according to a procedure
adapted from Weiss et al*” that was described in detail before.”4!

Thiophenol samples on TS Au

The glass pieces were lifted off the silicon wafer, exposing a
freshly cleaved TS gold surface that was immediately immersed
into a 5mM ethanolic thiophenol (Acros, USA) solution for
approximately 18 h in order to allow chemisorption of thiophenol
molecules on the gold surface.*3>** The sample was then rinsed
with ethanol and dried in a stream of nitrogen. The organizing
group performed TERS measurements (top illumination/
detection, Ag tips) with three tips on each sample to check for
the presence of the thiophenol monolayer before it was shipped
to one of the participating groups in a sealed container.

CysPhePhe samples on TS Au

A freshly cleaved TS Au substrate was immersed in a 1 mg/ml
ethanolic CysPhePhe solution (custom synthesized, 99.68%
purity; CanPeptide) in a 1.5 ml Eppendorf tube. The tubes with
the submersed substrates were then shipped to the participating
groups, with instructions to take the sample out of the solution,
rinse it with ethanol, and dry it under a stream of nitrogen or
argon. The participating groups then used the samples for the
TERS experiments. The organizing group did not perform mea-
surements on these samples before shipment.

Substrates for transmission illumination

Glass cover slides (borosilicate D263™M, 100 um thickness;
Marienfeld, Germany) were cleaned in piranha solution as
described earlier. After rinsing them with water (NANOpure)
and ethanol, they were vapor coated with an adhesion layer of
“titanium (99.7% purity; ABCR, Germany) of 2 nm nominal thick-
ness before coating them with 10 nm of Au (nominal thickness).

Thiophenol samples on semi-transparent Au

The substrates were immersed in a 5 mM thiophenol solution and
shipped in a sealed container to the participating groups.

CysPhePhe samples on semi-transparent Au

The substrates were immersed in a T mg/ml ethanolic CysPhePhe
solution and shipped immersed in the solution in a sealed con-
tainer to the participating group.

SHINERS particles

For a detailed description of the SHINERS particles™" preparation,
please see the Supporting Information page 7.

Data processing

For each of the nine spectra from each group, the three characteristic
thiophenol peaks at 998, = 1022, and=1074cm ' (the peak at
1004 cm ™! for CysPhePhe) were fitted in order to obtain the peak po-
sitions and intensities (peak height; see the Supporting Information
pages 9-17 and 35-40). A total of three spectra were selected from
each group, with one spectrum for each tip (Supporting Information
pages 8 and 36). Finally, in order to compare the spectra from
different groups, selected spectra — one per group — were plotted
in the same graph (Fig. 2a). The spectra were carefully chosen using
the following criteria: high signal-to-noise ratio and absence of
carbonaceous contamination signals (exception: the AFM spectrum
of group G shows a broad carbonaceous signal background at
around 1600 cm™". It is still displayed, because no other spectrum
without that background was available.). All spectra are displayed
as received. No additional averaging, background correction etc.
were performed. The spectra were offset vertically for better visibility
and scaled in their intensity as necessary to display the results from
different laboratories in one graph. If a spectrum was scaled in the
y-direction, it is clearly stated in the figure caption. None of the spec-
tra were shifted or scaled along the x-axis.

Results and discussion

The thiophenol sample was initially sent to 12 different groups, oper-
ating 6 setups using an STM feedback mechanism and 7 setups using
an AFM feedback mechanism (13 setups in total). Reproducible spec-
tra were obtained on 8 among the 13 setups (62%). The CysPhePhe
sample was then measured by seven groups who successfully
obtained thiophenol TERS spectra (coauthors) in the first round (with
five setups with STM feedback mechanism and three setups with
AFM feedback mechanism, eight setups in total). Reproducible
spectra were obtained on four of these eight setups (50%). Which
group was successful on which sample is summarized in Table 3.

Band assignment: Raman versus SERS/TERS

Figure 2a shows a comparison of TERS thiophenol spectra from the
different groups (see data evaluation). Figure 2b shows a conven-
tional Raman spectrum of thiophenol adapted from Zayak et al.*®
In Fig. 2¢, a thiophenol TERS spectrum is compared with a thiophenol
Raman spectrum enhanced by SHINERS particles. The TERS spectrum
of group G was chosen for this comparison because it had the

wileyonlinelibrary.com/journal/jrs
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Figure 2. (a) Tip-enhanced Raman spectroscopy (TERS) thiophenol spec-
tra from the different groups. The spectra were multiplied and offset
along the y-axis in order to show them in one graph. (b) Conventional
Raman spectrum of thiophenol (neat solution, excitation wavelength
632.8nm; the spectrum was measured and kindly provided by Alexey
Zayak, Jim Schuck, and Jeaffrey Neaton). (c) Comparison of a TERS
spectrum of the thiophenol of group G with a shell-isolated nanoparti-
cle-enhanced Raman spectroscopy (SHINERS) thiophenol spectrum. The
TERS spectrum was multiplied and offset along the y-axis for better visibil-
ity. STM, scanning tunneling microscopy.

highest signal-to-noise ratio and all spectral features are clearly visi-
ble. Au SHINERS particles with a silica shell were chosen as enhancing
substrates because their underlying SERS effect is similar to TERS and
their shell prevents direct binding of the analyte (as well as contam-
inants) to the enhancing particle.

As can be seen, the absolute and relative peak positions in the
thiophenol TERS spectrum match the ones in the thiophenol
SHINERS spectrum. Signals at 417, 692, 999, 1023, 1070, 1178,
1473, and 1581 cm™ ' are all due to aromatic ring vibrational
modes.** An assignment of the vibrational modes can be found
in the works by Scott et al.** and Feugmo et al.®? These TERS/
SERS modes match the signals in the reference Raman spectrum,
although some modes show stronger or weaker relative intensi-
ties in the SERS/TERS spectra. Feugmo et al. claim that the sulfur

atom of the thiophenol molecule most likely binds to the gold in
a twofold-coordinated binding site, leading to the observed
differences between the conventional Raman and the SERS
(and TERS) spectra: The two most abundant peaks in the refer-
ence Raman spectrum are at 999 (ring in-plane deformation
mode r-i-d + CC stretching mode vcc) and 1022cm™" (vec +CH
deformation mode dcy), whereas the most abundant signals in
the TERS spectrum are the triplet of peaks at 998, 1022, and
1074cm™" (vec + dcp). Additionally, the signals at 417 (ves + vaus)
and 1581 cm™" (vco) have higher relative intensity, and the signal
at 608cm ™' (r-i-d) disappears. Additional weak signals at 470
(CH wagging mode wcy) and 1473cm ™" (Ocy+ved) appear. The
signal at 692cm ™" (Sccc +r-i-d) remains unchanged. Because of
the adsorption of the thiophenol molecules to the Au surface
during the self-assembly process, the S-H bond is cleaved, and
therefore, the S-H bending mode vsy; at 914cm ™" is also missing
in the SERS and TERS spectra. Note that the use of different excita-
tion wavelengths can also lead to different relative peak intensities
due to the different coupling of the modes to the electronic states
of the molecule (vibronic coupling). However, the spectra shown
here for comparison (SERS, TERS, and conventional Raman) were
all obtained with the same excitation wavelength of 632.8 nm.
The main conclusions from this comparison are as follows: (1)
relative peak positions in the TERS spectra of the thiophenol
monolayer coincide with the relative positions in the reference
Raman spectrum of thiophenol. (2) The TERS (and SERS/SHINERS)
spectra exhibit different relative band intensities compared with
the reference Raman spectrum. This can be rationalized by DFT
calculations taking the binding of the sulfur atom to the Au
surface into account.®? (3) All participating groups see the same
spectral pattern, the same bands seem to be suppressed or
enhanced compared with the conventional Raman spectrum,
irrespective of the tip metal and TERS configuration used.

Peak positions

One major question addressed by this comparison study is do the
absolute peak positions vary and if yes by how much? Are the same
spectral patterns observed when measuring the same substance?
The answer to these questions can be found in Fig. 2a and in the
corresponding data evaluation that is summarized in Table 4 and
is described in detail in the Supporting Information pages 18-32.
The absolute positions of the three bands at 998, 1022, and
1074 cm™ ' were evaluated. These three bands were chosen as they
are clearly above the noise level in all the TERS spectra and can be
fitted reliably. The signals at 417 and 1581 cm ™' were not chosen
because the first one is not strong enough in most cases for a reli-
able peak fit and the latter one has an asymmetric peak shape. It
was found that the absolute peak positions scatter by as much as
19cm ™" (for all measurements). This has to be considered when
using values from the literature for peak assignments and can espe-
cially lead to erroneous assignments if components of a complex
mixture are identified by only relying on values from the literature
for one major peak. This large variation in absolute peak position is
most likely caused by differences in spectrometer calibrations. This
argument is supported by the fact that absolute peak positions vary
much less when comparing spectra from the same group. The
absolute peak position of the thiophenol signal at 998cm ™" for
the spectra of a single group (Supporting Information page 32) lies
within 3cm ™. For group E, the values scattered the most (8.8 cm™';
Supporting Information page 32), which can be explained by
the low spectral resolution used (5.7 cm™'/pixel, compared with
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Table 3. Overview of the measured samples

Group A B C D E F G

Feedback mechanism STM AFM (contact) ST™M ST™M AFM (shear-force) STM STM AFM (contact)
TPhe (ts Au substrate) v - 4 v v v v -
TPhe (thin Au substrate) - v - - - _ v v
CysPhePhe (ts Au substrate) x - v v x v v -
CysPhePhe (thin Au substrate) - ® - - _ - ®

obtained; -, not measured.

STM, scanning tunneling microscopy; AFM, atomic force microscopy; v, reproducible spectra were obtained; %, no reproducible spectra were

Table 4. Summarized results of the peak evaluation for the thiophenol sample

Group A B C D E F G (STM) G (AFM)
Tip material Au Ag Ag Au Ag Au Au Ag Ag
Averaged peak Peak 1 996.8 996.7 1006.4 1006.4 999.8 996.1 992.0 997.0 999.1
position (cmq)

Standard deviation 0.9 0.2 0.3 14 23 3.0 0.4 1.1 0.1
o (cmq)

Averaged normalized 213 159.5 143.0 0.4 403.9 29.1 50.9 64.3 444
signal to noise

Standard deviation o 43 228.8 76.6 0.1 5224 314 10.8 67.1 7.8
Averaged peak Peak 2 1022.0 1021.0 1029.8 1031.3 1023.4 1019.6 1016.7 1020.5 10234
position (cmq)

Standard deviation 0.8 1.2 0.2 2.2 0.8 43 0.5 1.0 0.1
o (cm’l)

Averaged normalized 12.0 56.3 81.7 0.4 3123 20.1 28.7 40.7 29.4
signal to noise

Standard deviation o 26 78.0 45.0 0.2 3414 18.5 8.6 431 0.0
Averaged peak Peak 3 1071.8 10734 1082.9 1084.2 1076.9 10724 1067.9 1071.5 10714
position (cmq)

Standard deviation 0.5 1.6 0.6 13 1.6 32 0.7 13 1.8
o (cm’])

Averaged normalized 34.8 144.0 128.6 0.6 703.6 43.9 413 88.1 523
signal to noise

Standard deviation o 10.5 186.5 69.3 04 656.1 54.3 9.8 94.5 1.8

STM, scanning tunneling microscopy; AFM, atomic force microscopy.

1-2 cm™ '/pixel for the other groups; Table 1). The same is true for
the peak positions from the measurements performed with the
same tip: 84% of the peak positions vary by less than 1cm™" and
94% by less than 2cm ™.

In conclusion, absolute peak positions scatter only very little
(3cm ™) within a group but quite significantly (19 cm ") from group
to group. In the future, a unified calibration method is thus desirable
that is applicable to different spectrometers in order to ensure that
the signal positions are comparable between different laboratories.
Additionally, at the moment, reliable substance identification
requires reference spectra from the same instrument or from
another spectrometer calibrated with the same (unified) method
(which is often not the case for literature references).

Relative peak positions are of significant interest as well,
when comparing band patterns. For the thiophenol spectra,
the distances between the three peaks at 998, 1022, and
1074cm ' scatter by 7 (peaks 1 to 2), 9 (peaks 2 to 3), and

10cm™" (peaks 1 to 3). On average, the relative peak posi-
tions within a group scatter by only 3cm™'. As in the case
of the absolute peak positions, the scatter in the relative peak
positions is most probably due to the very different spectrom-
eter calibration procedures that were used (Table 4).
Therefore, when calibrating a spectrometer, a reference material/
lamp should be used that has several spectral lines that are distrib-
uted over the relevant spectral range in order to account for spectral
aberration of the (imaging) spectrometer, e.g. due to astigmatism,
coma, or spherical aberration. An accurate spectrometer calibration
is also crucial to differentiate between an induced peak shift and a
shifted signal position due to different instrument calibration.

Peak intensity ratios

It is already known from SERS and TERS that the signal intensity
ratios can be different from conventional Raman

wileyonlinelibrary.com/journal/jrs
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measurements.”*>! Here, we want to address the question about
how the signal intensity ratios vary within different TERS mea-
surements. The ratio of the signal intensities of the peaks at
998 (peak 1) and 1074 cm™! (peak 3) of thiophenol and their stan-
dard deviation o was calculated for each group (Supporting
Information pages 28-30 and 34). These two peaks were chosen
because they are strong in all the spectra, and other possible peaks
were either asymmetric or too weak. The results are displayed in
Table 5.

The intensity ratio (peak height) of peak 3/peak 1 varies from 0.83
to 1.66 (average value: 1.35+0.31) meaning that for some groups,
the peak at 998 cm ™' was dominating the spectrum (1.6 times stron-
ger) and for other groups the peak at 1074 cm ™' (1.2 times stronger).
This can partly be explained by different wavelength dependent
spectrometer performances but is also greatly influenced by the
wavelength dependence of the tip enhancement.*® This explains
the large variation among different tips from the same group (see,
e.g., the spectra from group A measured with Au tips that exhibit a
relative standard deviation o in the peak 3/peak 1 intensity ratio of
38%). Apart from that, there are also encouraging examples of
remarkably reproducible peak intensity ratios within a group, e.g.
the spectra of group B have a much higher reproducibility in the
peak 3/peak 1 intensity ratio with a standard deviation o of only
9%. However, small variations in the peak 3/peak 1 intensity ratio
are always observed, even for spectra collected with the same tip.
In this case, the peak intensity ratio varies on average by about
0.16 (see the Supporting Information pages 28 to 30). Possible rea-
sons for the variation include changes in tip shape during the exper-
iment (e.g. due to heating effects*’), changes of tip position with
respect to the laser focus causing changes in the plasmon resonance,
changes in the distance between tip and substrate, and differences
in the orientation of the molecules undereath the tip (e.g.
reorientation because of heating effects).

Comparing the TERS enhancement

The thiophenol and CysPhePhe samples used in this study do not
yield a far field Raman spectrum (without tip) with the measure-
ment times and laser powers applied here. Therefore, a direct com-
parison of the TERS spectra based on a contrast factor'*® obtained
from a ‘tip-in—tip-out’ experiment is not possible. Nevertheless, in
order to compare the spectra in terms of TERS enhancement, the
following procedure was employed: The peak height was divided
by the noise level (obtained by calculating the standard deviation
o of an approximately 100cm ™' segment without Raman bands).
Because every group used different measurement times, laser
powers, and illumination/detection geometries, this signal-to-noise
ratio was normalized by dividing it by the laser power per
illuminated area (for details, see the Supporting Information pages
27-30), the measurement time, and the square root of the number
of accumulations (as the signal-to-noise is proportional to the

square root of the number of accumulations). The results were then
multiplied by 10 and can be found in Table 4.

At a first glance, the averaged normalized signal-to-noise ratio of
the groups seems to vary a lot (Table 4): The lowest value is 0.37
and the highest is 704. Taking a closer look at the individual values
of the different measurements (see box charts and tables in the
Supporting Information pages 33-34) reveals that 90% of the
normalized signal-to-noise ratios are within 20-100, with two excep-
tions: one Ag tip from group A reaches values of 544 and a Ag tip of
group D reaches a value of 1334 (for the peak at 998 cm™"). These
two tips apparently exhibit an exceptionally large signal enhance-
ment in individual measurements, leading to the large variation in
the averaged normalized signal-to-noise ratios. Interestingly, the nor-
malized signal-to-noise ratio varies not only between groups, which
is understandable because every group has its own tip preparation
procedure, but also within a series of experiments with the same
tip and the same group (e.g. group E, tip 1, and the Ag tips from
group A; see the Supporting Information pages 27-30).

CysPhePhe sample

In Fig. 3, a comparison of the CysPhePhe TERS spectra obtained by
the different groups is shown. For all four successful groups (C, D,
F, and G), the most abundant modes are the aromatic ring breathing
mode at 1004 cm ™" and the ring mode at 1600 cm™".2%* Also visi-
ble are the modes at 1200 and 1450 cm ™", as well as the broad band
between 620 and 634cm ' B%* The lowest spectrum in Fig. 3
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Figure 3. Representative tip-enhanced Raman spectroscopy spectra of
CysPhePhe from the different groups (green, blue, red, and black). The
bulk conventional Raman spectrum of CysPhePhe is displayed in gray at
the bottom. The spectra were multiplied and offset in their intensity in or-
der to show them in one graph. On the top right, the chemical structure
of CysPhePhe is displayed. This figure is available in colour online at
wileyonlinelibrary.com/journal/jrs

Table 5. Signal intensity ratios of the peaks at 998 and 1074cm ™' and their standard deviation o

Group A B D E F G (STM) G (AFM)
Tip material Au Ag Ag Au Ag Au Au Ag Ag
Peak 3/1 ratio 1.6 17 0.9 15 15 1.6 0.8 13 1.2
Standard deviation ¢ 0.3 0.6 0.1 0.4 0.4 0.4 0.2 0.1 0.3

STM, scanning tunneling microscopy; AFM, atomic force microscopy.
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Table 6. Summarized results of the peak evaluation for the CysPhePhe sample

Group C D F G (STM)
Tip material Au Ag Au Ag
Averaged peak position (cmq) 1011.6 1004.6 1003.1 1002.2
Standard deviation o (cm ™) 0.9 1.6 04 1.9
Averaged normalized signal-to-noise ratio 13 173.9 65.7 117.2
Standard deviation o 0.6 125.7 434 89.5
STM, scanning tunneling microscopy.

shows the normal Raman spectrum of bulk CysPhePhe. In
accordance with the thiophenol TERS spectra, the CysPhePhe
TERS spectra match the reference Raman spectrum, although
fewer bands are present: Only the bands for the two aro-
matic modes are clearly visible in all the spectra (Table 6).
Note that to obtain the displayed spectra, measurement
times between 10 and 30s were necessary (varying laser
powers were applied). In general, participants reported
difficulties with this particular sample, from which
carbonaceous contamination was much more easily pro-
duced. Accordingly, lower laser powers had to be chosen to
obtain these spectra, generally around 200-400 uW (see the
Supporting Information page 45).

The signal at 1004cm ™' scatters by 13cm™'. This value is
lower than the one for thiophenol, essentially because results
from only four groups were considered for its calculation.
Within three of the four groups, the absolute peak position
scattered by less than 2cm™', and for one group, it scattered
by 5cm™'. The peak intensity ratios were not calculated for
this sample, because the peak at 1600cm ™' corresponds to
two signals in the normal Raman spectrum that coalesce into
one broad signal in the TERS spectrum, and there was no
other strong signal present to which a distance could have
been determined.

As mentioned earlier, there is an ongoing discussion in the
TERS community about how well biomolecules can be
detected and whether the observed spectral features are
consistent. When looking at the spectra obtained from the
CysPhePhe sample, the answer seems to be rather clear:
Yes, biomolecules can be detected, and yes, the spectral pat-
tern is not significantly different. Only the C-H modes at
1450cm ™" exhibit significant differences in intensity. When
inspecting the region above 1630 cm™' in the spectra of Fig. 3,
the question of the presence or absence of the amide | mode
in TERS spectra can also be addressed. In some of the spectra,
there seems to be a small bump in the baseline in the area
where the amide | band is expected (around 1650cm™"),
although no clearer statement can be made because of
the low signal-to-noise level. There is definitely no strong
amide | band present; it is not fully understood why this is
the case. Note that CysPhePhe is only a model tripeptide,
and things might be different for more complex polypeptides
or proteins.

Conclusions and outlook

When performing a comparison study, the question arises
why some groups obtained reproducible spectra and others
did not. This question is difficult to answer, mainly because

of the fact that there is no standard method to evaluate the
instrument performance. Often, success or failure of a TERS
experiment can be traced back to the experience of the user,
the feedback mechanism, the illumination/detection geome-
try, and the tip type. Several parameters generally differ from
one TERS experiment to another, which renders it virtually
impossible to pinpoint a single aspect that is responsible for
different observations.

Measurements on the opaque TS Au substrates were more
successful (46% for thiophenol and 50% for CysPhePhe) than
on the semi-transparent Au substrates (23% for thiophenol
and 0% for CysPhePhe). This could be due to the fact that
the semi-transparent substrates reduce the transmission (to
59% at 532 nm; see the Supporting Information page 35) of
incoming and backscattered photons. Compared with the
opaque TS Au substrates, which can only be used with top/
side illumination/detection, the detection of Raman photons
is therefore more hampered through the semi-transparent
gold substrates.

Groups using an STM feedback were more successful (83% for
the thiophenol sample and 80% for the CysPhePhe sample) than
the groups using an AFM feedback mechanism (43% for the
thiophenol sample and 0% for the CysPhePhe sample). One has
to consider that most groups using AFM feedback work with
transmission setups and therefore received semi-transparent
substrates (with the restriction mentioned earlier). Other aspects
that are expected to play a role are the following: (1) the tunnel
current/bias voltage between the tip and substrate when using
STM feedback; (2) the difference in the induced mirror dipole
for different Au layer thicknesses; (3) the complexity and
diversity of AFM feedback mechanisms, e.g., shear-force
feedback, contact, or tapping mode is used; and (4) most groups
(exception: group E) that use an AFM feedback mechanism
employ metallized tips, whereas groups using an STM feedback
used full metal tips.

Besides the differences mentioned earlier, it was found that

* All participating laboratories observed the same spectral
pattern irrespective of the setup or tip used.

® The relative band positions in the TERS spectra match the
relative peak positions in the SERS spectrum and in the refer-
ence Raman spectrum, and substance identification is reliably
possible. Compared with the latter, fewer bands are present in
the TERS spectrum. This can be rationalized with DFT calcula-
tions (Feugmo et al.).

* The relative peak positions of the major bands scattered by
3cm~" on average within a group. However, absolute signal
positions scattered by 19cm™', and the relative peak posi-
tions by 9cm™" when taking results from all groups into

wileyonlinelibrary.com/journal/jrs
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account. As a consequence, care should be taken when com-
paring different peaks to miscellaneous literature references.
The lack of a standardized calibration procedure is suspected
as the main reason for this observation.

* The peak intensity ratios vary between different groups
(1.35+0.31) and also within the same group. However,
there are also examples where the peak intensity ratios
between the tips vary by only 9%. High variations in the
peak intensity ratio were also observed for measurements
with the same tip.

* For the CysPhePhe samples, the two aromatic modes at 1004 and
1600cm~" dominate the spectra. The amide | mode is hardly
visible even though long measurement times were used.

This study shows that using TERS, different research groups
obtain the same spectral pattern on equivalent samples
although using different TERS setups and tips. This brings TERS
- as a reliable chemical nanoanalytical tool, e.g. for substance
identification - a big step forward. In the future, TERS would
greatly benefit from the availability of a standardized sample, a
standardized measurement procedure, and a standardized
calibration method that can be performed with all kinds of
setups and tips. A research initiative funded by the European
Union through the European Metrology Research Program
(EMRP) on Raman metrology will certainly facilitate the develop-
ment of reference samples for Raman spectroscopy. Addition-
ally, further investigations will be necessary in order to
understand the differences between AFM-TERS and STM-TERS.
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