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Tip-enhanced Raman spectroscopy (TERS) is an emerging technique for simultaneous mapping of
chemical composition and topography of a surface at the nanoscale. However, rapid degradation of
TERS probes, especially those coated with silver, is a major bottleneck to the widespread uptake of this
technique and severely prohibits the success of many TERS experiments. In this work, we carry out a
systematic time-series study of the plasmonic degradation of Ag-coated TERS probes under different
environmental conditions and demonstrate that a low oxygen (<1 ppm) and a low moisture (<1 ppm)
environment can significantly improve the plasmonic lifetime of TERS probes from a few hours to a few
months. Furthermore, using X-ray photoelectron spectroscopy (XPS) measurements on Ag nanoparticles
we show that the rapid plasmonic degradation of Ag-coated TERS probes can be correlated to surface
oxide formation. Finally, we present practical guidelines for the effective use and storage of TERS probes
to improve their plasmonic lifetime based on the results of this study.

1. Introduction

Over the last 15 years, tip-enhanced Raman spectroscopy (TERS)"
has emerged as an advanced nanoanalytical technique® for simul-
taneous chemical and topographical mapping of surfaces at the
nanoscale in diverse areas of scientific research,’ such as biology,*
material science,’ polymer-blends,® solar-cells,” single-wall carbon
nanotubes,® graphene and 2D materials,”™" catalysis'>"* and
single molecule detection.® The principle of TERS is based on
the enhancement and confinement of an electromagnetic (EM)
field at the apex of a metal or metal-coated scanning probe
microscopy tip, when exposed to laser excitation matching its
surface plasmon resonance wavelength (Aspr). This plasmonic
enhancement of the EM field underpins the high chemical
sensitivity and nanoscale spatial resolution obtained in TERS
maps, enabling the observation of molecular phenomena beyond
the optical diffraction limit.
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Due to plasmonic resonances in the visible light regime,
Ag and Au are the most commonly used metals for preparing
TERS probes with Aspr of typical Ag- and Au-coated TERS tips
falling in the blue-green and yellow-red regions, respectively.'®
Although Au-coated tips are chemically more stable, there is
weak adhesion of Au to the surface of typical Si atomic force
microscopy (AFM) tips, resulting in metal delamination during
TERS imaging'” and hence significant losses in plasmonic
enhancement.'® In contrast, solid Ag and Ag-coated TERS tips
typically show a much higher EM field enhancement due to the
lower imaginary part of the dielectric function compared to Au
in the visible light regime, which decreases EM losses arising
from optical absorption.'®>° However, although plasmonically
superior, Ag TERS tips are chemically less stable and rapidly
lose their plasmonic enhancement.”™** Opilik et al have
recently shown that solid Ag TERS tips become unusable for
TERS measurements after 48 hours.>> Compared to the solid
Ag tips, Ag-coated tips are more commonly used because of
both their ease of preparation via thermal evaporation from
commercial AFM probes that are available in a wide variety of
shapes and sizes, as well as ease of use during TERS measure-
ments.?* However, Ag-coated tips are even more susceptible to
plasmonic degradation via atmospheric corrosion of the much
thinner Ag layer. This represents a major bottleneck to the
adoption of the technique prohibiting the success of many
TERS experiments which often require careful optimisation of
experimental conditions prior to the measurement, including
the time-consuming procedure of precisely aligning the TERS
tip with the laser spot. In practice, by the time the actual TERS
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imaging commences, the Ag-coated tips may already lose their
plasmonic enhancement capability significantly. Furthermore,
Ag probes must typically be used on the same day of preparation
and cannot be stored for longer periods of time.**

In this work, we have addressed three questions: (1) how
quickly do Ag-coated tips undergo plasmonic degradation;
(2) can this degradation be controlled; (3) what is the mechanism
of degradation? Herein, we have carried out a systematic set of
time-series measurements of the plasmonic lifetime of Ag-coated
TERS probes under different environmental conditions in order
to gain insights into their plasmonic degradation. We demon-
strate that the preservation of the plasmonic enhancement of
TERS tips critically depends upon the oxygen and moisture
content of the environment in which the probes are stored. To
the best of our knowledge, this is the first systematic study of the
impact of different environmental conditions on the plasmonic
lifetime of Ag-coated TERS tips. Furthermore, to understand the
surface chemistry of Ag nanostructures exposed to the ambient
environment we have also performed a time-series investigation
of the surface chemical composition of Ag nanoparticles using
X-ray photoelectron spectroscopy (XPS). Finally, based on the
results of this study, we propose strategies for improving the
plasmonic lifetime of TERS probes during their storage and use.

2. Experimental details

2.1. TERS system

A bespoke transmission mode TERS system was used for this
work that consisted of an inverted confocal microscope (Nikon,
Japan) coupled with an AFM (AIST-NT, The Netherlands) on
top. A schematic diagram of the TERS set-up is shown in Fig. 1.
A Raman spectrometer (Horiba Scientific, UK) with an electron-
multiplying charged coupled device detector (Andor Technology,
Ireland) was used to measure the Raman spectra in the 300-
3700 cm ™" spectral range. A frequency doubled Nd:YAG laser
with 532 nm wavelength was radially polarised using a liquid
crystal polariser (ARCoptix, Switzerland) and focused onto the
sample using a 100x, 1.49 NA oil-immersion objective lens
(Nikon, Japan). All measurements were conducted in contact-
mode AFM with 100 uW laser power incident at the sample.
A detailed schematic diagram of the optical set-up is presented
in Supplementary Fig. S1 (ESIT).

2.2. Measurement of plasmonic enhancement

The plasmonic enhancement of the Ag-coated tips was moni-
tored over time by measuring the contrast of “tip-in” (near-field)
against “tip-out” (far-field) Raman signals, which is defined in the
literature as™

ITip-in 1 (1)
Tip-out

Contrast =

where, Itipin and Ity are the intensity of a Raman band when
the TERS tip is in contact and retracted from the sample,
respectively. However, in this work the TERS contrast was
measured on a bilayer sample using the methodology reported by
Kumar et al.*® This method provides a more accurate measurement
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Fig. 1 Schematic diagram of the transmission mode TERS apparatus used
in this work. Tip-in (near-field) and tip-out (far-field) measurements were
conducted on a bilayer sample (top layer — poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS); bottom layer — polyacrylonitrile (PAN))
developed by Kumar et al.?® A scanning electron microscopy (SEM) image of a
representative TERS tip is shown in the inset. Scale bar: 100 nm.

of the contrast of a TERS tip by eliminating the possible far-field
artefacts arising from the reflections between the TERS tip and the
sample. See Supplementary Note 1 for the principle of bilayer
methodology (ESIt).

2.3. TERS tips and time-series measurements

For this study, TERS tips were prepared by first oxidising Si
AFM tips (Mikromasch, Estonia) to a thickness of 300 nm SiO,
in a tube furnace, and then coating them with a nominal
thickness of 60 nm Ag. Thermal evaporation of Ag onto the
AFM tips was carried out at 10~ ® mbar pressure with a slow
deposition rate of 0.05 nm s~ *. An SEM image of a representative
TERS tip is shown in the inset of Fig. 1. In this work we
investigated the effect of three different environmental condi-
tions on the plasmonic lifetime of TERS tips. First, we studied the
effect of ambient conditions on 5 freshly prepared tips that were
stored in the laboratory environment immediately after thermal
deposition of Ag. For each probe, the contrast of tip-in and tip-out
Raman signals was measured at an interval of 4 hours (h) until
the probe lost its plasmonic enhancement completely. Secondly,
the effect of a vacuum desiccator environment (Duran®™, Germany)
was tested on 3 sets of 5 TERS tips, with the three different sets
measured after storage times of 3, 6 and 9 days. A pressure of
25 mbar was maintained inside the desiccator using an oil-free
diaphragm pump (KNF Neuberger Ltd, UK). The plasmonic
contrast of the tips was measured at the end of each of these
storage times. And finally, the effect of a nitrogen-filled glovebox
environment (M. Braun Inertgas-Systeme GmbH, Germany),
was tested using 3 sets of 5 TERS tips, this time with the three
different sets measured after storage times of 1, 3 and 5
months. Sub-ppm concentrations of oxygen and moisture were
maintained in the glovebox by continuous recirculation of nitrogen.

Phys. Chem. Chem. Phys., 2016, 18, 13710-13716 | 13711
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Table 1 Storage conditions of ambient, vacuum desiccator and nitrogen
glovebox environments

Temperature Relative Oxygen (relative
Environment (°C) humidity (%) to ambient) (%)
Ambient 22.0 £ 0.1 38.7 £ 1.0 100
Vacuum desiccator 22.0 & 0.1 15.6 £ 1.0 2.5
Nitrogen glovebox  18.8 + 0.1 0.0 (<1 ppm) 0.0005 (<1 ppm)

The average values of temperature, relative humidity and oxygen in
the ambient, vacuum desiccator and nitrogen glovebox environ-
ments are listed in Table 1. Relative oxygen concentration is
calculated as the % of oxygen concentration relative to the
ambient environment (21% of the air). Out of the three environ-
ments, nitrogen glovebox contained the lowest moisture and
oxygen concentration.

2.4. X-ray photoelectron spectroscopy measurements

To understand the changes in surface chemistry of Ag nano-
particles (NPs) exposed to ambient conditions we carried out
time-series XPS measurements on Ag NPs on a Si substrate.
This sample was prepared by thermal deposition of a 10 nm
thick Ag film on a Si wafer under exactly the same conditions as
used for preparing the TERS tips. Topography of the sample
was measured using tapping mode AFM. XPS measurements
were conducted over time intervals of 0 h (immediately after Ag
deposition), 4 h and 17 h in ultra-high vacuum using a Kratos
AXIS Ultra DLD (UK) with monochromatic Al Ko excitation. The
sample was exposed to the ambient environment in between
the measurements similar to the time-series study of TERS tips
under ambient conditions. All time-series XPS spectra were
acquired from the same location on the Ag NP sample without
removing the sample from the sample holder. Further experimental
details of the XPS measurements are presented in Supplementary
Note 2 (ESIY).

3. Results

3.1. Plasmonic lifetime of TERS tips under different
environments

Since most TERS studies are carried out in an ambient environ-
ment, we first investigated the plasmonic lifetime of TERS tips
under ambient laboratory conditions. Plasmonic enhancement
of TERS tips is known to vary from tip to tip.>>*” Therefore, for
a more relevant comparison of the degradation of plasmonic
enhancement under different environmental conditions, all
time-series TERS measurements were conducted in sets of 5 tips
prepared under exactly the same conditions. For the ambient
environment, time-series near-field (tip-in) and far-field (tip-out)
spectra of 5 freshly prepared TERS tips were measured at inter-
vals of 4 h i.e. at 0, 4 and 8 h. After each TERS measurement, tips
were kept in the ambient environment before the next set of
measurements. Time-series near-field and far-field spectra of
a representative TERS tip are shown in Fig. 2. For the fresh
Ag-coated tip (0 h), clear signal enhancement of the characteristic
PEDOT Raman peaks (spectral region: 400 cm™ " to 1600 cm ™ *)*®
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Fig. 2 Time-series near-field and far-field spectra of a representative
TERS tip measured at intervals of 4 h under ambient laboratory environment.
The plasmonic enhancement rapidly decreases after 4 h and completely
disappears after 8 h of exposure to the ambient environment. Laser power at
the sample: 100 pW. Integration time: 60 s.

can be observed in the near-field spectrum. The PAN peak at
2247 cm™' is not significantly enhanced in the near-field
spectrum, which indicates that there is no significant increase
in the undesirable far-field resulting from the reflection
between the tip and the sample. The contrast between the
near-field and far-field spectra for the fresh Ag-coated tip in
Fig. 2 is ~1. However, after 4 h of exposure to the ambient
environment the contrast decreased quite rapidly to ~x0.2
indicating an approximately 80% decrease in the plasmonic
enhancement of the tip. Finally, after 8 h of exposure to the
ambient environment, the plasmonic enhancement of the
TERS tip has essentially vanished with ~0 contrast between
the near-field and far-field spectra. Time-series measurements
of the average contrast of 1454 cm™~ ' PEDOT Raman peak from
5 TERS tips are plotted in Fig. 3a that show an exponential
decay in the degradation of plasmonic enhancement over time.
From this plot the average lifetime of these tips, defined as the
time after which their TERS contrast reduces to 1/e times or
~37% of their initial value, is estimated to be 2.8 h.

Next, we investigated the plasmonic lifetime of TERS tips
stored in a vacuum desiccator, which is a commonly used method
to preserve TERS tips. Compared to the ambient environment,
both relative humidity and oxygen concentration were lower in the
vacuum desiccator by 60% and 97.5%, respectively, as listed in
Table 1. The average contrast of three different sets of 5 TERS tips
measured after storage times of 3, 6 and 9 days, respectively in a
vacuum desiccator is shown in Fig. 3b. Comparing Fig. 3a and b,
it can be noted that the contrast of freshly prepared tips and the
tips stored in the vacuum desiccator for 3 days was similar (x1)
indicating that the vacuum desiccator can successfully preserve
the plasmonic enhancement of TERS tips for a few days. However,
after 6 days of storage the plasmonic enhancement decreased by
36%. Finally, after 9 days of storage the plasmonic enhancement
decreased by 80% and tips were rendered effectively unusable for
TERS measurements. The decrease in the oxygen and moisture

This journal is © the Owner Societies 2016


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6cp01641c

Open Access Article. Published on 03 May 2016. Downloaded on 4/27/2026 3:25:04 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper PCCP
(@) 2 (b)| 12! (<)
1.0 1.0 1.0

D - @
g 0.8- g 0.8 g 0.8
S o6 Z 0.6 S o061
&) \ 8 (©)
0.4- 0.4 0.4
0.2 0.2 i 0.2
0.04 ! = =-T—_ 0.0 i , 0.0 ; .
2 8 2 4 6 8 10 2 3 4 5
Time (hours) Time (days) Time (months)

Fig. 3 Time-series measurement of plasmonic enhancement via TERS contrast of TERS tips stored in (a) ambient (b) vacuum desiccator (c) nitrogen
glovebox environments. Under ambient conditions, the plasmonic enhancement decreases rapidly within the first 4 h disappearing completely within 8 h.
An exponential decay trend is observed in the plasmonic enhancement within the 8 h period with an average plasmonic lifetime of 2.8 h. The vacuum
desiccator environment increases the plasmonic lifetime of TERS tips to a few days. However, the extremely low (<1 ppm) humidity and oxygen

concentration inside a nitrogen glovebox provides the best preservation of plasmonic lifetime extending it up to 5 months.

content inside a vacuum desiccator compared to the ambient
environment (Table 1) correlates inversely with the average
plasmonic lifetime increasing it from a few hours to a few days.
Interestingly, the degradation of plasmonic enhancement of
TERS tips stored in the vacuum desiccator did not show an
exponential trend.

Finally, we investigated the effect of an extremely low
moisture and oxygen concentration on the plasmonic lifetime
of TERS tips. 3 different sets of 5 TERS tips were stored in a
nitrogen glovebox with a moisture concentration of <1 ppm
and an oxygen concentration of <1 ppm for periods of 1, 3 or
5 months, before their plasmonic enhancement was measured.
Results of these time-series measurements are shown in Fig. 3c.
Remarkably, the TERS tips showed a contrast (~1) similar to
the freshly prepared tips even after a storage time of 1 month in
the nitrogen glovebox, displaying almost no loss of plasmonic
enhancement. Furthermore, plasmonic enhancement decreased
only marginally by <5% for the tips stored for 3 months. Even
after 5 months of storage time the TERS contrast decreased by
only <20% indicating that the tips were still usable for TERS
measurements. This dramatic increase in the plasmonic lifetime
of the TERS tips stored in the nitrogen glovebox underscores the
critical role of moisture and oxygen in the rapid degradation of
Ag-coated TERS tips. Whilst the TERS tips last for only a few hours
in the ambient environment, the extremely low concentration of
oxygen and moisture inside a nitrogen glovebox extends their
plasmonic lifetime by up to 5 months.

3.2. XPS investigation of silver nanoparticles exposed
to ambient environment

To understand the cause of rapid plasmonic degradation of
Ag nanostructures under ambient conditions we carried out
time-series XPS measurements of Ag NPs on a Si substrate. The
Ag NP sample was prepared using similar conditions employed
for preparing TERS tips. An AFM topography image of the Ag
NPs is shown in Fig. 4a. The typical size of Ag NPs ranges from
11-17 nm. Ag NPs are similar in size to the Ag grains on the
surface of Ag-coated tips as shown in Supplementary Fig. S2
(ESIf). For time-series XPS measurements, Ag NPs were exposed

This journal is © the Owner Societies 2016

to the ambient laboratory environment for 0 h (immediately after
Ag deposition), 4 h and 17 h, respectively.

The O1s spectra of the Ag NPs showed three kinds of oxygen
bonding: oxygen bonded to Si (from thermal SiO, on the Si
wafer), C (from environmental contaminants) and Ag. The
binding energies of oxygen in these bonds are listed in Supple-
mentary Table S1 (ESIt). The percentage of oxygen bonded to
Si, C and Ag can be determined from the O1s spectra by fitting
with three Gaussian-Lorentzian curves as shown in Fig. 4b for
the O1s spectrum from Ag NPs measured after 4 h of exposure
to the ambient environment. In contrast, the Ols spectrum
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Fig. 4 (a) AFM topography image of Ag NPs on a Si substrate. (b) XPS O1s
spectrum of the Ag NPs measured after 4 h of exposure to the ambient
environment. Three distinct bands corresponding to the oxygen bonded
to Si, C and Ag are fitted with pink, blue and red Gaussian—Lorentzian
curves, respectively. (c) Time-series plot of atomic percentage of Ag,O
oxygen and sulphur after 0, 4 and 17 h of exposure to ambient environment.
A rapid oxidation of Ag NPs is observed during the first 4 h. (d) XPS survey
spectrum and high-resolution S2p spectrum (inset) of Ag NPs measured after
17 h of exposure to the ambient environment. No sulphur was detected on
the sample in either spectra.

Phys. Chem. Chem. Phys., 2016, 18, 1371013716 | 13713


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6cp01641c

Open Access Article. Published on 03 May 2016. Downloaded on 4/27/2026 3:25:04 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

measured at 0 h showed only a negligible amount (0.1 atomic%
of the total elemental composition within the XPS sampling
depth) of Ag,O (x = 1 or 2) oxygen as shown in the Supplementary
Fig. S4a (ESIt), which rapidly increased to 1.5% after 4 h of exposure
to the ambient environment (Fig. 4b). However, subsequently the
percentage of Ag,O oxygen on Ag NPs changed only gradually,
increasing by only 0.6% in the next 13 h (Supplementary Fig. S4b,
ESIt). In the time-series O1s spectra SiO, peak was observed to shift
due to differential charging during XPS measurements. However,
the large binding energy difference between SiO, and Ag,O and
careful fitting of the spectra allowed us to reliably calculate the
increase in percentage of Ag,O oxygen over time. See Supple-
mentary Fig. S3 for further details of the analysis of O1s spectra
(ESIt). The increase in the percentage of Ag,O oxygen over time
is plotted in Fig. 4c. The rapid increase in the oxidation of Ag
NPs in the first 4 h correlates very well with the rapid decrease
in plasmonic enhancement of Ag-coated TERS tips when
exposed to the ambient environment. Interestingly, no sulphur
could be detected on the Ag NP surface either in the XPS survey
spectrum or high resolution S2p spectrum measured after 17 h
of exposure to the ambient environment as shown in Fig. 4d.
This indicates that for Ag-coated TERS tips, surface oxide
formation rather than sulphide tarnishing is the dominant
cause of the rapid plasmonic degradation, although sulphide
tarnishing of Ag has been observed on solid Ag probes after
longer durations of exposure to the ambient environment.>"*?

Since the binding energies of AgO (528.6 eV) and Ag,0
(529.2 eV)*® are very similar, it is difficult to evaluate the exact
contribution of two Ag oxides to the total oxidation on the
surface of Ag NPs over time. However, from the XPS measure-
ments it is possible to calculate the atomic percent range of Ag
bonded to oxygen at the surface of Ag NPs for each of the
different time intervals. It should be noted that 95% of the XPS
signal is collected from within an estimated sampling depth of
~ 3.3 nm from the surface of Ag NPs (see Supplementary Note 3
for more details, ESIT). The calculation of time-series oxidation
of Ag NPs is shown in Table 2. The 2nd column of Table 2 shows
Ag,O oxygen as a percentage of total oxygen estimated from the
fitted O1s spectra in Supplementary Fig. S4a and b, ESL.{ The 3rd
column shows Ag,O oxygen as a percentage of total elemental
content, estimated by multiplying the total atomic percentage
of oxygen in the XPS survey spectra by column 2. The 4th
column shows the Ag atomic percentage calculated from the
XPS survey spectra. Finally, the 5th column shows the estimated
percentage range of Ag atoms oxidised at the Ag NPs surface
assuming Ag,O oxygen is distributed uniformly within the XPS
sampling depth of ~3.3 nm. For the freshly prepared Ag NPs,

Table 2 Time-series oxidation of the surface of Ag NPs in ambient
environment

Time  Ag,O oxygen %  Ag,O oxygen Ag Estimated % of
(hours) from O1s spectra atomic% atomic% oxidised Ag atoms
0 0.3 0.1 25.2 0.4-0.8

4 3.6 1.5 23.3 6.4-12.8

17 5.3 2.1 24.0 8.8-17.6

13714 | Phys. Chem. Chem. Phys., 2016, 18, 1371013716
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the percentage of Ag atoms bonded to oxygen at the surface lies
between 0.4-0.8%, considering oxidation of all Ag atoms to either
AgO or Ag,0, respectively. The actual percentage of oxidised Ag
atoms would lie within this range. After 4 h of exposure to the
ambient environment the oxidation rapidly rises to 6.4-12.8%,
which is quite significant. However, in the next 13 h the % of Ag
atoms bonded to oxygen increases rather gradually to 8.8-17.6%.
Similar results of Ag,O formation and absence of sulphur were
also observed on more Ag NP samples on Si substrates in our
laboratory. A summary of these results is presented in Supple-
mentary Table S3 (ESIT). Although similar results of oxide
formation and absence of sulphide tarnishing on the surface of
Ag nanoparticles exposed to the ambient environment have been
reported in the past,®® the mechanism of oxide formation is
rather unclear. However, a clear correlation between corrosion of
silver with increasing relative humidity has been observed.*'~*?
See Supplementary Note 4 for a description of chemical reactions
between Ag and H,O under ambient conditions (ESIf).

3.3. Discussion

Time-series XPS measurements on Ag NPs clearly indicate that
a rapid surface oxidation takes place at the Ag surface in the
first few hours of exposure to the ambient environment. Since
silver oxide is non-plasmonic, it appears to be the dominant
cause of the plasmonic degradation of Ag-coated TERS probes.
Therefore, the following strategies are proposed to enhance
the plasmonic lifetime of Ag-coated TERS tips during storage
and use:

e Firstly, any long-term storage (>1 week) or long-distance
shipping of Ag-coated probes must be done in a low (ideally
with <1 ppm) oxygen and moisture environment, to preserve
their plasmonic lifetime effectively. For transporting Ag-coated
TERS tips over long distances, specialised sealed containers
could be designed that would maintain the oxygen and moisture
to <1 ppm level.

e Secondly, TERS measurements should be conducted in an
inert (nitrogen or argon) environment with a low oxygen and
moisture concentration where possible. This could be achieved
either by enclosing the sample and AFM part of the TERS
system within a closed box, which can be filled with nitrogen
or argon during TERS measurements or by placing the AFM
and Raman microscope part of TERS system inside a nitrogen
or argon glovebox.

e However, if it is absolutely necessary to perform TERS
measurements in ambient environment, Ag-coated TERS tips
could be coated with a thin dielectric layer, for example, an
ultra-thin (<3 nm) layer of alumina®® or silica. Although such a
coating would slightly decrease plasmonic enhancement,'? it
would block the contact of ambient oxygen and moisture with
Ag thereby greatly enhancing the plasmonic lifetime of the tips.
However, the dielectric coating must be pinhole-free in order to
be effective.

e Finally, if it is not possible to carry out the TERS measure-
ments in an inert environment or protect TERS probes with a
thin dielectric coating, then the TERS measurement time
especially when using a Ag-coated probe should be kept to a
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minimum (preferably <1 h). Furthermore, for analysing TERS
maps that require more than a few hours of acquisition, the
exponential trend of the plasmonic degradation of TERS tip
should be taken into account. For such long-acquisition TERS
maps, the plasmonic enhancement of the TERS tip could be
measured at the beginning and end of the measurement on a
reference sample and TERS data could then be normalised in
case of significant plasmonic degradation.

4. Conclusions

In this work we have investigated the rapid loss of plasmonic
enhancement of Ag-coated TERS probes, which has been a
longstanding hurdle in the widespread use of TERS technique
so far. We have carried out the first systematic time-series
investigation of the plasmonic lifetime of Ag-coated TERS tips
under different environmental conditions and shown that the
plasmonic enhancement of TERS tips decreases rapidly within
the first 4 h of exposure to the ambient environment, dis-
appearing completely within 8 h. Storage in a vacuum desiccator
improves the plasmonic lifetime of TERS tips from a few hours
to a few days. However, a glovebox environment with sub-ppm
oxygen and moisture concentration offers the best preservation
of plasmonic enhancement, extending the plasmonic lifetime
of the TERS probes up to 5 months. Furthermore, using time-
series XPS measurements on Ag NPs we have demonstrated that
a rapid oxidation takes place on the surface of Ag NPs within
4 h of exposure to the ambient environment, which correlates
negatively with the plasmonic enhancement of TERS tips under
similar conditions. Interestingly, no sulphur was detected in
any of the XPS spectra indicating that surface oxide formation
is the dominant cause of rapid plasmonic degradation of
Ag-coated TERS probes. Finally, based on the results of these
studies, guidelines for effective use and storage of Ag-coated
TERS probes for maximum preservation of their plasmonic
lifetime have been proposed. The results of this work are
applicable not only to TERS, but also for tip-enhanced fluores-
cence imaging and surface enhanced Raman spectroscopy,
which rely on Ag nanostructures for plasmonic signal enhancement.
Therefore, the results presented here are expected to lead to better
preservation and transport of Ag-coated probes and improved
experimental design, moving TERS and related plasmonic spectro-
scopies a step closer to becoming routine analytical techniques.
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