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ABSTRACT: Tip-enhanced Raman spectroscopy (TERS) is a spectros-
copy technique that possesses single-molecule sensitivity and subnan-
ometer spatial resolution. These unique properties are achieved thanks to
the extremely high electromagnetic field confinement at the apex of the
scanning probe. However, such strong field confinement can lead to
photodecomposition and thermal decomposition of the analytes. Here,
we demonstrate that the use of an aqueous solvent as tip—sample
junction mediator drastically reduces possible molecule degradation.
Using a combination of electrodynamic and heat transport simulations,
we provide some theoretical insight into the plasmonic heating of the
TERS system. The simulations of a realistic model system show that
upon illumination of the tip—sample junction the temperature at the tip
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apex can increase by ~180 K when TERS is performed in air with optical powers of ~100 #W. On the other hand, in aqueous media,
the temperature increase of the tip remains significantly lower (a few kelvins) thanks to the higher thermal conductivity of water.

B INTRODUCTION

Tip-enhanced Raman spectroscopy (TERS) has being
extensively utilized in various research areas ranging from
biochemistry and electrochemistry to art conservation and
surface science.'~ It has been very successful at unraveling
new physics and fundamental mechanisms such as structural
changes in individual molecules caused by a loss or gain of an
electron® and hot carrier-driven catalytic reactions on
plasmonic and bimetallic nanostructures.”'® It has also been
shown that TERS is a very powerful, noninvasive technique
capable of detecting and identifying dyes directly in artwork,""
and revealing the structural organization of amyloid and
collagen fibrils.”'*"*~"> However, practical applications of
TERS can also be challenging. For example, several research
groups reported that vibrational bands in TER spectra can shift
by approximately +7 cm™' relative to their corresponding
bands in Normal Raman (NR) spectra.“’16 Such band shifts
often make unambiguous band assignment, especially in the
highly complicated TER spectra of biological specimens,
extremely challenging. The origin of these band fluctuations
is not yet clear, but it has been proposed that such band shifts
can be due to molecule—metal interactions and incident light
polarization.'® Another commonly observed issue is photo-
degradation and thermal degradation of the analyzed speci-
mens.'” ™" This issue was earlier raised in a review article by
Pettinger et al,* where the authors noted that the average
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intensity in the focal area (i.e., tip—substrate junction) reaches
values of more than 1.4 X 10° W/cm? which corresponds to
TERS enhancement factors up to 5 X 10°. They also noted
that the local field intensity may reach values up to 8 X 10"
W/cm? and raised the question of whether molecules could
withstand such extreme field strengths. A direct consequence
of the strong localization of the electromagnetic fields around a
plasmonic system is photothermal heating.””*" Photothermal
effects are important in almost all plasmonic applications. They
can either be beneficial and used for nanoscale thermometry
and hyperthermia therapy or be detrimental by causing
material deterioration and decreasing the device optical
performance. The latter is a significant concern in sensing,
imaging, and enhanced spectroscopies.'*™>" Because of the
large light absorption increase induced by the localized surface
plasmon resonances (LSPRs), a plasmonic system becomes a
heat source.”’ This results in a localized temperature increase
of tens or hundreds of degrees at the metal surface and in its
vicinity, which can have a direct impact on various physical
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processes.'””® It can also have drastic effects on the
surrounding environment and induce polymer reconfigura-
tion”” and molecular degradation.19 In TERS, such degrada-
tion can be observed not only in gap mode, where metallic
substrates are used to achieve additional enhancement of the
TER signal, but also in a nongap-mode (Figure S1, Supporting
Information). In the nongap-mode configuration, the use of
nonplasmonic substrates such as glass or indium tin oxide
(ITO) films allows for a decrease in the intensity of the
electromagnetic field at the tip—sample junction.'”">”*! As a
result, nongap-mode TERS is often used for structural
characterization of heat-sensitive biological samples.”'*

In conventional TERS, the tip—sample junction is
surrounded by atmospheric air (A-TERS). Since air is a poor
heat conductor, one can expect that under such conditions the
analyzed specimens can be prone to photodegradation and
thermal degradation. Moreover, in A-TERS, the tip—sample
junction is open to dust and various air pollutants, which may
partially contribute to randomly appearing peaks in the spectra.
On the other hand, water possesses a much higher thermal
conductivity (Ker = 0.58 W/(m K)) than air (x;, = 0.024 W/
(m K)) at 300 K. Therefore, one can expect that the use of
aqueous solvents as TERS mediator should facilitate the heat
dissipation from the tip—sample junction and, consequently,
prevent sample degradation.

Here, we examine this hypothesis by performing TERS
measurements on a small dye molecule, Nile Blue (NB), in
both air (A-TERS) and aqueous media (L-TERS), as shown in
Figure 1A. In our experiments, NB was deposited from
ethanolic solutions onto freshly cleaned ITO and glass
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Figure 1. Experimental setup. (A) Diagram of the AFM-TERS
apparatus equipped with a 633 nm CW He—Ne laser and TEM image
of a typical Au TERS probe. (B) Schematics of TERS measurements
in aqueous solution (L-TERS) and air (A-TERS).

coverslips.”’ NB is resonant around 633 nm, the excitation
wavelength used in this work. Therefore, one can expect that
under resonant Raman conditions such molecules could be
more sensitive to photodegradation compared to molecular
analytes that have no absorption at the excitation wavelength.
We performed TERS using an atomic force microscope (AFM-
TERS) with Ag and Au probes in air and aqueous solution
using the same laser power.

B METHODS

TERS and SERS. The complete experimental TERS setup is
depicted in Figure 1B. Briefly, 633 nm CW light was generated
by a He—Ne laser and directed to the microscope objective by
a pair of mirrors. The light was then focused on the scanning
probe by using 100X oil-immersed Nikon objective installed
on a Nikon TE-2000U microscope, which was equipped with a
10/90 beam splitter. Scattered light was collected by using the
same objective and was directed through a long-pass filter to
the confocal Raman spectrometer (Princeton Instruments,
SP2500i) equipped with a 600 grooves/mm grating and a slit
entrance set to 100 ym. The dispersed light was then sent to a
liquid nitrogen-cooled PI-Acton Spec-10 CCD for spectral
acquisition. To obtain a reference SERS spectrum of NB, the
molecular analyte was deposited onto a Au film-over-
nanoparticles (FON) SERS substrate and dried under room
temperature.” The SERS spectrum reported in Figure 2 was
acquired with the above-described experimental setup using a
633 nm optical excitation at 80 yW.
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Figure 2. TER spectra of NB on ITO. A-TER (blue) and L-TER
(black) spectra of NB acquired in four independently performed
experiments; P = 0.11 mW, 7 = 1-2 5, 4 = 633 nm. Corresponding
SER spectrum of NB on AuFON (red); P = 80 uW, 7= 15, A = 633
nm. The arrows indicate the time evolution for the two series of
TERS measurements.
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Figure 3. Calculated absorption cross section of the silver (A) and gold (B) TERS tips placed in air (red line) and in water (blue line). The black
dashed lines denote the three experimental excitation wavelengths: 532, 561, and 633 nm.

Electrodynamic Simulations. Finite-difference time-
domain (FDTD) simulations were performed by using the
commercial package by Ansys-Lumerical.”> The TERS tips
were modeled as large and finite conical tips with a tip apex
radius of Ry, = 25 nm (Figure S2A). The total tip length was
set to 1 um and was extended by a 4 um cylindrical segment,
thus representing a total TERS probe length of 5 um. At this
length, the plasmonic response of the metallic tip converges to
the infinite-probe limit as previously shown by Hermann and
Gordon.” The tip was placed 5 nm above the ITO substrate
(taken as semi-infinite). The optical source was taken as a
broadband plane wave excitation incident at 30° and linearly
polarized in the plane of incidence (p-polarization) as shown
in Figure S2A. The FDTD simulation domain was set as a
region of 2 X 2 X 6 um® with perfectly matched layers (PMLs)
as boundary conditions to mimic an infinite medium.
Symmetries were used along the x- and y-directions to
minimize the computational cost. A conformal mesh of 1 nm
was used in a volume of 200 X 200 X 200 nm® around the tip
apex to accurately discretize the tip—substrate region and
ensure good convergence. An auto-shutoff parameter of 1077
was chosen as convergence parameter, allowing the electro-
magnetic fields to propagate for about 100 fs. The dielectric
permittivities tabulated by Johnson and Christy”* and by
Palik®® were used for gold and silver, respectively. The ITO
substrate was modeled with the dispersive dielectric
permittivity reported by Konig et al,*® while air and water
were modeled with constant refractive indices of 1.00 and 1.33,
respectively.

Heat Transfer Simulations. Finite elements method
(FEM) simulations were performed by using the commercial
package by Ansys-Lumerical.”> The gold and silver tips were
modeled by using the exact same geometry used in the FDTD
calculations (Figure S2A). Au, Ag, and ITO were modeled
using thermal conductivities of x = 406, 315, and 5.9 W/(m
K), respectively.”’~*’

A temperature boundary condition was applied at the
bottom of the simulation region (bottom of the 100 ym thick
substrate) to set it at room temperature (300 K). A constant
convective heat transfer coefficient 4 = 10 W/(m? K) was used
at the air—metal and air—ITO interfaces, and h = 500 W/ (m?
K) was used at the water—metal and water—ITO interfaces to
model the heat loss through convection. Water was modeled
with a thermal conductivity of K., = 0.58 W/(m K).

13988

B RESULTS AND DISCUSSION

The A-TER spectra of NB (Figure 2, blue), which were taken
at different locations on an ITO substrate, exhibit random
peaks that were not evident in the corresponding surface-
enhanced Raman (SER) spectrum (Figure 2, red). The
intensity of the bands in the acquired A-TER spectra shows
significant variations from spectrum to spectrum. At the same
time, when TERS is performed in liquid (L-TERS), we did not
observe any variation in the intensity of the NB bands, and we
did not observe any randomly appearing bands (Figure 2,
black). Such additional bands observed in A-TERS are
attributed to be the signature of the products resulting from
the photodegradation and thermal degradation of NB.

One can expect that in L-TERS NB may diffuse throughout
the tip—sample junction since the analyte molecules are not
chemically bound to the sample surface. Such diffusion will
result in a visible lack of molecule decomposition. However,
previous experiments demonstrated that under ambient
conditions (A-TERS) a water meniscus is formed at the tip—
sample junction.*” Therefore, molecular diffusion may take
place in both A- and L-TERS experiments. In contrast, we
demonstrated in a previous study that NB strongly interacts
with the ITO surface and does not diffuse from it.*" This
allows us to confidently rule out the possibility of NB diffusion
throughout the tip—sample junction in both A- and L-TERS
experiments.

The probes used in these TERS measurements (inset, Figure
1B) were fabricated through simple thermal evaporation of 70
nm of Au on the silicon tip in the vacuum chamber. This
method results in a continuous metal film on the surface of
such scanning probes, It should be also noted that results
reported in Figure 2 were reproducible for more than 20
scanning probes (in both A- and L-TERS). These results also
suggest that temperature, rather than the LSPR of the scanning
probe, was the major contributor to the observed differences
between A- and L-TERS experiments.

Stiles et al. investigated the spectral changes in the LSPRs of
individual nanoprisms upon their immersion in water.”” The
change in surrounding medium results in a spectral red-shift of
the LSPR. However, no significant broadening of the spectra
was observed upon immersion of the nanoprisms. This
observation suggests that significant reduction of photo-
degradation, which was recently observed for L-TERS as
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Figure 4. Near-field distributions for a Au tip on a ITO substrate. Calculated near-field (IE/E,*) spatial distribution around a gold tip in air (A—C)
and in water (D—F) for three TERS excitation wavelengths: 532, 561, and 633 nm. The incident optical excitation is polarized linearly as shown in
panel A. The profiles of the TERS tip and substrate are highlighted by the white dashed lines.

compared to A-TERS, is not be caused by the damping of the
tip LSPR.

We performed electrodynamic simulations using the FDTD
method to calculate the optical properties of the TERS tips in
the different configurations.

It can easily be noticed from the calculated absorption cross
sections (Figure 3) that placing the Ag and Au TERS tips into
water instead of air leads to a small spectral shift of the LSPR.
This spectral red-shift is well-known and is caused by the
change in refractive index of the medium surrounding the
plasmonic system (i.e., dielectric screening effect).*"* With
the spectral shift, we expect that there will be a change in
temperature between the systems showing that the surround-
ing medium has significant effect in the photothermal
properties. It is worth noting that because of the angle of
incidence, the optical excitation has both a longitudinal and
transverse component, thus exciting LSPRs along the
longitudinal axis (z-direction; Figure S2B,C) and the trans-
verse axis (x-direction; Figure S2D,E). We also note that some
of the laser excitations are off-resonance with the LSPR of each
system. From these wavelengths, we expect lower temperatures
than those found when exciting the system at their resonance
wavelength. However, this does not really alter the near-field
intensity and electromagnetic confinement at the vicinity of the
metal. Figure 4 shows spatial distribution of the fourth power
of the local electric field, |E/Eyl*, which gives the TERS
enhancement factor, calculated for a Au tip in air (Figure 4A—
C) and in water (Figure 4D—F) when excited at three different
TERS excitation wavelengths (i.e., $32, 561, and 633 nm). One
can note that, as expected, the electric field is localized at the
tip apex, close to the substrate and along the tip surface. In our
particular modeled system, the FDTD simulations predict a
maximum TERS electromagnetic enhancement factor of the
order of 107, consistent with previous works.”””

This plasmonic enhancement makes it possible to detect and
perform vibrational studies on extremely small amounts of
molecules in TERS. However, one important characteristic of
such system is the photothermal heating. The photothermal

13989

processes begins with an optical source of excitation incident
on the system. Light is then absorbed into the system (thanks
to the large absorption cross section of the metal) generating
plasmons. In turn, these plasmons induce the intense localized
electromagnetic fields found in the tip—substrate junction,
which are used for enhancin§ the Raman signal, and heat
through the Joule effect.”’™***" While plasmonic heating could
be controlled and used in multiple applications,”****~* it can
be the source of molecular degradation in TERS (Figure 2).
One may expect that the intensity ratio of vibrational bands in
Stokes versus anti-Stokes TERS spectra can be used to
experimentally determine the temperatures at the tip—sample
junction. However, recently reported results by Richard-
Lacroix and Deckert demonstrated that such measurements
are not trivial."® Using 16-mercaptohexadodecanoic acid as a
molecular reporter, the researchers found that relative
intensities of Stokes versus anti-Stokes vibrations depend on
the LSPR of the scanning probe. Consequently, without an
experimental determination of the LSPR of the TERS tip, such
measurements can provide unphysical conclusions (~2000 K
temperature values). It should be noted that the experimental
verification of the LSPR of the scanning probe cannot be
achieved due to the small optical scattering of the apex
nanostructure. Sheldon and co-workers proposed an alternative
experimental approach to solve this issue. They demonstrated
that spectral background fitting could be used to reveal the
plasmon dephasing time and metal lattice temperatures.
Nevertheless, there is no clear understanding of the temper-
ature at the tip—samples junction.

In order to estimate the effect of plasmonic heating on the
Au and Ag tips, both in air and in water, we used a simple
approximation derived for small finite-sized objects.””**** In
this model, we first calculated the heat power (i.e. total
absorption rate), Q, from the absorption spectrum (Figure S3):

Q—: absI (1)

where I is the laser irradiance and o, is the absorption cross
section calculated using FDTD. This calculated heat power
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was then used as heat source to compute the temperature
increase resulting from the plasmonic heating as

AT() = —2

47n<0(Rtip +7r) )
where k, is the thermal conductivity of the surrounding
medium (i.e., air or water), Ry, is the tip radius, and r is the
distance from the metallic tip surface.

Although this simple model was developed for finite-size
nanoparticles,”* it is believed to give a qualitative picture and a
good approximation of the temperature changes in the vicinity
of a rounded tip apex (Figure S3). However, in order to
account for all the physical effects involved in the thermal
process and properly account for all the thermal decay
channels (e.g., conduction via the substrate, conduction via
the bulk of the metallic tip, and convection at the medium/
metal and medium/substrate interfaces), we performed full
thermal simulations using the heat transport module of the
Ansys-Lumerical package’” and following the procedure
proposed by Manrique-Bedoya et al.*’ The finite-element
method (FEM) solver calculates the temperature, T, solution
of Fourier’s heat transport equation:

0T (r, t)
—— = V:[k(r)VT(r, t)] =
p)e,(n)— [k(r)VT(r, )] = q(r) 3)
where p is the mass density, ¢, is the specific heat, and « is the

thermal conductivity. The function g(r) is the applied heat
energy transfer rate (i.e., heat power density) inside the metal
and defined as Q = [q(r) d*r, where the integral is computed
over the volume of the metallic tip, V.

In the system of interest, the steady-state temperature is
usually reached very quickly due to its micrometer-scale
dimensions. Under continuous wave illumination conditions,
the typical duration of the transient regime, 7., is not
dependent on the temperature increase but rather on the
characteristic size of the system. For the micrometer-scale
metal tip modeled here, 7, is of the order of a few
microseconds. When performed in steady-state conditions
(0T /0t = 0), eq 3 is reduced to a simple Poisson’s equation:

=V-lk(r)VT(r, )] = q(r) )

Figure S2 shows the calculated optical power absorbed by
the tip—substrate system at the LSPR wavelength (Au: 532 nm
in air and 569 nm in water; Ag: 407 nm in air and 471 nm in
water) and used as the heat source to describe the applied heat
energy transfer rate Q in eq 4. The incident optical power is set
to 80 W, which corresponds to an irradiance I = 13 yW/um?.
Figure S shows the temperature distribution at tip—substrate
junction and on the surface of the ITO substrate. This
temperature distribution is normalized to its minimum and
maximum temperatures for each of the four configurations
(i.e,, Au/air, Au/water, Ag/air, and Ag/water). The associated
color-scale bars are displayed on the right side of the panels.
First, it can be noted that the whole metallic tip is thermally
uniform and is the hottest part of the system, achieving
temperature changes as high as AT,,,;=138 K and
ATy, =69 K for the Ag and Au tips in air, respectively
(Figure SA). When placed in the aqueous solution, the tip
temperature is significantly lower than in air; the tip
experiences a maximum temperature increase of only a few
degrees (AT xupater = 29 K and ATy er = 5.6 K). Second,
because of its metallic properties, the ITO substrate also heats

Ag/Water | Au/Air Au/Water

l5.6 l69 l2.9
IO IO IO

Ag/Water| Au/Air |Au/Water

.0.1 .5.5 l0.5

oN1v

Ag/Air

'2.0
2158

Figure S. Plasmonic heating effect. Full thermal calculation of the
temperature distribution at the tip—substrate junction and at the
surface of the metal when optically excited at 633 nm. (A) Vertical
cross section in the plane (xz). Inset: close-up view of the tip—
substrate region, showing the temperature gradient in the S nm gap.
(B) Horizontal cross section in the plane (x,y), taken on the substrate
(z = 0). The spatial distribution of temperature change, AT, is
normalized for each of the four cases (Au/air, Au/water, Ag/air, and
Ag/water). The color scales associated with each of these four cases
with the corresponding maximum temperature change are shown on
the right side.

Onev

up slightly, exhibiting a maximum temperature change of the
order of ATyro/y ~ 2—5.5 K, with a hot spot immediately
underneath the tip location (Figure SB). Similarly to the tip,
when the substrate is in contact with water, its surface
experiences a much lower temperature change. The inset of
Figure SA shows a close-up view of the temperature gradient
within the S nm gap, which is consistent with the 1/r spatial
dependence predicted by eq 2. Finally, it is worth noting that
the ratio of maximum temperature change on the tip surface in
air and water is AT, /AT, = 24, which, unsurprisingly, is
the ratio between the thermal conductivities of water and air,
Kwater/ Kair'

With different incident optical powers, we expect there to be
an increase in the maximum temperature change throughout
the whole system. We performed power dependence
calculations in the range 0.01-100 W to determine the
effects of the optical power on the TERS system. Figure 6
shows the effects of increasing the optical power in the TERS
systems with Ag (solid lines) and Au (dashed lines) tips in
either air (blue) or water (red). We first notice that the
temperature increase follows the linear trend from eq 1. Also,
there is a significant change between the two systems as the
power increases. At 100 yW the A-TERS system reaches a
maximum temperature change of ~180 K while the L-TERS
system increases by a mere ~8 K. This further shows that the
surrounding medium has a significant role on the plasmonic
heating effects in the TERS system. It is worth noting that the
values of temperature change, obtained from the full heat
transfer simulations (Figure 6), are consistent with the
temperatures obtained from the simplistic model governed
by eq 2 (Figure S3). However, it is important to note that the
temperatures calculated here are for idealized systems and that
other effects are at play in an experimental configuration. First,
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Figure 6. Temperature change at the tip apex as a function of the
optical power for L-TERS and A-TERS. Comparisons are made
between L-TERS (red) systems and A-TERS (blue) systems for
optical powers ranging from 0.01 to 100 yW for both a silver tip
(solid lines) and a gold tip (dashed lines). The optical excitation has a
wavelength of 633 nm.

while this plasmonic heating model holds for plasmonic
nanostructures in homogeneous and infinite media, the
medium may not be homogeneous, in particular near the
tip—substrate junction. Second, the limits of this model reside
in the actual tip—substrate geometry. The actual local
morphology of the tip apex as well as its actual composition
(e.g., crystallinity, impurities, grain boundaries, etc.) may play
role in the heat conduction and dissipation through the
metallic tip as well as in the convection efficiency with the
surrounding medium.

B CONCLUSIONS

In conclusion, we have shown that in A-TERS highly confined
electromagnetic fields induced by the LSPR result in very
efficient plasmonic heating which led to very high temperatures
in the tip—sample junction. Our FDTD simulations show that
temperatures, which can reach significant local values of
hundreds of kelvins, will likely cause thermal degradation of
analytes present in the probe—sample junction. This will lead
to the random fluctuations of vibrational bands in the
corresponding TERS spectra. On the other hand, when
TERS is performed in aqueous solutions (L-TERS), the
temperature increase of the tip apex is significantly limited to
only a few tens of kelvins, ultimately resulting in a more stable
TERS signal over time. Consequently, efficient heat dissipation
at the tip—sample junction, via high thermal conductivity
media, drastically reduced photodegradation and thermal
degradation of analytes in TERS. While these computational
models do not account for atomic-scale details (e.g., impurities,
crystallinity, and grain boundaries) and remain ideal, as
compared to an experimental TERS tip—sample system, they
support the use of aqueous solvents as mediators to minimize
the photodegradation and thermal degradation of the analytes.
They also provide valuable insight as to the extent of the
plasmonic heating in enhanced Raman spectroscopies such as
TERS and SERS, where local electromagnetic fields are highly
localized and enhanced. Photothermal effects, such as
plasmonic heating at the nanoscale, represent an interesting
problem that affects not only TERS and SERS measurements
but also a large number of plasmonic applications in
optoelectronics, photonic circuitry, and biomedical applica-

tions such as sensing, imaging, and drug delivery. The most
challenging remaining problems are associated with (i) the
direct experimental measurement of the local temperatures at
the metallic surface of the nanostructures and (ii) the
fundamental understanding of heat transfer processes through
molecules and molecular linkers present at the metallic surface
and in its vicinity.
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