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Near-Field Heating, Annealing, and Signal Loss in Tip-Enhanced Raman Spectroscopy
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We studied the morphological changes of “hot” spots in gap-mode tip-enhanced Raman spectroscopy (TERS)
experiments by monitoring both the Raman spectra and topographic images of amorphous Au surfaces that
were covered with a benzenethiol monolayer. Significant roughness reduction of the Au surfaces in the vicinity
of the location of the TERS measurement together with irreversible signal loss was observed. To understand
this phenomenon, a numerical simulation was performed and the result implies that it was the Joule heating
generated by the highly enhanced electromagnetic field in the “het’s@nple nanogap that locally annealed

the Au surface. Considering that the mobility of the atoms on top of an Au surface is high and the reduction
of the local roughness is significant, we propose that the TERS signal loss is mainly caused by two
mechanisms: reduction of electromagnetic enhancement caused by the degradation of the “hot” site and
concomitant surface diffusion of the adsorbates.

Introduction shape transformations of nanostructures. However, in the “hot”
sites of a SRES substrate, the electric field can be enhanced by
2 orders of magnitude. Consequently, the Joule heating gener-
ated in the metal nanostructures can be increased by 4 orders
magnitude and the “hot” sites can be heated by tens of
gree¥ into a temperature range capable of inducing mor-
phological changes in metal nanostructures. In this work, we

method, which can afford rich chemical information with a demonstrate morpholqgical changes of the “hot” site gxperi-
single-molecule sensitivity. The signal instability has been Mentally, an observation that was occasionally made in gap-
observed on different SERS substrates in various experimentalMde TERS measurements.

conditions, e.g., rough metal electrodes in an electrochemical In previous research on the blinking phenomenon in SERS
environmen® metal films by cold deposition in ultrahigh measurements, attempts have been made to probe morphological
vacuumé’ nanogaps between metal structures at ambient changes and to deduce how these affect the Raman enhancement
temperature®? etc. In this work, we focus on the “hot”  of isolated Ag particle$® A combined system of an atomic force
nanogaps, because they are supposed to give the largesficroscope (AFM) and micro-Raman system was used to
enhancement, allowing single-molecule spectroscopy, and havemoenitor “hot” Ag particles, but no morphological change of
great potential in the area of the SERS-based chemical sensorisplated Ag particles was observed. This is because the field
So far, most of the studies of the spectral instabilities in single- ¢nhancement generated by isolated silver particles is much lower

molecule SERS experiments focused on the dynamics of theyhan that in nanogaps, and consequently, the temperature rise
analytes at “hot” sites, such as diffusion and rotation of the |, -« much lower than that in the case of a real “hot” site

adsorbate$}*!the variation .Of the charge trans_fer between the Furthermore, it is impossible for that setup to look into the hot
molecule and the surface induced by dynamics of the adsor-
bates’ reaction with oxygen? etc. However, to the best of our
knowledge, no direct observation of the degradation of “hot”
gaps themselves has been reported so far. In the following, “hot” However, the above difficulties can be overcome by a gap-
refers to “high enhancement”. mode TERS setup, because of its intrinsic capacity for both
It is well-known that ultrafine metal structures are instable. C€reating and investigating a “hot” nanogap. In gap-mode TERS,
For instance, the melting point of metal nanoparticles can be @n ultrasharp Ag tip is brought to the surface of a metal substrate
much lower than that of the corresponding bulk materials; o create a “hot” nanogap, in which the Raman spectra can be
nanostructures can be reshaped or fragmented under the irradiagnhanced by-10" times, enough for single molecule detectfon.
tion of pulse lasers or strong continuous wave la&egurpris- The same tip can then be employed to scan over the substrate
ingly, morphological changes of SERS substrates, which areand generate topographic images, which are a convolution
covered by nanostructures, have not been reported so far. Ondetween the tip shape and the morphology of the Au surface. If
of the main reasons is that the power of the excitation laser the tip shape or the substrate morphology changes, it will be
used in SERS or TERS experiments is normaly mW or revealed in the topographic images, with subnanometer preci-
lower, much lower than the power thought to be needed to causesion. With the help of this technique, morphological changes
in a “hot” gap and their relation to the irreversible Raman signal
* Corresponding author. E-mail: zenobi@org.chem.ethz.ch. losses can be investigated simultaneously.

10.1021/jp077457g CCC: $40.75 © 2008 American Chemical Society
Published on Web 01/23/2008

Signal instabilities in the forms of signal losses and spectral
fluctuations with timé= have been widely observed in surface-
enhanced Raman spectroscopy (SERS) and tip-enhanced Ram
spectroscopy (TERS). Studying these phenomena is not onlyde
interesting for understanding the mechanisms of SERS but also
important for developing SERS/TERS into a reliable analytical

nanogaps, because the AFM tip is too coarse to resolve these
structures.
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Figure 1. Morphological changes of a “hot” site. Panels a and b are the STM images before and after 1 min of TERS measurement at the upper
right corner of the image marked by an arrow. The power of the laser was 1 mW. The size of the scanned area was 500 nm. The mean

height and roughness in arc areas with different distances from the “hot” site were calculated and plotted in ¢ and d. Raw data without any greprocessin
was used in the calculations.

Experimental Section measurement and the subsequent topography scan were some-
times repeated several times until the Raman signal could
no longer be observed. In the last step, the activity of the tip
was checked by measuring the TERS signal in new sample
positions.

The setup of the gap-mode TERS used in this work includes
two parts, a scanning tunneling microscope (Nanosurf) and a
home-built micro-Raman microscope. The 633 nm laser line
of a He—Ne laser was used as the excitation source. The detailed
description can be found in our previous wérEhe Ag tips
used in this experiment were made by electrochemical etching.
With proper parameters, the radius of curvature of the tip apex Near-Field Annealing.Parts a and b of Figure 1 demonstrate
can be controlled to 25 nm or smaller. The drift of the tip was one of the most pronounced observations of the annealing effect
suppressed to less than 5 nm in 10 min during the measurementsn the “hot” spots. Before the TERS measurement, the Au
by shortening the tip and by a long-term prescaniing.low surface was homogeneously coved by grainlike structures. After
drift is important for the reliability of our data. a 1 min TERS measurement, the size of the grains in the vicinity

The samples used in this work were Au films coated with a of the measured spot significantly decreased, while farther away
benzenethiol monolayer. The Au films were made by vapor from the “hot” spot, the grain size was almost unchanged.
coating 100 nm of Au onto freshly cleaved mica substrates and We employed two statistical quantities, local height (i.e., mean
then kept at ambient temperatures without any postannealing.of the z value of the topography images) and local roughness
The monolayers were formed by soaking the Au films in a (i.e., the root-mean square) to characterize the morphological
benzenethiol solution with a concentration of 1M for 3—4 changes. Parts ¢ and d of Figure 1 show the results. A crater
min. Benzenethiol was chosen because it is relatively stable structure is revealed by the local height vs distance plot. It
compared with dye molecules and can form a homogeneousappears that the material under the tip was ablated and
monolayer on Au surfaces. These characteristics are importantredeposited 100300 nm from the “hot” site. The roughness
for us to collect reliable reference data for estimating the field vs distance plot demonstrates a significant distance-dependent
enhancement. roughness reduction effect. At the bottom of the crater, the

In practice, the morphological changes in the “hot” spots were roughness dropped by 50%, while the roughness outside the
investigated in the following way. First, a sample area was crater is much larger. In other words, the Au surface under the
repeatedly scanned to make sure that the system was stableip was annealed.

Then, the tip was moved to a desired location in the topographic  This annealing phenomenon is a near-field effect because no
image and a TERS measurement was performed with anmorphological change was observed with the tip retracted 100
excitation laser power of1 mW. After that, the topographic  nm from the Au surface. From prior work with gap-mode TERS,
image was collected again at the same position to check whetheiit is known that the electromagnetic field can only be highly
any morphological changes occurred in the “hot” site. The TERS enhanced when the tisample distance is smaller than 30

Results and Discussion
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nm218 Therefore, the morphological changes are related to the
field enhancement in the gap.

It is important to note that the observed topography images
are a convolution between the shape of the tip and the Au
substrate. Thus, we cannot rule out a change of the tip shape
during the measurement. However, the data in Figure 1 proves
that it was the morphology of the Au surface that changed during
the TERS measurement, because a change in the shape of the
tip could not induce a crater structure in the topography. Another
piece of evidence for the morphological change of the Au film
is that the roughness relaxation is localized at the point of the
TERS measurement. If only the tip had changed its shape, only
the overall roughness would be changed.

; Figure 2. Temperature distribution at the tiysample gap, simulated
Thermal Effects Lead to the Morphological Changes. by using Comsol MultiphysicsAll parameters (i.e., field intensity,

There are tW_O pOS_S'ble origins for the Ilght-c!rlve_n morphological geometry, etc.) used in the simulation are based on the experiments.
changes: direct field promoted surface diffusion (nonthermal The inset shows a zoomed view of the tip apex.

effects) and thermal effects caused by the highly enhanced

electromagnetic field in the “hot” spots. 2 Lo b
Nonthermal mechanisms have been studied theoretically by & IR

Lukatsky et ak® They discussed the effects of the external S - g 3§

electromagnetic field on the surface tension and the surface< § 1.6E‘ E’,

diffusion constant, which determine the rate of the surface & 2 E

roughness relaxation. The results predicted that the magnitude§ & E g8

of the laser-induced surface tension is more than 11 orders® ~ 2=

smaller than the value without the external field and can be o

. I . iy ' ' ' 800 1000 1200
neglected. Something similar also applies to the diffusion Exposf,reﬁm;(m;w) Raman shift (wavenumber)
constant, which can be estimated by a linear equatibg:=

D0)(1 + WR). Here,Ds is the diffusion constanD40) is the Figure 3. Panel a is an example of how the Raman signal and the

local roughness at a “hot” site decrease simultaneously. The topographi-

diffusion constant without external electric fielty = eEa/ cal data from an 80 nnx 80 nm area around the “hot” site was used
(4ksT), whereEy is the external electric fielda denotes the  to evaluate the roughness. The spectral intensity was calculated by
diameter of one atonkg, is the Boltzmann constant, afdis integrating the peak at 1000 ctpafter subtraction of the broad spectral
the temperature. In our casdy is less than 10f, and backgro_und. Panel b shows that the tip was still TERS active _after_the
consequently, the change of the diffusion constant can be TERS signal was lost at one location. The curve drawn by a light line
neglected. is the spectrum of the last measurement in the panel a. The curve by

a bold line is the spectrum collected at a new position.

Thermal effects induced by localized plasmon resonances are
well-known and have been applied to many areas, such as far-splved by the finite element method solver provideddmmsol
field detectior’® thermotherapy; material science®;, etc. In Multiphysics The convective heat transfer was also taken into
particular, Elfick and co-workers recently predicted thatin TERS account in this model by an empirical approach, the heat-transfer
experiments, the temperature of the sample could increase bycoefficient method, which is a built-in method iGomsol
tens of degree¥, which is high enough to trigger structural  Multiphysics Figure 2 illustrates the result, showing that the
changes of nanoparticles. local temperature rise can be more than°80at the tip end,

To estimate the temperature rise in the “hot” gap in this work, and about 17C on the Au film. These values are much lower
a 3-D stationary model was built and simulations based on our than the result predicted by Downes et&lhut one should
experimental parameters were run using a commercial finite note that this result was obtained by using a conservative
element method solveComsol Multiphysic{www.comsol. estimation of the field enhancement. The real temperature rise
com). Since the field enhancement is localized in the $igmple can be higher. Semin et al. demonstrated that the shape of Ag
gap, we assumed that all the Joule heat is generated in a smalhanostructures can be irreversibly changed after minutes of
volume that includes the tip end and a small part of the sample annealing at 35°C, just 12 °C above room temperatufé.
under the tip apex. The size of the heat source is given by the Combined with the fact that the contribution of nonthermal
radius of the tip apex and the penetration depth of the light effects to the morphological changes can be neglected, we
into Au, which are~25 and~28 nm, respectively. The intensity  conclude that the heating effect is the main reason triggering
of the incident light is 1 mW/m2. The electric field intensity ~ the morphological changes of the Au surface in this work.
in the tip—sample gap is enhanced by a factord&5 according To confirm the hypothesis above, we also repeated the same
to the experimental data of Raman enhanceréfite field experiments on a crystalline Au surface made by flame
intensities in the Ag tip and Au substrate are hence derived by annealing with butane flame. No observable morphological
the boundary conditions at the air/metal interfaces. The valueschanges were observed. This is consistent with the fact that a
of the thermal conductivity and heat capacity of Ag and Au crystalline Au surface is thermally more stable than that of
used in the simulation are adopted from the Materials/Coef- amorphous Au and provides additional evidence for the heating
ficients Library of Comsol Multiphysicend are 429 and 317  effect in the “hot” sites.
W/(m-K) and 235 and 129 (J/k¥), respectively. Considering Irreversible Signal Losses Irreversible TERS signal losses
that the heat dissipation through the Amica interface was  were always observed accompanying the near-field annealing
negligible compared with that through the Au film itself, the phenomenon in our experiments. Figure 3a shows a typical
sample was approximated by an isolated film with the lower example. The Raman signal disappeared after an illumination
boundary thermally insulated. The model was numerically time of only 5 min. At the same time, the local roughness of
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within just a few minutes, implying a change of the tip shape.
We can exclude the possibility of oxidation of the Ag tip,
because most tips stayed active when exposed for more than 1
h. Moreover, the mechanical damage of the Ag tips was not
likely, either, because the feedback of the STM was reliable
and no change in the topography images was observed without
exposing the sample to the laser. Therefore, it must have been
the heating effect causing the shape change of the Ag tips. This
is also consistent with the simulation result that the temperature
rise at the tip apex is higher than that of the Au surface. On the
basis of the discussion above, we propose that the morphological
change of the “hot” gap (including the shape changes of both
VR IR YT e T & the Au substrate and the Ag tip) can cause irreversible signal
X (nm) X (nm) losses.

Figure 4. Morphological changes of two isolated protrusions on the It is necessary to point out that the change of the tip shape is

Au substrate. A series of topography images is shown in panel a. ; ; .
Between two adjacent images, the-tgample gap was illuminated by not a real problem for TERS, because the tip shape will stabilize

a1 mW laser beam for 1 min. The cross sections of the two protrusions, &fter exposure to the laser for the first several minutes. Figure
which are labeled in panel a, are plotted in b and c. 4 provides proof of this argument. The structural change of the

nanoprotrusions was much more significant in the first 2 min
the “hot” site significantly decreased. In prior studies, several than that later on. In other words, if a tip maintains its TERS
mechanisms had been suggested for the origin of the signalactivity after the first exposure, it will be stable for a much
instability in a “hot” site, namely, the desorption and surface longer time.
diffusion of the adsorbates away from the “hot” sitethe Besides the degradation of the “hot” gap, surface diffusion
decomposition of the adsorbate, and the loss of the chemicalof adsorbates or even adsorbate desorption can also lead to signal
enhancement due to the change of adsorption geometry ofjoss, Figure 1 shows that some Au atoms moved away from
adsorbates on the Au surfat&he analyte used in this work s the “hot” site during a TERS measurement. The benzenethiol
benzenethiol, which is stable under the irradiation of visible molecules, which are bound to the Au surface, are likely to
light at a moderate temperature. Thus, the possibility of migrate out of the *hot” site at the same time. We cannot observe
decomposition can be excluded. Here, we do not need to takegpy diffusion of benzenethiol molecules with the STM directly,
into account the loss of chemical enhancement either, becausg ¢ it cannot be proven that the adsorbates are indeed removed
the TERS signal is primari_lyin_troduced by the electro_magnetic from the “hot” site. Adsorbate desorption appears to be less
field enhancement. Considering the rapid degradation of the i ey than loss of TERS activity due to annealing, because the
“hot” site, we therefore propose that the reduction of the electric ips were rarely found to be contaminated during a measurement.
field enhancement due to the roughness relaxation on the meta‘f molecules desorb from the Au surface, they should easily be
substrate is one of the main reasons for the irreversible signalable to redeposit on the surface of the,Ag tips and cause tip

Iosltsis. b d rated v that th h ; ontamination. Another argument is that the desorption of a thiol
TERSa'S teen Ie(rjnons (rja et retcr:anl y Ia ﬁ en ar}(iﬁmen tOI olecule from an Au surface requires a temperature of’C30
IS strongly dependent on the localrougnness ot the metal,, ., higher than the simulated temperaiire.

substrate. A step with a height of 2 nm can increase the local ] i ) . .
Raman signal by 1 order of magnitutfeln Figures 1 and 3, Flnal_ly, we would also like to mention that this negr-fleld
the local roughness is found to decrease only by several@nnealing phenomenon only happened to a small portion of the
angstroms following an exposure of a few minutes, too small iPS (<10%). In most cases, no topography change was
of a change to influence the electromagnetic field enhancementoPserved. This is interesting because it shows the possibility of
in the “hot” site. However, the roughness used here is a statisticalProducing robust *hot” sites, one of the most crucial issues for
value obtained by averaging the local height fluctuations in one developing robust SERS-based sensors. So far, all the studies
area. The morphological change of a single structure on the Auimply that the local temperature rise in the “hot” sites is the
surface is much larger. reason for the roughness relaxation. From this point of view,
In order to quantify the amplitude of the morphological WO key issues in the design of a robust “hot” site will be good
change of individual nanostructures on the Au film, two isolated heat-dissipating capacity and resistance to high temperature.
nanoprotrusions were investigated. Their shape evolution during
the TERS measurement is shown in Figure 4a. The height of Conclusions
these grains continuously decreased during the measurement.
Their height decreased by 2 nm after an exposure of only 4 Insummary, a near-field annealing phenomenon was observed
min, enough time to cause a considerable change of the localin TERS experiments. The local roughness at the “hot” spot
field enhancement in the “hot” site. It is worth emphasizing Wwas significantly decreased after only minutes of laser illumina-
that the height measurement by scanning tunneling microscopytion. We propose that this phenomenon is triggered by thermal
(STM) is reliable, even if the tip shape changes during the effects, which are supported by simulations. We also investi-
measurement. Thus, the height changes observed in Figure gated the relation between the losses of the TERS signal and
also provide additional evidence for the conclusion that the the morphological changes. The results suggest that the ampli-
morphology of the Au surfaces was changed during the TERS tude of the roughness relaxation in the “hot” gap is large enough
measurements. to cause an observable loss of electromagnetic field enhance-
Further evidence comes from the change of the Ag tip, which, ment. This provides us with a new explanation for the signal
together with the Au substrate, forms the “hot” gap. During instability observed in the hot nanogaps during SERS and TERS
the TERS measurements, some Ag tips lost their TERS activity experiments.
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