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Wang, Fang-Zu Yang,* and Bin Ren*

Reproducible fabrication of sharp gold- or silver-coated tips becomes the bottleneck issue of
tip-enhanced Raman spectroscopy, especially for the atom force microscopy (AFM)-based
TERS. Herein, we developed a novel method based on pulsed electrodeposition to coat gold
thin layer over atomic force microscopy (AFM) tips to produce plasmonic TERS tips with a
high reproducibility. We systematically investigated the influence of the deposition potential
and step time on the surface roughness and sharpness. This method allows the rational control
of the radii of gold-coated TERS tips from a few to hundreds nanometers, which allows us to
systematically study the dependence of the TERS enhancement on the radius of the gold-
coated AFM tip. The maximum TERS enhancement was achieved for the tip radius in the
range of 60~75 nm in the gap mode. The coated gold layer has a strong adhesion with the
silicon tip surface, which is highly stable in water, showing the great potential for the

application in the aqueous environment.

Introduction

Tip-enhanced Raman spectroscopy (TERS) is a combination of
scanning probe microscopy (SPM) and Raman spectroscopy,
providing not only a high detection sensitivity down to single-
molecule level but also a very high spatial resolution down to
sub-nanometer'. To date, TERS has shown wide application in
fields, such as surface sciencc::,l’4
systems,g’13 catalysis,“’ 1416 3nd molecular electronics.!” Tt is
recognized that the huge enhancement and high spatial
resolution is a combined contribution of the localized surface
plasmons and the lightning-rod effect, which are further
determined by the tip configuration and tip material.' '
Scanning tunneling microscope (STM) and atomic force
microscope (AFM) are commonly employed to build TERS
systems, which determine the two types of TERS tips: STM
TERS tip and AFM TERS tip. The most important way to
fabricate the STM TERS tip with a high success rate is the
electrochemical etching method. High quality gold®® ?' and
silver’ tips have been obtained by this method. However,
STM-based TERS can only be applied to conductive samples,
which significantly restricts its application. Conversely, AFM-
based TERS system is a promising tool for characterizing a
wide range of materials and studying biological systems. The
most prevalent method for preparing the AFM TERS tip is to
use the vacuum evaporation method to deposit gold or silver
onto the surface of commercial silicon tips. This method
requires a very strict control over all the deposition parameters.

nanomaterials,s'8 biological
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As a result, tips with different topography have been obtained
using the same parameter in different groups or even different
operators in a same group.>*® Other methods, such as galvanic
reaction’” and silver mirror reaction,” are not able to prepare
the AFM TERS tip with a good reproducibility. Considerable
efforts have also been devoted to producing the non-standard
tips by using methods like the focused ion beam (FIB) and
etc.””? Unfortunately, these techniques are expensive and are
not affordable by most TERS users. Up to now, fabrication of
reliable AFM TERS tips is still one of the bottle necks of AFM
TERS technique. It is highly desirable to develop a cost-
effective method for fabricating AFM-TERS tip with a high
reproducibility and efficiency.

Electrodeposition is a widely employed technique in surface
finishing, anti-corrosion, and nanoscale feature fabrication for
chip interconnects, microelectromechanical systems (MEMS),
microelectronic packaging, and many other microelectronic and
micromechanical components.*** The thickness of the
deposited layer can be precisely controlled from a few
angstroms to several millimeters by controlling the deposition
current, potential or time. Several methods have been
developed to obtain the uniform coating, such as direct current,
direct potential, and pulsed electrodeposition. Among them,
pulsed electrodeposition has been widely used for fabrication of
nanostructures over nanopore arrays with high aspect ratios to
produce ultrahigh dense nanowire arrays with a diameter of
10~130 nm and length of 1~2 pm.***’ It has also been
commonly used for the electrodeposition of thin metallic films.
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In the case of AFM tips, they are of a three-dimensional
structure with a very sharp apex. The gold ions in the bath will
diffuse three-dimensionally to the silicon tip apex and two-
dimensionally to the silicon tip body. Therefore, gold will be
deposited much faster on the tip apex than that on the tip body
when using a constant potential deposition method. However,
by using the pulsed electrodeposition method, the slow
diffusion-driven transport in the tip body will be compensated
so that a uniform gold layer might be achieved. In this work, we
adopted the pulsed electrodeposition method to fabricate
smooth gold-coated AFM tips to be used as TERS tips. We
systematically investigated the effect of the deposition potential
and time on the tip morphology and radius. The optimized
parameters for achieving the maximum enhancement were
obtained. The unique advantage of such an electrodeposition
method is the strong adhesion of the gold layer on the silicon
tip surface. As a result, the gold-coated AFM tips are highly
stable upon immersion in water, showing a great potential for
the tip-enhanced Raman study in the aqueous environment,
including electrochemistry.

Experimental section

The electrodeposition bath consists of 2 g/l of potassium
dicyanoaurate (KAu(CN),), 80 g/l of potassium citrate
(K5C¢Hs07°-H,0), 40 g/1 of citric acid (C¢gHgO7°H,0), 85 g/l of
sodium phosphate (Na;PO4H,0), and a small amount of
proprietary additive.** The pH of the bath was adjusted to 4.5
with citric acid and NaOH. All the chemicals mentioned above
were of analytic reagent grade and used as received without
further purification. Millipore ultrapure water (18 M) was
used throughout the experiments.

The electrochemical setup for electrodeposition of the tip
was based on the conventional three electrodes configuration,
as shown in the inset of Figure 1a. The working electrode was a
silicon AFM tip (VIT_P, NT-MDT) with a tip radius (Rgp,) of
7~10 nm and resistivity (p) of 0.01~0.025 Q:cm. A platinum
foil with an area 1 cm? was used as the counter electrode. The
reference electrode was a Ag/AgCl reference electrode with a
potential of -0.197 V vs. standard hydrogen electrode. All the
potentials given in this work were relative to this reference
electrode. The distance between the working and reference
electrodes was about 1 cm. All the electrochemical experiments
controlled by an Autolab PGSTAT30
potentiostat/galvanostat. The temperatures of the bath were
controlled at 50 °C for electrodeposition.

The shape of tip was characterized using scanning electron
microscope (SEM) (Hitachi, S-4800) operated at an
accelerating voltage of 15 kV with a working distance of 8~9
mm.

An upright Raman microscope (NTEGRA Spectra, NT-
MDT) was employed for the TERS measurement (Figure 1b).
The system is equipped with an upright confocal laser

were

microscope, an atomic force microscope (AFM), and a white-
light video microscope for rough observation/alignment of the
sample and tip. The TERS experiments were performed in the
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tapping mode. Optical measurements in air were performed
using a 100x long working-distance objective with a numerical
aperture (NA) of 0.7 for both excitation and collection of the
backscattered light from the sample. The p-polarized He-Ne
beam (632.8 nm) was used for TERS investigations.

A high quality Au(111) single-crystal surface was prepared
by flame-annealing following the Clavilier method,* and then
electrochemically polished to obtain an atomically flat surface.
Malachite green isothiocyanate (MGITC) was used as a probe
molecule. Monolayer adsorption of the MGITC was
accomplished by immersing freshly flame-annealed Au(111)
single crystal in a 6 pM MGITC ethanolic solution for 3 h.
Then the electrode was rinsed with copious amounts of ethanol
to remove physisorbed multilayer species. Finally, the Au(111)
was dried under a N, gas flow.

For TERS measurements in liquid, the setup is the same as
that used in air system except for a 100x water immersion lens
with an NA of 1.0. For this purpose, (4’-(pyridin-4-yl)-
biphenyl-4-yl)methanethiol (PBT),*® a molecule that can bind
strongly to the Au surface, was used as the probe molecule. The
monolayer of adsorbed PBT was prepared by immersion of
freshly flame-annealed Au(111) single crystal in 20 uM PBT
ethanolic solution for 0.5 h. Unbound or weakly bound
molecules were rinsed off with copious amounts of ethanol.
Subsequently, the Au(111) was dried under a N, gas flow.
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Figure 1. (a) Linear sweep voltammogram of a Si tip in the Au
electrodeposition bath. Scan rate, 50 mV/s. (b) Experimental
setup of the tip-enhanced Raman spectroscopy.

Results and discussion
3.1 Tip preparation

Pulsed electrodeposition was used to coat the silicon AFM tips
with Au. Before electrodeposition, the silicon tips were etched
in a HF buffer solution for 2 min to remove the native oxide
layer. To obtain a smooth Au film on the fresh silicon surface,
the composition of the bath is crucial and has been optimized in
our previous work.** Figure la shows the linear sweep
voltammogram of a silicon tip in the Au electrodeposition bath,
which clearly shows the onset deposited potential of about 1.32
V. The current increases almost linearly with the negative scan
of the potential. No diffusion-control character could be
observed because of the small size of tip and a high
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concentration of gold ions in the electrodeposition bath. The
principle of the pulsed electrodeposition process was shown in
Figure 2 and consists of two deposition pulses. The tip was first
kept at the open circuit potential (E,), then the potential was
modulated to the deposition potential (Ey) for milliseconds to
deposit gold. Then the potential was returned to E, to terminate
the deposition process and recover the concentration of gold ion
in the interface. The deposition pulsed was repeated once. The
step times (z) in pulsed electrodeposition process were
controlled from 5 ms to 150 ms to control the thickness of the
gold layers. As the tip has a three-dimensional structure and the
electric field at the tip apex is high, subconformal coating will
happen as a result of the high current at the tip apex. Therefore,
the selection of an appropriate deposition potential is necessary
to reduce the differences of deposition rate between the tip apex
and tip bulk. The E; was chosen in the overpotential range
between -1.65~-1.95 V, which can not only reduce
subconformal coating, but also allow the formation of large
amounts of nucleation sites, which is essential to obtain a
uniform Au layer. The E, (-0.2 V) was applied so that no net
electrochemical reaction occurred and the concentration the
gold ion at the tip surface could be recovered before the
subsequent deposition pulse. Such a potential control improves
the homogeneity of the deposition and prevents the excessive
hydrogen evolution on the silicon surface.
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Figure 2. Schematic diagram of pulsed electrodeposition
parameters to prepare Au-coated tips: the applied potential
waveform (upper panel) and the detected current response
(lower panel) with time. E,: the open circuit potential, E4: the
deposition potential, #;: the pulse width, usually in the
milliseconds. Only two deposition pulse is necessary in this

work.

From the linear sweep voltammogram, it is clear that the
deposition potential will have a sharp influence the deposition
rate, which might then result in different morphologies of the
Au-coated tips. We studied four deposition potentials, -1.65, -
1.75, -1.85, and -1.95 V, while keeping all other parameters the
same (i.e., E, = -0.2 V, t, = 50 ms). The Au-coated tips were
then examined by SEM to determine the surface roughness and
curvature radius of the tip, and the SEM images of them were

This journal is © The Royal Society of Chemistry 2015
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shown in Figure 3. It can be seen clearly from Figure 3a that the
tip has a small curvature radius (about 43 nm), but the coated
film shows a relatively high surface roughness at the deposition
potential of -1.65 V. The surface of these two tips obtained at
the potentials of -1.75 and -1.85 V presents a fairly smooth
structure (Figure 3b and 3c). The curvature radius is about 48
and 51 nm, respectively. Furthermore, the tip prepared at -1.85
V has a more regular tip apex. When the deposition potential
was moved to -1.95 V, the tip apex becomes blunt with a
curvature about 83 nm. In addition, the coating is scorched and
rough due to the high overpotential. It can be concluded that
silicon tips can be controllably coated with nanometer Au layer
by tuning the deposition potential the pulsed
electrodeposition method. On considering both the curvature
radius and the surface roughness, we chose -1.85 V as the
optimal deposition potential.

via

Figure 3. SEM images of Au-coated tips prepared at different
deposition potentials (Ey): (a) -1.65 V, (b) -1.75 V, (¢) -1.85 V,
(d) -1.95 V. The other parameters were the same: E, =-0.2 V, f,
=50 ms.

The deposition time will also influence the amount of Au
coated on the tip at a same deposition potential. We changed
the step times to investigate the effect of deposition time on the
curvature radius of the Au-coated AFM tip. We used the
deposition potential E4 = -1.85 V according to the above study.
Figure 4 shows the SEM images of four tips prepared with
different step times, #; = 20, 35, 50, and 65 ms. As shown in
Figure 4a, a sharp tip with tip radius (Ryp) of 33 nm can be
produced with the step time of 20 ms. With the increase of the
step time, the radii of the tips were increased to 40, 51, and 66
nm (Figure 4b, 4c and 4d). Thus, Au-coated AFM tips with
different sizes can be obtained by controlling the step times (Z;).

Figure 4. SEM images of Au-coated tips prepared at different
step time (a) 20 ms, (b) 35 ms, (¢) 50 ms, (d) 65 ms. The
deposition and recovery potentials were -1.85 and -0.2 V,
respectively.

Therefore, by controlling the deposition potential and
deposition time, we have successfully fabricated the Au-coated
AFM tips with different tip radii and roughness by the pulsed
electrodeposition. Indeed, it is a great challenge to control the

Nanaoscale, 2015, 00, 1-3 | 3
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entire tip with exactly the same feature at the nanometer scale.
However, we should point out that the -electrodeposition
method shows unique advantage over vacuum based method in
the following aspects: (1) in vacuum method, the pressure in
the chamber significantly influence the morphology of the tip,
while in the aqueous solution, the concentration of the gold ion
can be precisely controlled; (2) the substrate temperature is not
commonly controlled in vacuum deposition method. Therefore,
depending on the chamber size and deposition parameter, the
substrate temperature may vary, which will lead to different
surface structure of the obtained tips. Whereas the deposition
temperature can be precisely controlled by controlling the bath
temperature in electrodeposition. (3) The silicon surface can be
chemically cleaned to have a same chemical property before
electrodeposition. All the features the high
reproducibility of the tips prepared by the pulsed
electrodeposition method. It should be noted that we listed only
the most representative SEM images obtained for the specific
parameter. In the next part, we will test the TERS activity of 22
tips, and a trend can be obtained, which further demonstrates a
high reproducibility of the method.

ensure

3.2 TERS study

SEM images alone cannot be used to determine whether a tip is
TERS active or not. The most direct way is to check the TERS
signal of our tips with different thickness of the coating layer.
In fact, there have been a number of reports on the influence of
tip apex and tip-sample separation on the tip-enhanced Raman
signal.*** With a same instrumental configuration, the radius
of the tip apex was found to be the dominant factor determining
the field enhancement. Whereas, the optimal tip radius depends
on the substrate beneath the tip apex.'®*'* Especially, when a
Au or Ag substrate is used, it automatically forms a plasmon-
coupled gap configuration with the tip. Theoretical calculations
revealed that the maximum TERS enhancement can be
achieved when the tip radius is in the range of 50~100 nm.'* 3>
33 Unfortunately, up to now there is still no systematical
experimental report about the influence of tip radius on the tip-
enhanced Raman signal, because the low reproducibility in
controlling the coating layer of the tip apex.

To test the TERS activity of the above Au-coated AFM tips,
we chose a Au (111) single crystal as the substrate. In this way,
the Au tip and Au substrate form a coupled system that can
produce strong signal and enables us to perform detailed and
reliable analysis of the tip quality. Before the TERS
measurement, we measured the background signal of the as-
prepared Au-coated tip by acquiring the TERS spectra of the tip
on a clean Au(111) surface. As shown in Figure 5a, we can
only observe one peak at ~ 520 cm’' attributed to the first order
lattice phonon vibration of the Si tip. Hence, the Au-coated
AFM tip fabricated by pulsed electrodeposition method is
suitable for TERS study without giving interfering background
signals for most organic species.

We then chose MGITC as the probe molecule. When the tip
is far away from the Au(111) surface, i.e., without TERS
enhancement, the MGITC monolayer over Au(111) can already

4 | Nanaoscale, 2015, 00, 1-3

give a weak but detectable signal, see Figure 5b bottom
spectrum. The signal provides a convenience reference signal
for calculation of the enhancement factor of the tip. In contrast,
when the tip approaches the Au(111) surface, very strong TERS
signal can be obtained. We tested the TERS signal of 22 tips
with different coating thickness. The most representative TERS
spectrum under the approached condition was shown as the top
spectrum in Figure 5b.

The absolute signal intensity is not necessarily a good
indicator of the high field enhancement, because for tips with
different radii, the number of molecules detected may be
different. In fact, the contrast factor (C) and TERS
enhancement factor (EFtgrs) are the two accepted important
parameters to reflect the electric field enhancement of the tip.”
By definition, the contrast factor(C) can be obtained by:

C= Z—NF M
FF
where Syr is the TERS signal when the tip is approached, and
Sgr 1s the background signal when the tip is retracted. Contrast
factor is of more practical relevance, because it is a direct
measure for the signal increase in the presence of the tip, and
determines the imaging contrast in TERS. However, in order to
compare with the theoretical calculation, it is better to calculate
the TERS enhancement factor to consider the difference in the

sampling area in the far-filed and near-field configuration:*
Sy -S S R},
EFTERS — NF FF X AFF =( NF -l)x ld;er (2)
Ser Ar Ser Rtip
where the Agr and Ang are the sampling areas in far-field and
near-field configurations, respectively. R, is the radius of the

laser focus and Ry, is the radius of the tip apex.
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Figure 5. TERS characterization of the Au-coated AFM tip. (a)
TERS spectra of the tip approach to a clean Au (111) single-
crystal (0.5 mW, 1 s). (b) Raman spectra of MGITC monolayer
when the tip was approached (upper spectrum, 0.1 mW, 3 s)
and retracted (lower spectrum, 0.5 mW, 10 s). (c) The
dependence of the contrast factor on the tip radius, using the
intensity of the peak at 1176 cm™. (d) The dependence of the
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TERS enhancement factor on the tip radius, using the intensity
of the peak at 1176 cm™.

Figure 5c and 5d show the dependence of the contrast factor
and the TERS enhancement factor on the tip radius,
respectively. These two factors increase sharply with the
increase of the tip radius from 20 nm to 65 nm. Further increase
of the tip radius will lead to the decrease of the two factors. The
data inside the circle might be the singular points, which may
be a result of the surface nanostructure on the tip apex. But the
overall trend is impressive, because it presents such a strong
dependence of the enhancement with the tip radius. The
maximum contrast factor is about 260, implying that the
detected Raman signals was 260 times higher than that of the
normal Raman signal of MGITC due to the strong coupling
between the Au-coated tip and the Au(l11) surface.
Furthermore, the maximum TERS enhancement factor can be
achieved for the tip radius of 60~75 nm, which is in good
agreement with the theoretical predictions.”> However, it should
be noted that the maximum TERS enhancement factor is about
4 orders of magnitude lower than that predicted in theory (10°).
Such a difference is reasonable due to the following three facts:
(1) In the tapping mode AFM, the tip is intermittently
approaching the surface, and the time for the tip to be in the
effective coupling distance is much shorter than the real
acquisition time of a TERS spectrum. (2) The theoretical
calculation value is the maximum value instead of the average
over the sampling area. (3) Under the approaching condition,
the tip will block a certain amount of excitation light and the
signal for the top illumination setup. On considering these facts,
our experimental data agree well with the theoretical prediction.

The good trend in Figure 5c and 5d reflects that the tip
produced by pulsed electrodeposition method is highly

reproducible. Figure 6 shows the SEM images and TERS
spectra MGITC spectra of two tips prepared with the same
parameter, but in different batches. It can be clearly seen that
these two tips have similar radii and TERS enhancement. This
result further convincingly demonstrates that the as-developed
method has a high reproducibility.

30 cpsI

WMWW
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Raman shift / cm™
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Figure 6. SEM images (a and b) and TERS spectra (c) of
MGITC monolayer of two tips prepared with the same
parameter in different batches. Tip preparation: E4 = -1.85 V,
=70 ms. Laser power for TERS measurement: 11 pW.

3.3 Performing TERS in liquid

There is an increasing request on performing TERS in liquid
systems. However, most of the previous AFM based TERS tips
were prepared by the vacuum deposition methods. Due to the

This journal is © The Royal Society of Chemistry 2015
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weak adhesion of the metal layer with the tip substrate, the
metal layer will usually peel off upon soaking into liquids.™
We first checked the stability of Au-coated AFM tip in a liquid
environment before performing TERS in liquid. Figure 7a and
7b show the SEM images of Au-coated AFM tip before and
after soaking in water for 3 h, and we managed to take the
images of a same tip at the same angle and direction.
Impressively, no peel-off of the coating layer can be observed,
indicating a strong adhesion between the coated layer with the
substrate. In the electrodeposition process, the gold ion
obtained electron from the electrode and deposited on
ultraclean surface. By this way, there is a high bonding strength
between Au layer with the substrate. Furthermore, since the Au
coating layer fabricated by electrodeposition method is a
continuous film, it has a better resistance to the soaking of the
electrolyte into the gap between the Au layer and the substrate.
Looking into the detailed morphology of the tip, we can find
that most of the grains and nanostructures still retain. We only
observe slight smooth off the sharp feature probably due to the
ripening of the sharp feature.

We used the tip for the preliminary TERS measurement in
water. As the interaction of MGITC with the Au surface is not
strong enough to avoid desorption in water, it may be desorbed
from the surface and re-adsorbed on the tip to complicate the
result. Therefore, we used another molecule, PBT, with thiol
group as a probe molecule. PBT can form a self-assemble layer
via strong interaction of the thiol group with gold. However,
PBT is not in resonance with 632.8 nm wavelength, and no
observable Raman signal can be detected in the far-field
spectrum on Au(l11) surface in the absence of the tip, see
lower spectrum in Figure 7c. However, when the tip approaches
the sample, the characteristic Raman peaks at 1605 and 1282
cm™ of PBT appear, see upper spectrum in Figure 7¢.*® The
above result clearly demonstrates that Au-coated tip prepared
by pulsed electrodeposition can be used for TERS study in
water.
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Figure 7. SEM images of Au-coated AFM tips (a) before and
(b) after soaking in water for 3 h, and TERS measurements of a
SAM of PBT on Au(111) surface collected in water. Laser
power: 0.32 mW. Acquisition time: 1 s.

Conclusions
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