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Abstract

This paper reports a new strategy based on plasma etching that allows us to exclusively probe the
SERS-active molecules adsorbed in the hot-spot region formed between two Ag nanocubes.
Experimentally, we verified that the enhancement factor of the hot spot (EFot-spot) Was strongly
dependent on its orientation relative to the laser polarization. For the hot spot formed between two
Ag nanocubes of 100 nm in edge length, the EFpgt.spot Was found to vary from 1.0x108 to 4.1x108
and 4.4x10° as the long axis of the dimer was changed from 0 (parallel) to 45 and 90
(perpendicular) degrees relative to the direction of laser polarization. These results suggest a
maximum enhancement of Raman signals by ~170 folds for the hot spot relative to the EF
obtained for a single Ag nanocube of similar size. While the hot spot made a major contribution to
the observed SERS signals when the dimer's long axis was parallel to the laser polarization, the
hot spot did not contribute additionally to the detected signals when the dimer was in other
orientations relative to the laser polarization.
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There has been a renewed interest in surface-enhanced Raman scattering (SERS) following
the demonstration of single-molecule detection with substrates made of Ag nanoparticles.
[1,2] In this system, it is thought that the giant enhancements that allowed for single-
molecule detection did not occur homogeneously over the entire substrate. Instead, they
occurred only at particular sites, the so-called hot spots.[3] Hot spots can be defined as
junctions or gaps between two or more closely-spaced particles, in which enormous
electromagnetic enhancements often arise as compared to individual particles.[4] The
commonly used method for producing SERS substrates containing hot spots relies on the
uncontrolled aggregation of Ag or Au nanoparticles as induced by a salt.[5] While these
aggregates can provide strong SERS signals, the poor reproducibility on the fabrication as
well as the broad size distribution and shape irregularity of the involved Ag nanoparticles
imposes many challenges for correlating the detected scattering enhancement to the specific
feature of a hot spot. Thus, although the hot-spot phenomenon has been extensively
investigated from both theoretical and experimental perspectives, it still remains an elusive,
feebly understood subject. In this regard, individual dimers of nanoparticles represent an
ultimate system for quantitatively investigating the hot-spot phenomenon. At least, they
would enable an easier correlation between specific hot-spot structures and the observed
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SERS intensities.[6-8] On the other hand, enhancements strong enough for ultrasensitive
analysis and even single-molecule detection have been proposed for dimers consisting of Ag
nanoparticles.[9] Despite these advantages, there are still limitations associated with the
utilization of nanoparticle dimers for studying the hot spot. Due to the size and shape of the
usually employed nanoparticles, SERS molecules absorbed inside and outside the hot-spot
region can contribute to the detected SERS intensities.[6-9] As a result, the experimentally
determined enhancement factor (EF) represents the average enhancement from the entire
surface of the dimer. In this regard, determination of EFs exclusive from the hot-spot region
still remains a great challenge.

In this paper, we describe a new strategy based on plasma etching for exclusively measuring
the SERS signals from those molecules located in the hot-spot region formed between two
Ag nanocubes. In this approach, the dimer of Ag nanocubes was functionalized with SERS
probe molecules and then briefly exposed to plasma etching to selectively remove those
molecules outside the hot-spot region. With the aid of registration marks, we were able to
experimentally determine the SERS enhancement factor associated with the hot spot at
different orientations relative to the laser polarization. To our knowledge, this work
represents the first attempt to isolate the hot spot formed between two Ag nanoparticles,
followed by measurements of the SERS enhancement factor intrinsic to a hot spot.

Figure S1 shows a typical SEM image of the sharp Ag nanocubes used in our SERS studies,
which had an edge length of 100+5.7 nm. We chose them for a number of reasons. For
example, they can be routinely synthesized with good uniformity in terms of shape and size
distribution via the polyol method.[10] Their sharp corners and relatively large dimensions
ensure that we will be able to obtain strong SERS signals as compared to smaller or rounded
particles.[11] Also, they represent an ideal system for the isolation of the hot spot through
plasma etching. We employed 4-methyl-benzenethiol (4-MBT) and 1,4-benzenedithiol (1,4-
BDT) as the SERS probe molecules because they are known to form well-defined
monolayers on Ag surfaces via a strong Ag-S linkage with characteristic molecular
footprints. These attributes are critical to estimating the total number of molecules being
probed and therefore the EF.[12] Moreover, these molecules are expected to be able to
penetrate into the hot-spot region between two Ag nanocubes owing to their relatively small
sizes.

We started our measurements by investigating the effect of plasma etching on individual Ag
nanocubes (Figure 1a). Specifically, we would like to know whether 4-MBT molecules
adsorbed on the surface of a Ag nanocube could be removed by brief plasma etching. We
were also interested in understanding if the plasma etching would lead to any physical and/
or chemical changes to the Ag nanocube, including its capability to enhance the SERS
signals from 4-MBT re-deposited on the Ag nanocube. Figure 1b shows a set of SERS
spectra taken from the same Ag nanocube, which was functionalized with 4-MBT, plasma
etched for 2 min, and then refunctionalized with 4-MBT by immersing into its solution.
With the assistance of registration marks, we were able to locate the same Ag nanocube (see
the inset) and take SERS spectra from it during these steps. We also repeated the cycle of
functionalization, etching, and refunctionalization a number of times to see if plasma etching
would eventually cause any irreversible change to the Ag surface. As clearly shown in
Figure 1b, the initial spectrum (top trace) presents the characteristic SERS peaks for 4-MBT
at 1072 and 1582 cm~1.[13] Here, the nanocube was oriented with one of its edges parallel
to the laser polarization. The peak at 1072 cm™1 is due to a combination of the phenyl ring-
breathing mode, CH in-plane bending, and CS stretching, while the peak at 1582 cm™1 can
be assigned to phenyl ring stretching motion (8a vibrational mode).[14] The broad band at
900-1000 cm™~1 came from the Si substrate. After the sample had been plasma etched for 2
min, both the 4-MBT peaks disappeared from the SERS spectrum (second trace from the
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top), indicating complete removal of the 4-MBT molecules from the surface of the
nanocube. Interestingly, both peaks of 4-MBT appeared again in the SERS spectrum (third
trace from the top) after the etched sample had been re-immersed in the 4-MBT solution. No
significant change was observed for the SERS peaks of 4-MBT when the first and third
spectra were compared. This result suggests that the number of 4-MBT molecules that were
re-deposited on the Ag nanocube after plasma etching was essentially the same as the
number of molecules initially adsorbed on the Ag nanocube. It also implies that plasma
etching merely removes the 4-MBT molecules from the surface of the Ag nanocube when
the exposure time is relatively short. The complete cycle comprising of plasma etching and
re-immersion in 4-MBT could be repeated up to three times without observing major
deterioration in the SERS spectrum. However, after the fourth cycle, no 4-MBT peaks could
be detected. It is possible that surface oxidation after an extended exposure to the oxygen-
based plasma will hamper the adsorption of 4-MBT onto the surface.

The plasma etching could also be employed to change the probe molecules adsorbed on the
surface of an individual Ag nanocube. This concept is illustrated in Figure 2. In the first
step, the nanocube is functionalized with 4-MBT (probe-A). Then, the probe-A molecules
are removed by briefly subjecting the sample to plasma etching. Finally, the sample is
immersed in a solution containing 1,4-BDT (probe-B). Figure 3 shows the SERS spectra
recorded from a sample going through these steps. In Figure 3a, the nanocube was oriented
with one of its edges parallel to the laser polarization. The initial spectrum (top trace)
presents the characteristic peaks for 4-MBT at 1073 and 1583 cm™1,[13] which completely
disappeared after plasma etching (middle trace). After immersion in a 1,4-BDT solution, the
characteristic peaks for 1,4-BDT appeared in the SERS spectrum as a result of the
adsorption of 1,4-BDT onto the nanocube. In this case, we observed a shift in phenyl ring
stretching motion band (8a mode) from 1582 cm™1 (for 4-MBT) to 1562 cm™1 (for 1,4-
BDT).[15] The same trend was also observed when the nanocube was orientated with one of
its face diagonals parallel to the laser polarization, as shown in Figure 3b. In this case, the
intensities of the SERS signals were much stronger as compared to those in Figure 3a. As
previously reported by our group, the SERS signals taken from a single Ag nanocube had a
strong dependence on the laser polarization, which could be attributed to the difference in
near-field distribution over the surface of a nanocube under different polarization directions.
[16] In addition to the shift in position for the 8a band from 1583 to 1562 cm™1, broadening
was observed for the band at 1072 cm™ for 1,4-BDT as compared to 4-MBT. This is
because the ordinary Raman spectrum of 1,4-BDT displays two bands in this region (1080
and 1065 cm™1), which tend to broaden and overlap in the SERS spectrum due to
interactions between the Ag surface and the n-orbital system of the benzene ring.[15] The
SERS spectrum for 1,4-BDT also displayed a weak signal at 1180 cm™! that could be
assigned to the 9a vibrational mode (CH bending).[15]

After the experimental details for surface functionalization and plasma etching had been
established for individual Ag nanocubes, we turned our attention to dimers of Ag nanocubes.
In this case, we aimed at isolating the 4-MBT molecules located in the hot-spot region by
exposing the sample to plasma etching under similar conditions as employed for the
individual nanocubes. It is important to note that under the conditions used in this work,
both 4-MBT and 1,4-BDT are expected to be present on the Ag surface as a complete
monolayer. Therefore, for individual Ag nanocubes, the plasma etching was responsible for
the removal of a 4-MBT monolayer adsorbed on the Ag surface. Similarly, for nanocube
dimers, the plasma etching is expected to remove a monolayer of 4-MBT molecules present
on the surface. As the hot-spot region in the nanocube dimers comprises a narrow gap
between two nearly touching nanocubes, the 4-MBT molecules in the hot spot can be
considered as a multilayer resist relative to the oxygen plasma (Fig. 4a). If each 4-MBT
molecule has a 0.19 nm? footprint, each 4-MBT molecule can be assumed to occupy a
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circular area of 0.249 nm in diameter on the Ag surface. As the nanocubes have an edge
length of 100 nm, approximately 400 layers of 4-MBT molecules can be present in the hot-
spot region along the vertical direction. Therefore, it will require a much longer time to
remove the 4-MBT molecules located in the hot spot as compared to those molecules
outside the hot-spot region. This scenario explains why plasma etching can serve as an
effective method for isolating the hot spot formed between two Ag nanocubes. In order to
demonstrate that no significant change took place on the surface of the nanocube dimers
during plasma etching, the sample was also immersed in a 1,4-BDT solution after the hot
spot had been isolated.

Figure 4, b—d, shows the SERS spectra from a nanocube dimer that was functionalized with
4-MBT (top trace), followed by plasma etching for 2 min (middle trace) and then immersion
ina 1,4-BDT solution (bottom trace). In Figure 4b, the long axis of the dimer was parallel to
the laser polarization. The SERS spectrum from the Ag nanocube dimer functionalized with
4-MBT clearly showed the characteristic peaks for 4-MBT at 1072 and 1582 cm™1.[13,14]
The much stronger intensity of the SERS signals as compared to Figures 1b and 3a reflects a
higher SERS activity for the dimer relative to the individual nanocubes due to the presence
of a hot spot. We employed the peak at 1582 cm™1 to estimate the EF as described in the
supporting information. Based on our assumptions, the EF for the initial nanocube dimer
(EFgimer) functionalized with 4-MBT (Figure 4b, top trace) was 2.2x107. In comparison, the
EF calculated for an individual Ag nanocube (EFpe) under the same polarization (Figure
3a, top trace) was 5.9x10°. This indicates that the EFgimer Was ~37 times higher than EF g pe.
After plasma etching (Figure 4b, middle trace), a slight decrease in the intensity was
observed for the 4-MBT bands at 1072 and 1582 cm™1. This slight reduction due to the
removal of 4-MBT molecules from the region outside the hot-spot region indicates that the
molecules in the hot spot were the major contributors to the SERS signals from the dimer.
By assuming that only the 4-MBT molecules adsorbed in the hot-spot region were present in
the nanocube dimer after plasma etching, the calculated EF for the hot-spot (EFhot.spot) Was
1.0x108. In this case, EFhot-spot Was higher than EFgimer and EF¢ype by a factor of 4.5 and
170, respectively. After the sample was immersed in a 1,4-BDT solution, all the peaks due
to 4-MBT were replaced by the characteristic peaks of 1,4-BDT (Figure 4b, bottom trace),
as it can be observed from the shifting of the 8a band to 1561 cm™1 and the broadening of
the 1073 cm™1 peak. This result indicates that, in addition to be adsorbed onto the faces of
the nanocubes outside the hot spot, 1,4-BDT replaced the 4-MBT molecules in the hot-spot
region. The stronger interaction between 1,4-BDT and Ag than 4-MBT and Ag may provide
the driving force for this process (Figure S2 and S3).[13-15,17] After complete replacement
of 4-MBT by 1,4-BDT, EFgimer Was 1.9x107, which is close to the initial EF gjmer Obtained
with 4-MBT, indicating that no significant change on the surface of the nanocube dimers
occurred as a result of plasma etching.

Figure 4c illustrates the SERS spectra from the nanocube dimer in which the long axis of the
dimer was at 45° relative to the laser polarization. The SERS signals were weaker compared
to those in the spectra shown in Figure 4b as a result of inferior SERS activities under this
configuration. The initial spectrum for the nanocube dimer presents the characteristic peaks
for 4-MBT. EF gimer Was calculated as 2.0x108, representing a 11-fold decrease as compared
to the EF4imer Calculated from Figure 4b. Comparatively, when the individual nanocube was
orientated with a face diagonal parallel to the laser polarization (Fig. 3b, top trace), EF¢ype
was 2.3x106. The fact that EF gimer is close to EF,pe under this configuration suggests that
the molecules in the hot-spot did not contribute additionally towards the SERS signals
observed for the dimer. This is also confirmed by inspecting the SERS spectrum after
plasma etching (Fig. 4c, middle trace). In this case, a significant decrease in intensity for
both the 1072 and 1584 cm™1 peaks were observed as the 4-MBT molecules were removed
from the region outside the hot spot. EFpot_spot Was calculated to be 4.1x108, indicating that
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EFnot-spot is within the same order of magnitude as EFgjmer and EF¢ype. After the sample
was immersed in a 1,4-BDT solution, all the peaks due to 4-MBT were replaced by the
characteristic peaks of 1,4-BDT (Fig. 4c, bottom trace) and EFgjmer Was calculated as
1.6x10%, which agrees with the initial EFgjmer Obtained with 4-MBT.

Figure 4d shows the SERS spectra for which the long axis of the dimer was perpendicular to
the laser polarization direction. In this case, the SERS signals further decreased in
comparison to Figure 4c, and were much weaker relative to Figure 4b. EFgjmer Was
calculated as 6.8x10°, which is close to the value of 5.9x10° obtained for single Ag
nanocubes (Fig. 3a), suggesting that the molecules in the hot spot did not make any
additional contribution toward SERS signals observed for the dimer. After plasma etching,
while the peak at 1072 cm™1 completely disappeared, the peak at 1583 cm™1 became very
weak and EFpot-spot became 4.4x10°, which was on the same order of magnitude as EFgimer
and EF¢ype. After immersion in 1,4-BDT, all the 4-MBT were replaced by the characteristic
peaks of 1,4-BDT and EF gimer Was found to be 5.4x10°.

According to near-field calculations by the discrete-dipole approximation (DDA) method for
Ag nanocubes 100 nm in size at 514 nm excitation,[16] the near-field distribution is
expected to be concentrated on the faces that form the hot-spot region when the laser
polarization is parallel to the dimer long axis. This could lead to a SERS enhancement of
170 folds stronger for EFnot.spot @5 compared to EF¢yne. However, when the long axis of the
dimer is at 45° and 90° relative to the laser polarization direction, the near-field distributions
are expected to be mostly concentrated outside the hot-spot region, i.e., at the corners and on
the faces that are perpendicular to the dimer's long axis, respectively. This reduction of near-
field distribution in the hot-spot region can be considered to be responsible for the
significant decrease in the EFptspot When the long axis of the dimer is at 45° and 90°
relative to the laser polarization.

In summary, we have demonstrated a simple and versatile approach based on plasma etching
for isolating and exclusively probing the hot spot in a dimer of Ag nanocubes. In this
approach, the dimer of Ag nanocubes was first functionalized with 4-MBT and the hot spot
was then isolated by exposing the sample to plasma etching. The plasma etching only led to
the removal of molecules adsorbed on the surface outside the hot-spot region. Finally, the
sample was functionalized with 1,4-BDT to demonstrate that the surface of the dimer did not
undergo any significant changes during plasma etching. Based on this approach, EFhot.gpot
was calculated as 1.0x108, 4.1x10, and 4.4x10° as the long axis of the dimer was oriented
at 0 (parallel), 45, and 90 (perpendicular) degrees relative to the laser polarization,
respectively. Likewise, EF gimer (Without isolating the hot spot) was calculated as 2.2x107,
2.0x106 and 6.8x10°, respectively. These results indicate that EFnot-spot displayed a strong
dependence on the laser polarization, experiencing an increase by a factor of ca. 10 and 230
as the long axis of the dimer was rotated from 90 to 45 degrees and from 90 to O (relative to
the laser polarization). Similarly, EF4imer displayed an increase by a factor of ca. 3 and 30.
By comparing EFpotgpot With EFcype, EFhot-spot Was increased by ca. 170 folds when the
dimer's long axis was parallel to the direction of laser polarization.

Experimental Section

The Ag nanocubes were synthesized according to our previously reported procedures.[10]
Samples for correlated SEM and SERS experiments were prepared by drop-casting an
ethanol suspension of the Ag nanocubes on a Si substrate that had been patterned with
registration marks and letting it dry under ambient conditions. In this case, dimers could
form spontaneously via aggregation during solvent evaporation. Functionalization with 4-
methyl-benzenethiol (4-MBT, Aldrich) or 1,4-benzenedithiol (1,4-BDT, Aldrich) was
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performed by immersing the substrate containing Ag nanocubes in a 5 mM ethanol solution
(5 mL) of 4-MBT or 1,4-BDT, respectively, for 1 h. The sample was then taken out, washed
with copious amounts of ethanol, and finally dried under a stream of nitrogen. The plasma
etching was performed in a plasma cleaner/sterilizer (Harrick Scientific Corp., PDC-001)
operated at 60 Hz and 0.2 Torr of air, with power being set to high. Plasma etching of the
sample was performed by placing the Si substrate containing the Ag particles in the plasma
cleaner chamber and exposing it to the oxygen plasma for 2 min. Since plasma etching is
highly sensitive to many parameters, one needs to at least optimize the etching time and air
pressure when this protocol is applied to a specific system. All samples were used
immediately for SERS measurements after preparation. The SERS spectra for individual Ag
nanocubes and dimers were monitored following each step of functionalization and plasma
etching.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(a) Schematic of the approach employed for removal and functionalization of a single Ag
nanocube with 4-MBT via plasma etching and re-immersion in a 4-MBT solution. (b) SERS
spectra from a single Ag nanocube functionalized with 4-MBT, followed by successive
cycles of plasma etching and re-immersion in 4-MBT (from top to bottom, respectively).
The exchange process could occur up to three cycles of plasma etching and re-immersion in
4-MBT solution. After the fourth round of plasma etching, the Ag nanocubes could not be
re-functionalized with 4-MBT any further. The SEM image in the inset was taken after the
fourth round of plasma etching; the slight truncation at corners is probably due to surface
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oxidation under extended exposure to the oxygen-plasma. The scale bar in the inset
corresponds to 100 nm.
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Figure 2.

Schematic of the approach employed for the exchange between 4-MBT (probe-A) and 1,4-
BDT (probe-B) on a single Ag nanocube. The Ag nanocube is functionalized with probe-A
and then exposed to plasma etching to remove the absorbed probe-A molecules from the
surface of the nanocube. In the next step, the nanocube is immersed in a solution of probe-B
molecules. As 4-MBT and 1,4-BDT present different Raman signatures, the exchange
process can be readily monitored by observing the shift in the 8a band (1550-1600 cm™1)
for the benzene ring.
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Figure 3.

SERS spectra from a single Ag nanocube functionalized with 4-MBT (top trace), followed
by plasma etching for 2 min (middle), and immersion in a 1,4-BDT solution (bottom). In (a)
and (b), the laser was polarized along an edge and a face diagonal of the Ag nanocube,
respectively. The scale bar in the inset corresponds to 100 nm.
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Figure 4.

(a) Schematic of the approach employed for probing the hot spot formed in a dimer of Ag
nanocubes. The dimer was functionalized with 4-MBT and then exposed to plasma etching
to remove the adsorbed 4-MBT molecules. In this case, only the 4-MBT molecules outside
the hotspot region (i.e., outside the two touching faces) were removed during the plasma
etching. The nanocube dimer was then immersed in a 1,4-BDT solution, resulting in the
complete replacement of 4-MBT by 1,4-BDT over its entire surface. (b—d) SERS spectra
from a Ag nanocube dimmer functionalized with 4-MBT (top), followed by after plasma
etching for 2 min (middle) and then immersion in a 1,4-BDT solution (bottom). The laser
was polarized at 0, 45 and 90 degrees with respect to the long axis of the dimer. The scale
bars in the insets correspond to 100 nm.
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