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ABSTRACT

Highly homogeneous surface-enhanced Raman scattering (SERS) substrates were
produced in centimeter-scale by annealing solution processed gold nanoparticles into
plasmonic nanoislands. The average size and separation of the nanoislands are
controlled by tuning the annealing temperature. SERS measurements yield a global
enhancement factor as large as 107 over an area of 2 x 2 cm? for samples annealed at
temperatures ranging from 150 to 200°C. Spectral “mapping” of the SERS signal
shows a homogeneous distribution of the hotspots with high contrast over the whole
substrate. The relative standard deviation of the SERS signal is less than 5.4% over an
area of 50 x 50 pm? Theoretical simulations show strong dependence of the
near-field electromagnetic enhancement on the size and the separation gap of the gold
nanoislands. Both, average gap size and average nanoisland size increase with
increasing annealing temperature. Intensive plasmonic coupling between the adjacent
gold nanoislands leads to broadband resonance for samples annealed at 150 and
200 °C, so that laser excitation within the spectrum of plasmon resonance at 633 or
785 nm produced significantly enhanced SERS for 4-Mercaptopyridine molecules
modified on the gold nanoislands.

KEYWORDS: Surface-enhanced Raman spectroscopy, hotspot, Raman mapping,

solution processed gold nanoislands
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1 Introduction

Surface-enhanced Raman scattering (SERS) has attracted much interest since 1970s
owing to its potential applications in ultrasensitive analysis*. The distinct advantage of
SERS lies in the huge enhancement of the Raman signal, which serves as a fingerprint
of molecular substances, enabling, in principle, detection and identification of
analytes down to the single-molecule level. Therefore, SERS-based sensors may be
used for detecting environmental pollutants, forbidden additives in food products, or
residues of explosives, etc. and thus may contribute to solving major social problems
such as preservation of the environment, guaranteeing food safety, or fighting
terrorism. With the development of portable Raman spectroscopic devices,
SERS-based onsite food safety detection’ and environmental monitoring® are
expected to become reality soon. However, reliable fabrication of large area SERS
substrates at low costs is still a challenge because of difficulties in achieving
reproducibly “hotspots” with high enhancement, high density, and homogeneous
distribution over the entire area of the SERS substrate. The “hotspots™ are generally
defined as the locations of intensive plasmonic fields occurring in the gaps narrower
than 10 nm between adjacent metallic nanostructures. SERS enhancement factor as
high as ~10™ have been reported for individual hot spots. However, the average
global enhancement on a SERS substrate is more crucial for practical applications. It
depends not only on the local enhancement of the individual hot spots, but also on
their density and homogeneity in distribution. In order to obtain such hotspot
arrangements, various methods such as electron beam lithography,” nanosphere
lithography,® focused ion-beam patterning,® self-assembly,” and other strategies,®*°
have been employed. However, there are limitations on controllability and

reproducibility for obtaining high-quality SERS substrates. Capillary-assisted
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assembly is reported as an economic technique for producing SERS substrates
reproducibly, however, but large-scale homogeneity is still a big challenge for this
method.®  Copolymer-template self-assembling provides a simple method for
preparing the SERS substrates with a high degree of controllability.” However, the
copolymer template is difficult to remove by lift-off process and the residues lead to

poor signal to noise ratio in practical applications.

In this work, we report an approach based on solution processing of colloidal gold
nanoparticles to prepare hotspot-active SERS substrates with a large-area
homogeneity in a highly reproducible way. Spin-coating of the gold nanoparticles in
colloids combined with a subsequent annealing process has proven to be a simple and
reliable fabrication process. It enables a correlated control of the size and separation
distance (or gap width) of gold nanoislands produced on the transparent glass
substrates. Optimized global SERS enhancement factors as large as 10" have been
achieved over a whole substrate area of 2x2 cm? for samples annealed in the
temperature range from 150 to 200 °C. Furthermore, this enhancement factor was
found to vary with a relative standard deviation as small as 5.4% as measured over an
area of 50 x 50 um?. Therefore, this kind of solution-processed SERS substrates is a
potential candidate for commercialized devices combining the advantages of huge

signal enhancement, high quality, large-area homogeneity, and low costs.

2 Solution-processed SERS substrates with controllable size/gap
configuration of the gold nanoisland structures

The 1-hexanethiol modified gold nanoparticles with a mean diameter smaller than 5
nm were synthesized as previously reported.’! 1-hexanethiol modified gold
nanoparticles have been used as the precursor in order to improve the stability of the

final product. Colloidal solution of the gold nanoparticles was prepared by dissolving
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the powder of ligand-covered gold nanoparticles into xylene with a concentration of
100 mg/ml, which was then spin-coated onto glass or silicon substrates to produce
thin films of colloidal gold nanoparticles with sizes of 5 nm. In a subsequent
annealing step performed in a furnace for 20 minutes, the gold nanoparticles are
melted to form gold nanoislands. Controlling the annealing temperature, different
sizes and different separation distances of the gold nanoislands may be produced on
the substrate. Theoretical and experimental investigations have both shown that the
melting point of the gold nanoparticle decreases sharply when its diameter is reduced
to smaller than 5 nm.*? Different annealing temperatures ranging from 150 to 400 °C
have been used to perform the size/gap tuning of the randomly distributed gold
nanoisland arrays. Fig. 1 shows the SEM images of the gold nanoisland
configurations obtained for different annealing temperatures of (a) 150 °C, (b) 200 °C,
(c) 300 °C, and (d) 400 °C (Figures S1, S2 in supporting information show more
images of samples annealed at temperatures ranging from 140 °C to 500 °C). It can be
observed clearly that both the size and the separation distance (gap width) between
the gold nanoislands change with the annealing temperature. The two quantities are
not independent, both increase with increasing annealing temperature. From Fig. 1(a)
and (b), we find that the distance between the adjacent nanoislands is already too
small to be resolved by the SEM imaging. This is caused by the fact that at low
annealing temperatures the gold nanoparticles getting molten tend to aggregate to
form larger ones, however, the larger ones solidify out since the larger sizes
correspond to higher melting point. Since the annealing temperatures of 150 and
200°C are close to the threshold of the melting point of the gold nanoparticles, the
size, as well as the gap width, has a relatively large dynamic range. Consequently, the

thin layer of gold nanostructures actually consist of a kind of 3D aggregates of gold
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nanoparticles with their diameter and separation distance varying in a large dynamic
range. Nevertheless, the substrate exhibits excellent homogeneity over its effective
area. Thus, low annealing temperatures favor the formation of extremely small gaps
between gold nanoparticles and high density of “hot-spot”. In the SEM image of the
sample annealed at 200 °C, it can be seen that larger and smaller gold nanoparticles
coexist. It can be anticipated that the larger ones may induce more intensive localized
field due to plasmonic excitation, so that even stronger SERS enhancement may be

achieved.

When the annealing temperature is increased to 300 °C, gold nanoislands with an
average diameter of about 70 nm and a typical separation distance larger than 10 nm
were produced, as shown in Fig. 1(c). As the annealing temperature is increased to
400 °C, both the size and the shape of the gold nanoislands become more
homogeneous and the separation distance between them becomes even larger, as
shown in Fig. 1(d). Such large gap widths as found in Fig. 1(c) and (d) reduce
significantly the coupling between the adjacent gold nanoislands leading to

dramatically reduced electric fields on the “hot-spot” sites.

Since a larger size of the gold islands may induce stronger localized fields due to the
stronger plasmonic resonance, an arrangement of larger gold nanoislands with small
gap widths is preferred for obtaining a large SERS enhancement. However, in
practical situations, smaller gap width and larger gold nanoparticles cannot be
achieved simultaneously in one processing step, as demonstrated in Fig. 1. To
illustrate this more clearly, enlarged SEM images are presented in Fig. S1 of the
supporting information, which show that size and the gap width of the gold
nanoislands increase simultaneously with increasing annealing temperature. This is

the main feature of the gap/size control approach based on a single processing step,
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which is confirmed further by more experimental results in Fig. S2.

Thus, a compromise is required. On the one hand, increasing gap width means weaker
hot spots and, on the other hand, the plasmonic excitation of larger nanoislands is
stronger. Consequently, there exists an optimized combination of the size and the
separation distance of the gold nanoparticles. Both threshold temperatures for the
melting of the gold nanoparticles and for the sublimation of the ligands covering the
gold nanoparticles are about 150 °C. Fortunately, as will be demonstrated by the
experimental results, the optimized annealing temperature is higher than these

threshold values.

Further improvement may be achieved in the future using larger colloidal gold
nanoparticles with diameters of more than 20 nm. Then, the melting process of the
gold nanoparticles can be prevented at higher annealing temperatures. Alternatively,
one may attempt to use two subsequent processing steps, the first at a higher

annealing temperature where large nanoislands are produced and the second at a

lower annealing temperature to produce smaller particles in the gaps of the larger ones.

Both approaches are currently under investigation.

To test the SERS substrates, the samples annealed at different temperatures were first
immersed in 10™-M-4-Mercaptopyridine (4-MPy)/ethanol solution for 24 h. After
extensive rinsing with ethanol, the samples were finally dried under nitrogen. This
procedure leads to the formation of a monolayer of 4-MPy molecules bound to the

gold nanoisland structures, which may serve as a probe of the SERS effect.

3 Performance of the SERS substrates consisting of gold nanoislands
with controllable gap-size landscape

3.1 Optical spectroscopic performance
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The optical extinction spectra of the SERS substrates in air shown in Fig. 2(a) have
been measured using a Shimadzu UV-3600 spectrophotometer. A fairly broad
extinction spectrum extending from 520 to 920 nm (at FWHM) can be observed for
the sample annealed at 200°C in contrast to the spectra of the samples annealed at 150,
300, and 400 °C. We attribute this broadening effect to the following mechanisms: (1)
relatively wide size distribution of the gold nanoislands.”® (2) a strong plasmonic
coupling between the adjacent nanoislands due to the small gaps between them.*
When the annealing temperature is increased to 300 °C or 400 °C, the extinction
spectra are both peaked around 560-570 nm and their bandwidths become narrower
than 100 nm at FWHM. This implies a much more homogeneous distribution of the
size and shape of almost isolated gold nanoislands, in concordance with the SEM
images in Fig. 1(c) and (d). For the samples annealed at 150 °C, the peak of the
extinction spectrum is red-shifted to about 675 nm and has a bandwidth of about 180
nm at FWHM. This indicates some aggregations of smaller gold nanoparticles with
true contacts, so that the plasmonic resonance partly results from the bodies of the
aggregates, instead of from the isolated small particles. The photographs of the
substrates described above are shown in Fig. 2(b) and the change of their colors

implies the spectral shift of localized surface plasmon resonance.
3.2 SERS enhancement

The SERS spectra of the samples covered with a monolayer of 4-MPy were measured
by a Renishaw inVia-Reflex micro-Raman spectrometer equipped with 532 nm, 633
nm, and 785 nm laser sources, and a confocal microscope. A 50% objective (numerical
aperture NA = 0.85) was used for all of the measurements. SERS spectra were
obtained with incident laser powers of 25 mW at 532 nm, 8.5 mW at 633 nm, and 30

mW at 785 nm, and with an acquisition time of 20 seconds. The SERS substrates
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shown in Fig. 1 have been employed in the Raman experiments described below.

SERS spectra for 785-nm excitation are shown in Fig. 3. The maximum SERS
enhancement was observed for the substrate annealed at 200°C. The global
enhancement factors (EFs) were calculated following the procedures reported in Ref.
15 with the effective area of gold nanoislands and the spot diameter at the focus taken
into account. Using the SERS peak at 1001 cm™ (852 nm) as the reference, the

enhancement factor (EF) has been calculated to be as large as 9.0 X 10° and 5.2 X 10°

for the 200-°C- and 150-°C-annealed samples, respectively. However, when the
annealing temperature is increased to 300 and 400 °C, no enhancement in the SERS
signal can be observed at 785-nm excitation, where only the second order Raman
peak of silicon around 930-960 cm™ can be detected. Thus, no “hotspots” have been

produced on these substrates.

When altering the excitation wavelength to 633 nm, the Raman signals from 1001
cm™ (676 nm) to 1600 cm™ (705 nm) are all enhanced significantly, as shown in Fig.
4 for the substrates annealed at 150 and 200 °C, which demonstrates stronger
plasmonic enhancement for 633 nm excitation as it is closer to the peak plasmon
resonance than 785 nm excitation. The enhancement factors at 1001 cm™ were

calculated to be 9.8 10° and 5.8 X 10° for the samples annealed at 200 and 150 °C

respectively. However for 633-nm excitation, SERS signals were also observed for
the samples annealed at 300 and 400 °C, and the corresponding enhancement factors
were calculated to be 9.1x10° and 7.0x10° respectively, which are one order of
magnitude lower than those of the samples annealed at 150 and 200 °C. This
demonstrates that a better matching of the excitation with the plasmon resonance still

leads to considerably enhanced SERS signals even though the large gap-sizes do not
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favor the formation of hotspots.

Experimental results by McFarland et al. in Ref. [16] gave more insights into
mechanisms how stronger SERS signals were excited by a laser at 633 compared with
785 nm. The relationship between the plasmonic extinction spectrum and the
excitation wavelengths has be investigated in Ref. 16. The strongest SERS signal
occurred when the excitation laser wavelength was close to and on the higher-energy
side of the peak wavelength of plasmon resonance, whereas, the Raman shift was
close to and on the lower-energy side of the plasmonic peak. In our results, the
extinction peak is around 670 nm for the sample annealed at 150 °C. Thus, the
excitation laser at 633 nm is on the higher-energy side and closer to the peak
wavelength of 670 nm than 785 nm. However, the extinction spectrum for the sample
annealed at 200 °C is broad and the highest peak is at 570 nm. Therefore, the
excitation at 633 nm is again closer to the plasmonic extinction peak than 785 nm,
although both of the excitation wavelengths are on the lower-energy side of the

extinction peak.

A series of experiments using 532-nm excitation have also been performed on the
same series of SERS substrates, which are included in Fig. S3 of the supporting
information. In this case, only very weak Raman signals have been detected, implying
that 532 nm as excitation wavelength is not a good choice, although this wavelength
is within the spectral band for effective plasmon excitation (Fig. 2). This can be
understood by considering that the enhancement factor increases with the absolute
value of the ratio between the real and the imaginary part of the permittivity of metals
defined as |e'/e”|."*® For gold, this ratio increases with the increase in the excitation
wavelength in the spectral range from 500 to 900 nm, where the ratio increases from

~1t033.9°
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The enhancement factor is also affected by the size of the metallic nanostructures.® In
principle, larger gold nanoparticles induce stronger localized fields than smaller ones.
However, the gap between them plays a more important role in the creation of
hotspots with extremely intensive local field. Therefore, there exists a compromise
between the two parameters for optimization. In fact, it is very difficult to achieve
extremely small gaps while keeping large sizes of the gold nanostructures currently.
On the other hand, too small sizes of the gold nanoparticles may result in the
aggregation with true contacts of the smaller particles, which actually destroys the
plasmonic response of the gold nanoparticles. Above mechanisms determined the
final optimized configuration of the SERS substrates and explain why the best SERS
performance has been obtained by the substrate annealed at 200 °C, as compared with

those annealed at 150, 300, and 400 °C.
3.3 Large-area homogeneity

To characterize the homogeneity of SERS enhancement over the whole substrate area,
the main vibration of 4-MPy has been measured in “mapping” mode by a WITec
Alpha300A confocal Raman spectrometer equipped with a synapse CCD detector and
a 633 nm He—Ne laser. A 100x objective (numerical aperture NA = 0.9) was used in
all the measurements, and the light spot at the focus is about 858 nm in diameter.
More than 62500 spectra were collected in the “mapping” image shown in Fig. 5(a).

The intensity of the Raman vibrational signal at 1001 cm™* on an area of 50 X 50 um?

is plotted in Fig. 5(a), and the average SERS spectra on bright and dark spots are
shown in Fig. 5(b) and (c), respectively, which are marked by dotted circles in Fig.
5(a). The average spectrum all over the mapping area was shown in Fig. 5(d). It is
demonstrated convincingly in Fig. 5 that the main Raman vibrations of 4-MPy for the

aromatic ring breathing modes (1001, 1017, 1060, and 1097 cm™*) were enhanced at
10
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all spots with high contrast and clear boundary, indicating excellent SERS activity.
The difference between the amplitude of the SERS signals on the dark and bright
spots was ~20 CCD counts. The relative standard deviation (RSD) of the Raman
intensity was calculated with more than 200 spectra, which was 5.1% and 5.4% for
Raman vibrations at 1001 and 1017 cm*, respectively, for the 200 °C annealed
samples. These results are much better than the data reported previously” ® and show

highly homogeneous SERS activity over the whole substrate area.
3.4 Near-field investigation

Electromagnetic near-field distributions around the randomly distributed gold
nanoislands in different assemblies were calculated using the finite-difference
time-domain (FDTD) method,?’ as shown in Fig. 6. Typical parameters for theoretical
calculations have been chosen on the basis of the statistic results of Fig 1 with the
help of the image-Pro® Plus software (from Media Cybernetics Inc.). The
mean-diameter distribution of the gold nanoislands corresponding to the configuration
with strongest SERS enhancement in Fig. 1(b) was calculated and the results are
shown in Fig. S4 in the supporting information. We found that the mean diameter of
the annealed gold nanoislands has two distribution regions, one is peaked at about 20
nm and the other at about 50 nm. Different combinations between two kinds of gold
nanoparticles with diameters of 20 and 50 nm and different gap widths of 1, 4, and 16
nm are investigated. The sizes of the gold nanoparticles have been chosen on the basis
of the analysis (as shown in Fig. S4) of the SEM image in Fig. 1(b), corresponding to
the configuration with strongest SERS activity. The intensity of the electric field on
the “hotspots”, which are found located exactly at the gap, is strongly dependent on
the distance between the gold nanoparticles or the gap width. A smaller gap induces

much stronger electric fields (Fig. 6(a), (d), (g)). Furthermore, larger gold
1
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nanoparticles excite a much larger volume of electric field with higher strength (Fig.
6(a)). Fig. 7 shows the variation of the intensity of electric field with the gap width for
three combinations between the two kinds of gold nanoparticles and for the two
excitation wavelengths of 633 and 785 nm. The intensity of the electric field
decreases nearly exponentially with increasing gap width between the gold
nanoparticles. For the same gap width (d), the electric field is much stronger for the
gold nanoparticles with a larger diameter (D = 50 nm) than for those with a smaller
diameter (D = 20 nm). However, the intensity of the electric field is reduced
dramatically as the two gold nanoparticles get into contact (d = 0). Moreover, 633-nm
excitation induces much stronger fields than 785-nm in agreement with the
experimental findings. The reason is that 633 nm is much closer to the position in the
extinction spectra that the incident and Raman scattered photons are both strongly

enhanced.®

In order to compare the samples annealed at 200 and 300 °C, further simulations were
performed on the basis based on Fig. 1(c) and Fig. S1(d). The simulation results are
given in Fig. S5 of the supporting information. Three gap widths of 3, 10, and 30 nm
and two diameters of 40 and 70 nm have been used for the gold nano-island matrix in
the simulations. Although very strong local field can be observed for gap widths of 3
and 10 nm in Fig. S5, the practical gap width was measured to be larger than 10 nm in

Fig. 1(c), leading to much reduced local field.

A numerical comparison of the local-field intensity following the simulation results in
Fig. S5 was given by Fig. S6. When we compare the red curve in Fig. 7 and the black
curve in Fig. S6, which correspond closely to samples annealed at 200 and 300 °C,
respectively, we can find that the former is more than an order stronger than the later

in intensity. This explains convincingly why SERS signal became weaker when the
12
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temperature is increased to higher than 200 °C.

4 Conclusions

In conclusion, we demonstrate a cheap and highly reproducible approach for
fabricating SERS substrates with excellent homogeneity over an effective area of 2 x
2 cm? and global SERS enhancement factors in the order of 10 for 633-nm excitation.
The SERS spectroscopic measurements show that fluctuations of the global SERS
enhancement over the sample area are less than 5.4% by RSD. There exist optimized
configurations of the size and gap width of the gold nanostructures that have been
patterned randomly on glass or silicon substrates through annealing spin-coated
colloidal gold nanoparticles. The corresponding broadband plasmonic resonance
covering the excitation wavelengths at 633 and 785 nm ensured strong SERS
activities.
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Figure Captions

Fig. 1 SEM images of gold nano-island structures obtained at different annealing
temperatures: (a) 150°C, (b) 200°C, (c) 300°C, and (d) 400°C. Insets in (a) and (b) are

the enlarged SEM images of the structures annealed at 150 and 200°C.

Fig. 2 (a) Normalized optical extinction spectra of the SERS substrates obtained at
different annealing temperatures of 150°C, 200°C, 300°C, and 400°C in air. The
vertical dashed lines indicate the wavelengths of the incident light utilized in our
SERS measurements; (b) Photograph of SERS structures prepared on glass substrate.
From left to right, the samples with different colors correspond to the substrates

annealed at 150°C, 200°C, 300°C and 400°C, respectively.

Fig. 3 SERS spectra with 785-nm excitation of the 4-MPy modified gold nano-island

structures annealed at different temperature.

Fig. 4 SERS spectra with 633-nm excitation of the 4-MPy modified gold nano-island

structures annealed at different temperature.

Fig. 5 (Left panel) (a) The “mapping” image on an area of 50x50 pm? for the Raman
vibration at 1001 cm * of a 4-MPy monolayer on SERS sample annealed at 200 °C
annealed. (Right panel) The average SERS spectra on bright (b) and dark (c) spots
which are marked by dotted circles in image (a), and the average SERS spectrum all

over the mapping area (d).

Fig. 6 Electric field intensity distribution profiles in the vicinity of the Au nanoparticle

113 || »

dimers as a function of the gap size for polarization of the incident light with

16
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633-nm excitation. Scale bar: 20 nm; The diameters (D) of the Au nanoparticle dimers
are 50-50nm, 50-20nm and 20-20nm; three typical gap width as d=1nm, 4 nm and 16
nm have been calculated; the red arrows in the images are the direction of the incident

polarization.

Fig. 7 Variation of the intensity of electric field with the gap width for three
combinations between the two kinds of gold nanoparticles (D=20 nm and 50 nm) and

for two excitation wavelengths at 633 and 785 nm with “ || > polarization.
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