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In-Situ Partial Sintering of Gold-Nanoparticle Sheets

for SERS Applications

Jinbo He, Xiao-Min Lin, Ralu Divan, and Heinrich M. Jaeger*

A new, versatile substrate design for surface-enhanced Raman spectroscopy (SERS)
is introduced that provides better illumination and collection efficiency than other
solid substrates. It uses sheets of 5 nm diameter gold nanoparticles that are draped by
drying-mediated self-assembly onto 100 nm thick silicon nitride membranes. During
laser illumination, partial in-situ sintering of the nanoparticles into larger structures
with tiny gaps (=2 nm) greatly increases the SERS enhancement factor. The detection
of 1 pm of p-mercaptoaniline and 1 fg of 2,4-dinitrotoluene is demonstrated. The use
of self-assembled nanoparticle sheets furthermore makes it possible to perform SERS
detection in situ on top of a probe solution droplet.

1. Introduction

Ever since the discovery of surface-enhanced Raman
spectroscopy (SERS), the technique has generated tremen-
dous interest due to its ultrahigh sensitivity, with potential
applications in chemical and biological sensors.l!l Different
approaches for fabricating SERS substrates using “top-down”
or “bottom-up” methods, or a combination of both, have been
studied extensively.2l SERS substrates based on colloidal
metal nanoparticles have received special attention because
of the possibility to reach enhancement factors as large as
10'-10" from a combination of electromagnetic and chem-
ical enhancement effects, which has brought single-molecule
detection within reach.[’I To achieve such enormous enhance-
ment, nanostructures of suitable size and separation distances
(less than a few nanometers) are crucial.ll In previous studies,
this was achieved by inducing the aggregation of nanocrystals
in a solvent, while they were incubated with the probe mole-
cules.’! This approach produces good results in terms of illu-
mination and the likelihood of embedding probing molecules
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into “hot spots”, but these advantages are lost when the nano-
particles are dried onto a substrate.[]

The fabrication of a high-sensitivity SERS substrate has
remained a challenge, mainly because of the difficulty in
producing the optimal configuration of metal particles a few
tens of nanometers in size and at the same time separated by
gaps of only a few nanometers. In this regard, self-assembly
of ligated metal nanoparticles offers much potential,[’<®! and
in hexagonally packed arrays enhancement factors up to 10%
have been reported.[¢] However, the assembly of large,
10-30-nm-diameter metal nanoparticles into ordered arrays
requires engineering of a thick ligand coating to balance the
strong van der Waals attraction between neighboring metal
cores and prevent sintering. In practice, this leads to fairly
large (8-10 nm) ligand-filled gaps between nanoparticles, and
the dense ligand packing also presents a barrier for probe
molecules to diffuse into interstitial “hot spots”.[>¢7]

Herein, we report a simple alternative approach to self-
assemble highly sensitive SERS substrates that circumvent
some of these problems, can reach enhancement factors >10°,
and can be used for the detection of molecules in the liquid,
solid, and possibly gas phases. Our key idea is to utilize the
highly controllable, drying-mediated self-assembly of small
(=5.5 nm in diameter) metal nanoparticles to form close-
packed monolayer sheets with 1-2 nm interparticle gaps. Laser
illumination for the SERS measurement provides the parti-
cles with sufficient mobility to enable partial, in-situ sintering
into 10-50 nm structures that remain surrounded by closely
spaced neighbors. We also demonstrate that the type of solid
support for the nanoparticles can have a significant influ-
ence on the observed SERS signal. In contrast to the usual
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thick solid support, a 100 nm thin silicon nitride membrane is
shown to allow for total internal reflection of the excitation
laser beam and to maximize the local excitation field, which
induces additional enhancement of the SERS signal.

2. Results and Discussion

Figure 1a illustrates the main features of our SERS sub-
strate. It consists of a 3 mm X 4 mm piece of silicon wafer
coated with Si3;N, and back-etched over a 60 um x 60 um
square area to create 100 nm thin “window” membranes.
Dodecanethiol-stabilized gold nanocrystals with core sizes

Au nanoparticlesheet
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=5.5 nm (<10% size within each batch) were synthesized by
the digestive ripening protocol, as described earlier.[®] A nano-
particle monolayer was formed by a one-step drying method
that self-assembles nanoparticles at the liquid/air interface
of a water droplet deposited on the substrate. The mono-
layer then draped itself over the substrate once the water
evaporated.’°] Figure 1b shows an optical microscopy image
of a sample partially covered by a layer of gold nanoparticles.
The thicker regions are the result of folds in the monolayer
sheet, formed during the drying and draping process. The
well-ordered, close-packed structure of a single layer is dem-
onstrated by the transmission electron microscopy (TEM)
image shown in Figure 1c, taken in the window area.

— 10% laser power on window with Au membrane
----- 10% substrate out of window with Au membrane
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Figure 1. a) Schematic cross section of the SERS substrate: 3 mm x 4 mm silicon coated with a 100-nm-thick silicon nitride film. The silicon was
etched away from the back side to create square, 60 um x 60 um silicon nitride “window” areas. Gold-nanoparticle sheets were draped over
the substrate by using a drying-mediated self-assembly process. The zoomed-in view sketches the reflected and refracted light paths. b) Optical
microscopy image (top view) of a Si;N, window area partially covered with a gold-nanoparticle sheet. ¢) TEM image of a dried nanoparticle sheet in
the window area, prior to laser illumination. d) Raman spectra collected both inside (dashed line) and outside the window area (solid line) at 1%
laser power (47 uW), after 1 mm pMA (8 uL) was dried on the substrate. As a baseline, the black trace shows the signal at 10% laser power taken at
a bare spot inside the window without gold nanoparticles. The circles in (b) represent the positions where Raman spectra were collected. e) Same
as (d) but with 10% laser power (0.47 mW), comparing the SERS signals from nanoparticle sheets inside (solid line) and outside the window area
(dashed line). For both (d) and (e) the excitation wavelength was 633 nm and the acquisition time was 10 s per trace.
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To test the sensitivity of the SERS substrate, we deposited
1 mm p-mercaptoaniline (pMA; 8 L) solution on top of the
chip and let it dry under ambient conditions. SERS spectra
were obtained with a Renishaw inVisa Raman microscope
using a 50x objective with numerical aperture (NA) 0.75. A
He—Ne laser with wavelength 633 nm and power 4.7 mW at
100% was used for excitation. The laser beam focused on the
samples was =2 um in diameter.

In a first set of baseline measurements, we probed the sur-
face with 1% laser power (47 uW). With such low laser power,
there is no rearrangement or damage to the nanoparticle
assembly, as confirmed by TEM. Figure 1d shows the SERS
spectra taken at different positions marked in the optical image
in Figure 1b. In the area just outside the Si;N, windows, weak
SERS signals of pMA were detected (solid curve in Figure 1d).
Two characteristic Raman peaks at 1080 and 1590 cm™! can
be attributed to the vibrational modes of pMA exhibiting
al symmetry with respect to the C,, symmetry group of the
molecule.241%] No strong modes of b symmetry are observed.
The low enhancement of the SERS signal is in line with the
small size of the gold cores, as predicted by theoretical studies.[*
However, on the Si;N, windows, the SERS signal at 1% laser
power (dashed curve in Figure 1d) is enhanced by at least one
order of magnitude as compared with signals from outside the
window area. Statistical sampling confirmed that this is not
caused by heterogeneous distribution of the probe molecules.

This extra enhancement on the window is due to the design
of the substrate, which can effectively reflect the incident light
and Raman scattering at the Si;N,/air interface, as illustrated
in Figure la. Since the refractive indices of ligand, Si;N,, Si,
and air are 1.46, 2, 3, and 1, respectively, light at high incident
angle is expected by Snell’s law to exhibit total internal reflec-
tion at the SizN,/air interface, but not at the Si;N,/Si interface.
Indeed, with the type of large-NA objective lens normally used
in Raman spectroscopy to collect more signal,l''l laser beams
with incident angle >43° in the gold-nanoparticle sheet (>30°
in the Si;N, layer) did show total reflection at the Si;N,/air
interface. But the majority of the incident beam will be par-
tially reflected. This partially reflected beam, on the one hand,
provides better illumination compared to previous approaches
using thick solid substrates. On the other hand, interference
between multiply reflected beams may also contribute to the
Raman enhancement factor as previously reported.'2l Fur-
thermore, Raman scattering is angle dependent with a max-
imum intensity at 55-60° away from the surface normal.[%®13]
Wei and co-workers have demonstrated that, by increasing the
NA from 0.25 to 0.75, the enhancement factor was increased
by an order of magnitude. This high-angle, high-intensity
Raman signal would have been lost in other solid substrates.
But because of the total reflection at the Si;N,/air interface, it
was collected by the objective lens in our experiment. Finally,
further enhancement of the SERS signal can in principle arise
from multiple internal reflections and passage of the scattered
Raman signal through “hot spots”.

When we increased the laser to 10% of its full power (i.e.,
to 0.47 mW) and probed the area outside the Si;N, window,
the SERS signals at 1080 and 1590 cm™" increased by about the
same order of magnitude as the incident beam (dashed curve,
Figure le). However, inside the Si;N, window area covered
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with gold nanoparticles, a huge enhancement was found and
the peak features changed, as indicated by the black curve
in Figure le. Importantly, three additional, strongly enhanced
peaks at 1136, 1387, and 1433 cm™! are observed, which can
be uniquely assigned to the mode with b2 symmetry.21% The
appearance of b2 modes with increasing laser power has pre-
viously been observed in Au-nanoparticle aggregates and was
attributed to the quinonoid form of pMA molecules bridging
neighboring nanoparticles.'*! Charge transfer between the
PMA molecules and the metal surfaces is largely believed to
cause the tautomerization of benzenoid and quinonoid states
of pMA molecules.?41%1 However, Wu et al. have recently
proposed that p,p’-dimercaptoazobenzene created by surface
catalytic reactions is responsible for the b2 mode.['”]

Regardless of the detailed mechanism, the b2 mode of
PMA molecules is a signature of chemical enhancement
effects that require these molecules to be in direct contact
with a metal surface.[21%] The presence of these three strong
peaks in the Si;N, window area therefore indicates a struc-
tural change of the nanoparticle assembly, which allows the
probe molecules to get closer to the gold cores so that chem-
ical enhancement can take place.

A TEM image of a nanoparticle layer in the window area
after being exposed to 10% laser power is shown in Figure 2a.
We find partial sintering of the gold nanoparticles, presum-
ably due to the lack of efficient heat dissipation at the window
area. Chains of smaller particles (10-20 nm in diameter, sin-
tered in the monolayer regions) and larger nanoparticles
(40-50 nm in diameter, sintered in regions of multilayers due
to folds) with =2 nm gaps are seen, as well as “satellite” struc-
tures of larger nanoparticles surrounded by several smaller
nanoparticles. These structures are generally present at the
samples with the same experimental conditions (as shown
in Figure Sla,b, Supporting Information), which indicates a
good reproducibility of the current setup. We note that out-
side of the window area, as shown in Figure Slc,d, no damage
to the gold-nanoparticle sheets at 10% laser power is visible
by scanning electron microscopy (SEM). Such structures and
combinations of particle sizes are known to be favorable for
strong SERS enhancement.>®!¢] The sintering of gold nano-
particles into nanowire networks at water/air interfaces has
been reported previously.'”l However, in that work particles
were found to coalesce and well-defined nanoscale gaps were
absent, which limits the SERS enhancement.[*]

Using small nanoparticles as a precursor, the in-situ sin-
tering provides both the “hot spots” and more opportuni-
ties for probe molecules to get into them, without requiring
sophisticated synthesis procedures or lithography to form
specific nanoparticle arrangements.'8! Results also indicated
that with the current setup, the method also provides high
reproducibility since the wrinkles are generally everywhere.
Indeed, our method can detect extremely low concentrations
of the probe molecule pMA. As we decrease the concen-
tration of pMA in solution down to 1 pm, the characteristic
SERS peaks can still be identified (Figure 2b). To calculate
the empirical enhancement factor we compared the ratio of
the physically enhanced 1080 cm™ SERS peak intensity to
the corresponding unenhanced signal from neat pMA films
of known thickness on the Si;N, window (see the Supporting
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Figure 2. a) TEM image of a spot inside the Si;N, window area that was exposed to 10% laser power for 10 s. Partial annealing by the laser
illumination produced assemblies of large nanoparticles with very narrow gaps (the solid circle indicates an example), as well as “satellite”
structures (dashed circle). b) SERS spectra of pMA at different concentrations. Stars indicate characteristic Raman peaks of pMA. The curves are
moved vertically for clarity. Excitation wavelength: 633 nm; laser power: 10% (0.47 mW); acquisition time: 10 s. ¢) Fast-scan SERS spectra of
pMA at 1 pm. Curves are shifted vertically for clarity. Excitation wavelength: 633 nm; laser power: 10% (0.47 mW); acquisition time: 1 s per trace.
d) SERS spectrum of 2,4-DNT (5 pL, 1 ug mL™) acetonitrile solution deposited onto the chip. The NO, stretching mode at 1334 cm~ is clearly seen.
Excitation wavelength: 633 nm; laser power: 1% (47 uW); acquisition time: 10 s.

Information for details). From the 1 pm data, a conservative
empirical enhancement factor of =4 x 10° is estimated. At
1 pm concentration, only a few pMA molecules are present
within the area illuminated by the laser, assuming a homo-
geneous distribution of molecules on the substrate. Being
able to detect pMA molecules under such conditions indi-
cates that the local enhancement factor inside the interpar-
ticle interstices is significantly larger than 4 x 10°.

To check if this allows us to detect the signature of indi-
vidual molecules we looked for blinking, a phenomenon in
which the SERS signal goes on and off due to the diffusion of
probe molecules into and out of hot spots.['432%] This blinking
behavior is indeed observed at very low concentrations of
PpMA, but is much slower than that found in experiments using
colloids in solution, presumably due to the very low diffusion

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

rate in our dried solid film. Figure 2c shows a subset from
60 continuous SERS scans, all taken at a fixed position with
1 s exposure time each (see Figure S3 for all 60 scans). At the
beginning (bottom trace), only the flat background is observed.
At certain points later in time, strong SERS signals associated
with several of the characteristic peak positions appear and
then disappear (Figure 2b), an indication that molecules dif-
fuse into hot spots, explore different orientations, and produce
a time-varying chemically enhanced Raman signal. While not
a direct proof, this nevertheless indicates that our SERS sub-
strate may have the ability to detect single molecules.

This high sensitivity opens up opportunities for the
detection of molecules associated with common explosives.
To demonstrate this capability, we used 2,4-dinitrotoluene
(2,4-DNT). A 2,4-DNT acetonitrile solution (5 pL, 1 ug mL™)

small 2011, 7 No. 24, 3487-3492
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was dried onto the substrate and the resulting SERS spectrum
is shown in Figure 2d. The key vibration mode for 2,4-DNT,
the NO, stretching mode at 1334 cm™, is clearly observed,
consistent with previous reports.l'] Considering the total
amount (5 ng) of 2,4-DNT spread over the whole 3 mm X
4 mm area and assuming a homogeneous distribution, we
achieved a sensitivity of =1 fg with our 2-um-diameter laser
beam spot. This pushes the detection limit three orders of
magnitude lower than previously reported.['’]

Finally, using our preparation method, the nanoparticles
form a compact sheet while still at the air/water interface,
long before the water droplet has evaporated, and the sheet
drapes itself over the solid substrate.[»] This makes it pos-
sible to use our approach for in-situ SERS detection, that is,
deposition of a SERS-active nanoparticle array directly on
top of a water droplet containing probe molecules. Figure 3a
shows an optical image of the gold-nanoparticle membrane on
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Figure 3. a) Optical image of a gold-nanoparticle sheet self-assembled
on top of a pMA solution droplet. Inset: sketch of the geometry. b) SERS
spectra from in-situ measurements on pMA solution droplets of different
concentrations covered by gold-nanoparticle sheets. As low as 1 nm, the
characteristic Raman peaks of pMA can be identified, as indicated by
the stars. Excitation wavelength: 633 nm; laser power: 10% (0.47 mW);
acquisition time per trace: 10 s. Curves are shifted for clarity.
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top of a water droplet containing pMA molecules. Figure 3b
shows SERS spectra for different pMA concentrations, taken
in situ by focusing on the top of the water droplet, as illus-
trated in the inset to Figure 3a. In this case, the silicon nitride
window substrate does not contribute additional enhance-
ment, but the characteristic Raman peaks of pMA in solu-
tions as dilute as 1 nwm can still be identified.

3. Conclusion

In conclusion, we have demonstrated the in-situ sintering
of self-assembled sheets of small ligated gold nanoparticles
into larger nanoparticle assemblies with very narrow gaps.
This provides a dramatic overall enhancement of Raman scat-
tering, and in particular opportunities for probe molecules
to get sufficiently close to the particles for strong chemical
enhancement. This approach inherits some of the key advan-
tages of SERS performed with colloidal solutions. At the
same time it offers extreme simplicity as well as versatility,
thus allowing both for in-situ SERS on droplets of aqueous
solutions by coating them with a nanoparticle monolayer,
and for the design of novel solid SERS substrates by draping
a nanoparticle sheet over a thin freestanding Si;N, window.
The very high sensitivity of this SERS chip design was dem-
onstrated with both pMA and 2,4-DNT molecules.

4. Experimental Section

Nanopatrticle Synthesis: Au nanoparticles were synthesized by
reducing Au salt with sodium borohydride in an inverse micelle
solution, followed by a digestive ripening process using an excess
amount of dodecanethiol ligand to narrow the particle size.®! TEM
analysis of the samples showed average diameters of =5.5 nm
with size dispersion <10%.

Sample Preparation: p-Mercaptoaniline (pMA, 97%) and
2,4-dinitrotoluene (2,4-DNT, analytical standard acetonitrile solu-
tion) were purchased from Sigma—Aldrich and used as received.
Ultrapure deionized water (Nanopure system) was used throughout
the experiments. Silicon substrates (3 mm x 4 mm) coated with
100 nm silicon nitride were used. At two spots near the center of
each substrate, the silicon was etched away from the back side
to create square, TEM-transparent silicon nitride “window” areas
~60 um along the side. The substrates were spin-washed several
times with toluene, methanol, acetone, and ultrapure water. The
self-assembled nanoparticle sheets were prepared by following
the procedure published in our previous work.”»! Briefly, the sub-
strate was placed on a clean glass slide or a piece of Teflon tape.
A pure water droplet (8 uL) was deposited, and then nanoparticle
solution (20 uL) was applied on top of the water droplet. Due to
the low surface tension of toluene, the nanoparticle solution
expanded and quickly covered the water droplet. After the toluene
evaporated in several minutes, a monolayer of nanoparticles was
left at the water/air interface and dried onto the substrate under
ambient conditions. Due to the decrease in surface area by almost
50%, some folds (corresponding to triple layers of nanoparticles)
developed during the drying process. For use as a solid SERS sub-
strate, pMA solution droplets (8 ulL) of different concentrations
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were deposited on top of the dried nanoparticle layer and allowed
to evaporate under ambient conditions. For the in-situ measure-
ments in Figure 3, pure water droplets (8 L) were replaced by
pMA solution droplets (8 L) of different concentrations and SERS
measurements were taken before the droplets had dried.

Optical Microscopy and TEM: TEM imaging was conducted
using a Tecnai F30 microscope with accelerating voltage at
300 kV. Optical micrographs were taken with an Olympus BH-2
microscope.

SERS Measurements: SERS spectra were recorded on a Ren-
ishaw inVisa Raman microscope using a 50x objective (NA=0.75).
For the in-situ experiments on droplets shown in Figure 3, a long-
working-distance 50x objective with NA = 0.5 was used. A He-Ne
laser (633 nm) was used for the excitations. The laser beam size
focused on the samples was 2 um in diameter with a laser power
of 4.7 mW at 100%.

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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Figure S1. (a-b) TEM images taken inside a spot on the Si3N4 window area that was
exposed to 10% laser power for 10s. Results for two different samples are shown in
panels (@) and (b), demonstrating similar sintering behavior with similar particle
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organization and size distribution. (c) Optical image of a sample after exposure to 10%
laser power, showing areas both on the window and outside it. Inside the window, the
beam damage is clearly observable. The red circles indicate the locations targeted by the
beam outside of window. (d) SEM image of the same sample as in (c). The beam
damage to the nanoparticle layer inside the window is immediately obvious. However,
outside of window area even at 10% laser power, no damage to the gold nanoparticle
sheet is seen by SEM (compare for the location of the red circles in (c)).
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Figure S2. (a) Optical image of pMA dried on a clean Si3N4/Si substrate. The red square
indicates the spot exposed to laser beam. (b) AFM image of the same spot exposed in (a).
The horizontal red line indicates the location of the height profile across the exposed area.
(c) The Raman spectrum of pure pMA on the SisN4 window area, using 10% laser power

at 633 nm. Acquisition time was 10s.
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In order to calculate the empirical enhancement factor, the Raman spectrum from pure
pMA on the Si3N4 window was taken as a reference. As shown in Figure Sla, 8 pl
Ethanol solution (10 mM) of pMA was allowed to dry on a clean substrate. The SERS
spectrum shown in Figure S1c was recorded on a Renishaw inVisa Raman microscope
using a 50x objective (NA= 0.75). A He-Ni laser (633 nm) was used for the excitations.
The laser beam size focused on the samples was 2 um in diameter. 10% laser power (0.47
mW) was used with an acquisition time of 10s. The exact exposed spot in Figure S1la was
imaged by AFM to extract the thickness of the sample as shown in Figure S1b. The
equation for the enhancement factor is EF = (Isgrs/Nsers)/(Irs/Nrs),
where Isgrs and Igs are the SERS intensity and normal Raman intensity, respectively,
normalized for acquisition time and laser power. Nsgrs and Ngs are the number of
molecules probed in the SERS and Raman measurements. The Raman shift at 1080 cm™,
belonging to the al symmetry that is mostly affected by physical enhancement, is chosen
to be the peak for comparison. For the normal Raman spectrum of pMA, using a bulk
density of 1.18 g/cm®, Irs/Ngs gives a value of 3.6x10® count/(moleculessemW). For the
SERS spectrum at 1pM, assuming a homogeneous distribution of pMA across the 3mm x
4mm substrate, a Isgrs/Nsers Value of 139 count/(moleculeesemW) is found. This results
in an enhancement factor EF ~ 4x10°, which is a conservatively estimated value due to

the over-estimation of the surface area.





