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Surface-enhanced Raman spectroscopy (SERS), as induced by noble metal nanoparticles, is used for 
medical applications. In this study, gold nanoparticle parameters such as size, shape, separation, 
substrate etc. are varied systematically using electron beam lithographic fabrication methods. The 
resultant Raman spectra intensities are correlated with the nanoparticle surface plasmon energies as 
determined by electron energy loss spectroscopy (EELS) in a scanning transmission electron microscope 
(STEM) at nanometer-scale resolution. It is found that the largest enhancement is achieved when the 
illuminating laser energy closely matches, or is slightly higher than, the surface plasmon energies. In 
general, nanoparticle size is a strong determinant factor, and higher intensities are generated by sharply 
defined features. This approach allows a procedure to identify the optimum combination of nanoparticle 
parameters and laser energy to generate the largest Raman signals, thus enabling detection, for instance, 
of smaller, early-stage cancer tumors.

Introduction
There are numerous approaches to using “materials nanotech-
nology” for possible medical applications, including early cancer 
diagnosis [1–6]. Many rely on the detection of some sensitive 
physical property, such as magnetic, acoustic, or light signals 
[7–9] from nanoparticles attached to tumor cells, rather than 
the direct identification of the cells themselves. Oftentimes there 
is no overarching scientific methodology to optimize the nano-
particles other than by finding acceptably large signals either 
experimentally or by modeling. In this article, we describe pro-
cedures using lithographic techniques to systematically vary 
gold nanoparticle parameters such as size, shape, separation 
etc. to produce the highest intensity surface-enhanced Raman 
spectra (SERS), correlating the experimental observations with 
nanoparticle surface plasmon energies as determined by elec-
tron energy loss spectroscopy (EELS) in a transmission electron 
microscope (TEM).

The SERS phenomenon involves a very large increase in a 
normally weak laser-induced Raman signal from an organic 
dye, often by several orders of magnitude, induced by its con-
tact with noble metal surfaces such as gold and silver [10, 11]. 
This increase is known to be brought about by interaction with 
surface plasmons [12, 13]. The effect has been utilized in sev-
eral ways [13–15] in our research most notably for detection 
of cancer tumors utilizing silica-coated, 60 nm spherical gold 
nanoparticles containing Raman reporter molecules [16–18]. 
This has resulted in the development of an endoscope designed 
to illuminate, using a laser, the Raman signal from these parti-
cles potentially attached biochemically to small tumors within 
the bowel cavity [19, 20].

Various nanoparticle parameters are known to influence the 
intensity of the enhanced Raman signal such as size and shape 
[21–24]. In our electron microscopy studies of the particles 
attached to tumor cells, or to organs within a research animal, it 
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is found that they often cluster [22, 25, 26, 17, 27, 28] (an exam-
ple is shown in Supplementary Fig. S1 [29]) and so inter-particle 
separation and interaction is also possibly important. The type 
of dye and the particle composition are influential (but which 
are not considered in this work), as well as the metal particle 
dielectric coating which protects it from the environment in 
which it is operating. Varying all these in a controlled fashion to 
determine their individual effects is not straightforward and so 
we have applied lithographic fabrication methods in an attempt 
to do this systematically.

As SERS is associated with surface noble metal plasmons, 
the extensive research into plasmonic effects is relevant [30]. 
While photonic excitation of plasmons is highly effective [12, 
31], it is more applicable to ensemble measurements with the 
limited resolution offered by light optical systems. Plasmons 
may also be induced by traveling electrons. Since the pioneer-
ing study [32] of plasmons in silver nanoprisms using electron 
energy loss spectroscopy in a scanning transmission electron 
microscope (STEM-EELS), this way of determining plasmon 
energies, showing their distribution within nanoparticles and 
the influence of size, shape, and separation (e.g., [33–37]), has 
become an important approach which we utilize here.

The present work, therefore, investigates the influence of 
nanoparticle parameters on the intensity of SERS signals and 
correlates these with surface plasmon energies and distributions 
using STEM-EELS and associated spectrum imaging on the 
exact same particles. Electron beam nanofabrication is applied 
to deposited polycrystalline gold thin films to create a range of 
particle sizes and spacings in the same sample, and initial studies 
are carried out on different shapes. As dielectric or metallic sub-
strate environments can affect plasmon energies and amplitudes 
[22, 38, 39], we utilize different substrates to establish their role, 
which provides a guide for suitable particle coating materials. 
Finally, as light-induced plasmon excitation is influenced by the 
illuminating photon energy [40], we also study the effects of dif-
ferent laser sources on Raman intensity, as correlated with pos-
sible resonance effects with the nanoparticle plasmon energies 
determined by STEM-EELS. This combined approach allows a 
procedure to systematically evaluate nanoparticle parameters 
which lead to the highest Raman signal, for the purpose of its 
application particularly in early cancer detection methodologies.

Results
Raman spectroscopy on bulk substrate

Arrays of 30-nm-thick, disk-shaped gold nanoparticles in 2 × 2 
μm square segments were fabricated first on silicon substrates 
using electron beam lithography, as described in Experimental 
Details. Their diameters were varied from 20 to 200 nm in 5 nm 
increments along one axis, and their separation from 20 to 100 

nm edge-to-edge along its perpendicular axis (See Supplemen-
tary Fig. S2 for scanning electron microscopy (SEM) images). 
Following characterization of an array by SEM, the structure 
was then coated with thiophenol Raman dye (0.1 mg/mL) and 
the variation of Raman spectra established in a Horiba LabRam 
confocal Raman microscope.

Figure 1a shows a typical result whereby it can be seen that 
maximum Raman intensity occurs for nanodisks in the 70 to 
75 nm size range and that inter-particle separation has a lesser 
effect. Spectra from individual 2 μm square boxes are inset in 
Fig. 1a.

An equivalent experiment carried out for nano “bow-tie” 
shapes (see Supplementary Fig. S3 for parameter definitions) 
yielded similar results (Fig. 1b), with maximum Raman signal 
in the 100 to 110 nm size range, with bow-tie separation having 
only a secondary influence. These results clearly show that the 
present lithographic approach provides an efficient method for 
testing the role that nanoparticle parameters can play in deter-
mining the intensity of SERS signals.

Because of the difficulty of subsequently making electron 
transparent specimens for detailed EELS analysis on specific 
array boxes, the e-beam lithographic procedures were adapted 
using thin film substrates attached to TEM grids, which is 
known to be a more difficult procedure [41]. This also allowed 
variation of the underlying dielectric material (which could then 
be employed as a protective coating for the nanoparticles), such 
as silica, silicon nitride, and crystalline silicon. Due to the size 
limitation of the transparent window aperture of the TEM grid, 
a subset of nanostructures was recreated on TEM grids (details 
are included in Supplementary Fig. S4). Raman spectra were col-
lected after the electron microscopy, co-registered by the same 
grid position, and results for individual boxes are compared with 
the EELS data in the next section.

STEM‑EELS and Raman data on nanodisks

Nanodisk STEM-EELS data were collected from 55, 75, 90, and 
150 nm sized arrays at a constant inter-spacing of 75 nm. Like-
wise, STEM-EELS data for 75 nm diameter disks were obtained 
for 35, 75, 90, 110, and 150 nm separation. Bow-tie EEL spectra 
were measured from 70, 100, and 140 nm sized arrays at a con-
stant separation of 20 nm, as well as 20 and 100 nm separated 
arrays at a constant size of 100 nm (see “STEM-EELS and Raman 
data on bow-tie nanoparticles” section). All arrays surveyed in 
the STEM-EELS are a subset of the whole array, scanning 100 by 
100 pixels (2–4 nm/pixel) within individual boxes. This allowed 
subsequent analysis of the individual or collective EEL spectra as 
a function of nanoparticle parameters. Additionally, EEL spectra 
around nanodisk perimeters were also obtained from various 
sized particles ranging from 50–200 nm at a constant separa-
tion of 75 nm.
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For the nanodisks, the expected variation of the low loss 
energy spectrum with the electron probe position on/near the 
particles is confirmed (e.g., Fig. 2) [36]. At the disk edge and in 
an aloof position, the dipolar plasmon [42] is excited with an 
energy loss peak of 1.7 eV for a 150 nm diameter disk on a SiNx 
membrane, whereas at the center, the higher energy breathing 
mode (2.3 eV) is predominant, which is not optically active [43]. 
The plasmon mode spatial distributions are also illustrated in 
Fig. 3b. It is the former which is known to be responsible for the 
Raman signal enhancement [44]. The peak positions are also in 
good agreement with those predicted theoretically using bound-
ary element method analysis [45, 46].

Figure 3 compares the spectra and the spectrum images for 
several different sized disks with the same separation (75 nm) 
on a SiNx substrate. An increase (blue-shift) in dipolar plasmon 
energy with decreasing size is notable (as has been predicted 
theoretically [22]) in Fig. 3a. EELS maps of different sized nano-
disks (Fig. 3b) at energy loss of 1.7, 1.9, and 2.1 eV (using a 
0.05 eV energy window) are consistent with the corresponding 
energy loss peaks in Fig. 3. For instance, the maximum image 

intensity of the dipolar plasmon mode around the disk circum-
ference for 90 nm disks occurs close to the EELS peak of 1.9 eV 
(Fig. 3a). A complete set of spectrum image data in the range 
1.0–2.3 eV is given in the Supplementary Video 1, to which the 
reader is referred. It can be seen from these images that imper-
fections in the lithographic fabrication such as a protruding 
grain (Supplementary Fig. S5) can give rise to local higher plas-
mon intensities (“hot spots”). This indicates that non-smooth 
shapes might give rise to greater SERS enhancements.

There is much less variation of plasmon peak energy with 
varying spacing of same sized disks in the current range (Fig. 4). 
Thus, for 75 nm disks the peak energy varies only from 2.07 eV 
(35 nm spacing) to 2.02 eV (160 nm spacing). A more com-
plete set of spectrum images is also shown in the Supplementary 
Video 2. The slightly higher resonance energy for nanodisks with 
smaller inter-spacing is attributed to the favoring of the anti-
bonding dipolar mode and repulsion of like charges [36, 47].

A comparison of the low loss EEL spectra around nanodisk 
perimeters with inter-spacing of 75 nm and sizes ranging from 
50–190 nm for silica and silicon nitride substrates is shown in 

Figure 1:  (a) SEM image (upper panel) and Raman map (lower panel) of nanodisk arrays with diameters ranging from 20 to 200 nm in 5 nm increments 
along the horizontal axis, and edge-to-edge inter-particle spacing from 20 to 100 nm along the vertical axis. The upper panel inset is an enlarged 
SEM image of the boxed region. The Raman map pixel intensity of each array configuration corresponds to the characteristic Raman peak intensity of 
thiophenol at 1060  cm−1 measured using a 785 nm laser. Lower panel insets are Raman spectra from strong and weak enhancement regions, circled 
in the Raman map. The maximum Raman intensity occurs for nanodisks in the 70 to 85 nm size range. (b) Similar SEM images (upper panel, the inset 
is from the boxed region) and Raman map (lower panel) of bow-tie arrays with sizes (triangle height) ranging from 20 to 200 nm and inter-spacing 
(gap length) from 20 to 200 nm. Bow-ties with 100–110 nm size emit the strongest Raman signals, again with less influence of bow-tie spacings in the 
current range.
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Fig. 5a and b. The surface plasmon energies are plotted as a func-
tion of nanodisk size in Fig. 5c, along with those on Si substrates 
(Fig. 8a). It can be seen that the dipolar surface plasmon peak 
energies decrease linearly with increasing size and for the same 
size nanoparticles are higher for SiOx which has a lower refrac-
tive index (1.5, 2 and 4 for SiO2 , Si3N4 and Si respectively) [30, 
39]. For instance, for a plasmon peak energy of 1.9 eV, the disk 
diameter should be about 50 nm for silicon, 100 nm for silicon 
nitride, and about 150 nm for silica, and largely independent of 
inter-particle spacing.

The relationship between Raman intensity and surface plas-
mon energy/particle size as demonstrated in Fig. 1 can be inves-
tigated by varying the illuminating laser photon energy. Thus, 
with a 785 nm (1.58 eV) near-infrared laser, which is preferred 
medically, the Raman spectrum from R6G dye attached to 150 
and 90 nm sized nanodisks on a SiNx substrate separated 75 nm 
apart has relatively low intensity (Fig. 6a), consistent with the 

surface plasmon energies being 0.12 eV and 0.32 eV higher than 
the laser energy and so the surface plasmon is weakly excited. 
The Raman spectra of smaller nanoparticles with surface plas-
mon energies deviating further from the incident laser energy 
do not exhibit clear Raman signals other than noise, and there-
fore, they are not shown in Fig. 6a. For a 532 nm green laser (2.3 
eV), particles with surface plasmon peak energies closer to that 
of the illuminating photons give rise to higher intensity spectra 
(Fig. 6b) with a noticeable decline when the plasmon energy is 
much lower (e.g., for 150 nm diameter disks). For a 638 nm red 
laser (1.9 eV), whose energy most closely matches that of the 
plasmon peak for 90 nm diameter disks, the markedly higher 
Raman signals for plasmon energies close to, or slightly lower 
than, the laser energy is clear (Fig. 7a). 150 nm nanodisks also 
have comparable Raman enhancement in the 1300–1600  cm−1 
range, but have smaller intensities in the lower wavenumber 
range where the Raman scattered light energy deviates more 
(higher) from the surface plasmon energy. The Raman spectra 
of 75 nm nanodisks on SiNx with different inter-spacing exhibit 
similar signal intensities (Fig. 7b) because their surface plas-
mon energies are similar to each other. Thus, the importance of 
matching the SERS illuminating laser energy to the nanopar-
ticle plasmon peak energy is demonstrated and allows choice 
of the optimum laser energy-particle size combinations from 
this approach.

Finally, as the bulk data in Fig. 1 was generated for particles 
on a silicon substrate, a similar nanoparticle array was fabri-
cated on a 15-nm-thick single crystalline silicon membrane. The 
energy loss and Raman spectra are shown in Fig. 8 for the 785 
nm laser. The optimum combination is predicted to be a diam-
eter and spacing of about 90 nm each, which is reasonably close 
to those shown visibly in Fig. 1. The surface plasmon energies 
of nanoparticles on crystalline Si membrane are systematically 
lower than those on SiNx membranes (Figs. 3 and 4), following 
the same trend as observed earlier that higher refractive index 
of surrounding environment (4.0 versus 2.0) results in lower 
surface plasmon energy. Silicon, while being transparent at 
small thickness, is unlikely to be used as a nanoparticle coating, 
however, as it is less inert than silicon oxide or silicon nitride, 
although a recent study indicates low toxicity for silicon quan-
tum dots [49]. Note that the bulk data are not normalized for 
the number of nanoparticles nor the area of the active plasmon 
regions, so an exact fit would not be expected.

STEM‑EELS and Raman data on bow‑tie nanoparticles

The current procedure was extended to more complex shapes 
such as bow-ties, for which local plasmon “hot spots” occur 
[50–52]. As indicated by the bulk data shown in Fig. 1, the bulk 
results are largely equivalent to those found for the nanodisks.

Figure 2:  EEL spectra from a 150 nm diameter nanodisk array (separation 
75 nm) on a SiNx substrate at the disk center, edge, and the midpoint 
between the disks. Dashed lines are EELS after background subtraction. 
The inset shows a STEM annular dark field (ADF) image of the nanodisk 
array where the positions from which the corresponding EEL spectra 
were extracted are marked in the same color. The dipolar surface 
plasmon peak at 1.71 eV is observed in all three locations, while the 
breathing (dark) mode is only observed at the disk center. Note that a 
polycrystalline microstructure of the gold nanoparticles is confirmed by 
the ADF contrast.
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The EELS data (Fig. 9) show two prominent plasmon peaks, 
one at the triangular prism corners and the other from the edge 
centers at higher energy, as reported previously [36, 32, 53]. The 
latter is not optically active [54], and so the prism corner ener-
gies are the most relevant here. Thus, for a 638 nm (1.94 eV) 
laser, the largest Raman signal of R6G is given for a nanoprism 
size of 140 nm (Fig. 9c) for which the laser energy is slightly 
higher than the plasmon energy. Inter-particle spacing plays a 
less significant role (Fig. 9d–f) (see Supplementary Fig. S3 for 
definitions of size and spacing for these nanoparticles). A direct 
comparison of the Raman spectra from bow-tie and disk nano-
particles for similar size (140 and 150 nm, respectively) is shown 
in Fig. 10a, which indicates that the bow-ties have approximately 
two times higher intensity for the strongest peaks (e.g., 1360 
 cm−1), showing that nanoparticle shape is also an important 
parameter, as previously discussed [21, 23, 55].

Using the electron beam lithography, the equilateral trian-
gles in the bow-tie structures were replaced with isosceles trian-
gles by changing the base length while maintaining a constant 
height of 140 nm. The resulting Raman spectra on a bulk Si sin-
gle crystalline substrate (Fig. 10b) show that smaller base length 

(i.e., sharper tips) results in stronger Raman signals due to the 
“lightning rod effect” [30], up to about 2 × higher intensity for 
the sharpest (60 nm base) compared to right triangular bow-ties 
(280 nm base) at 1361  cm−1.

Discussion
By using electron beam lithographic fabrication techniques, we 
provide an experimental approach for systematically varying 
gold nanoparticle parameters to determine the most effective 
combination of particle and coating for optimizing surface-
enhanced Raman spectroscopy (SERS) signals. The data are cor-
related with the particle surface plasmon energies as determined 
by electron energy loss spectroscopy in a TEM on the exact same 
nanoparticles. Using this method any systematic errors from one 
batch to another are eliminated and direct spectral comparisons 
can be made. It is found that the maximum Raman intensity 
is obtained when the particle surface plasmon energy is close 
to, and slightly lower than, the energy of the illuminating laser 
energy stimulating the Raman signal. For instance, with a 785 
nm laser (1.6 eV) the optimum nanodisk diameter is estimated 

Figure 3:  (a) Background subtracted EEL spectra at midpoints between disks and (b) the corresponding EELS maps at energy loss of 1.7, 1.9, and 2.1 
eV (using a 0.05 eV energy window) for 50, 75, 90, and 150 nm sized nanodisk arrays on a SiNx substrate (separation is constant at 75 nm). An increase 
in the dipolar surface plasmon peak energy as the disks become smaller is notable in (a). This is further supported by the EELS maps in (b) where the 
edge of smaller disks show strong intensities at higher energy loss, closer to their plasmon peak energies. (c) STEM-ADF images of corresponding 
nanodisks in (b) showing four of the disks in the center of a 2 × 2 μm square region. Scale bars are 100 nm.
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to be 190 nm for a SiNx substrate, 220 nm for a SiOx (based 
on Fig. 5b), and 90 nm for a silicon substrate. These values are 
reduced to 150 and 55 nm for the SiOx substrate for 638 (1.94 
eV) and 532 nm (2.33 eV) laser wavelengths respectively, con-
sistent with smaller nanoparticles and larger refractive index 
substrates having higher surface plasmon energies, as might be 
expected [30, 39]. It can be noted that lower wavelength lasers 
(higher energy) allow smaller nanoparticles to achieve this res-
onance effect, which may have other advantages as well, such 
as easier transportation to tumor regions and higher cellular 
uptake [56].

We have also begun to explore the influence of nanopar-
ticle shape. Thus bow-tie structures have up to 100% higher 
Raman signal for the signature 1361  cm−1 peak of R6G dye 
compared to the more simple nanodisks of the same equiva-
lent size, most likely due to the angular features and possible 

hot spots [54]. By decreasing one apex angle (i.e., the particle 
shape is “sharper”), the Raman signal is further enhanced by 
about a factor of 2. This has also been found in altering spheri-
cal gold particles to nanorod shapes where up to a ten-fold 
improvement in SERS signal was reported [21]. It is clear that 
manipulation of the particles into more complex shapes (e.g., 
nanostars [57]) is warranted to explore further optimization 
of the Raman signal.

The current spherical gold-silica nanoparticles clearly 
work well and readily pass along vascular passages in the blood 
stream e.g., [28]. It is unlikely that this would be duplicated by 
nanoparticles which replicate the shape of their inner gold core 
(e.g., nanodisks). However by suitable preparation the overall 
spherical shape can be maintained with the protective coating 
providing the composite nanospheres. An optically transparent 
material for the chosen laser wavelength is preferable, and so 
silicon nitride is superior to silica for smaller gold nanoparticles 
(and hence smaller possible overall size).

The design then of the most effective nanoparticles for SERS 
involves the combination of a number of factors. The approach 
taken here is to provide a scientific underpinning to focus on 
optimization of nanoparticle parameters, coating material, illu-
minating laser etc. rather than using a trial-and-error multiplex 
approach involving a large number of physical permutations. 
The correlation of SERS intensity with plasmon energies as 
determined by electron energy loss spectroscopy in a STEM is 
clearly established, and the efficacy of electron beam lithogra-
phy to provide reproducible nanoparticle arrays and shapes is 
demonstrated. Once the best combination is chosen, scaling up 
to fabricate useful quantities of nanoparticles (e.g., by photo-
lithography, imprinting or chemical synthesis) will be the next 
challenge.

It is also interesting to suggest some medical problems 
whereby the current approach might be used to best effect (see 
Table 1). One of demonstrated capabilities of SERS is to detect 
colon cancer using an endoscopic system [19, 20]. Optimizing 
SERS nanoparticles and their complementing illumination laser 
energies to enhance the Raman signals would contribute signifi-
cantly to the detection sensitivity of the endoscopy. SERS nano-
particles can also be implemented as imaging agents to delineate 
tumors during surgical operations, signaling cancerous regions 
that are difficult to see (e.g., brain tumors [17]). Recently, plas-
monic Au nanoparticles have also been used in photothermal 
therapy for treatment of brain tumors (glioblastoma) and light 
activated drug delivery [58, 59]. Resonating these nanoparticles 
with near-infrared (NIR) radiation is the key to deliver maxi-
mum heat to tumor regions. Whether or not the nanoparticles 
are bio-functionalized on the outer surface is unlikely to affect 
the surface plasmon resonances as the outer environment is 
separated from the active gold by the inorganic coating layer 
(which needs to be verified experimentally).

Figure 4:  EEL spectra of 75 nm nanodisks with different inter-spacing 
extracted from the midpoint between nanodisks and the corresponding 
EELS maps at 2.1 eV. There is much less variation of plasmon peak energy 
with inter-spacing; therefore, the peripheries of the nanodisks show 
strong intensities at similar energy loss.
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In addition to cancer detection, SERS based immunoassays 
are compatible with a wide range of biomarkers, such as cardiac 
troponin I and myoglobin for myocardial infraction diagno-
sis [60] and bisphenol A (BPA) for blood toxins detection [61]. 
There are many other possibilities that can be speculated upon.

Conclusions

1. Electron beam lithography provides a straightforward 
means of systematically varying nanoparticle parameters 
such as size, shape, separation etc. to create arrays of gold 
nanoparticles in order to test their effectiveness for produc-

ing surface-enhanced Raman spectroscopy (SERS) signals 
for possible medical applications.

2. The surface plasmon energies which induce the SERS effect 
are established on the same nanoparticles using electron 
energy loss spectroscopy in an scanning transmission elec-
tron microscope (STEM-EELS).

3. The largest Raman signal intensities are obtained when 
the illuminating laser energy coincides with, or is slightly 
higher than, the Au nanoparticle surface plasmon energies, 
with size and shape having the most important effects.

4. The influence of various dielectric substrates is established, 
with higher refractive index allowing smaller nanoparticle 
sizes to yield the highest Raman signals.

Figure 5:  EEL spectra of various sized nanodisks ranging from 50 to 200 nm on (a) SiOx and (b) SiNx substrates showing dipolar surface plasmon peaks. 
Higher order plasmon modes (additional peaks at higher energy loss) are also observed for large nanodisks with diameters greater than 150 nm. 
EELS were extracted around the disk perimeters. The dipolar surface plasmon peak energy of the same size nanodisks is measured to be lower for 
SiNx which has a higher refractive index. The plasmon peak positions in (a) and (b) are used to compose (c) showing the surface plasmon energy as a 
function of nanodisk size on SiNx and SiOx substrates. The data for a silicon substrate are also plotted based on Fig. 8a. This plot can be used to predict 
optimum nanoparticle sizes for specific plasmon peak energies, as indicated for the 1.9 eV value. The surface plasmon energy varies approximately 
linearly with nanodisk size for the range from 50 to 200 nm, but is upper bound by the Fröhlich condition for smaller nanoparticles [48]. The surface 
plasmon energy decreases for the same sized nanodisks on SiOx , SiNx , and Si substrates, respectively.
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5. For gold nanodisks, the optimum diameters for highest 
Raman signals in this study, based on the plasmon peak 
energies determined by STEM-EELS, are predicted to be 
approximately 60, 150, and 230 nm for 532, 638, and 785 
nm wavelength lasers, respectively, (2.3, 1.9, 1.6 eV ener-
gies) on a silicon oxide substrate; 100 and 200 nm for 638 
and 785 nm wavelength lasers on a silicon nitride substrate; 
and 50 and 90 nm for 638 and 785 nm wavelength lasers on 
a crystalline silicon substrate.

6. The Raman signal intensity is increased by approximately a 
factor of 2 using bow-tie nanoparticles compared to nano-
disks and about a further factor of 2 by fabricating “sharper” 
triangular nanoparticles.

7. The current approach can be employed to design nanopar-
ticle combinations to generate the largest physical signals 
such as SERS for the detection of medical-related issues 
such as cancerous tumors and circulating tumor cells/DNA, 
cardiac troponin I, and bisphenol A in blood toxins.

Experimental details
Nanoparticle fabrication

2 × 2 cm chips cut from a pristine single crystal (100) silicon 
wafer (VWRTM ) (no particular surface treatment other than 
cleaning, expected native oxide thickness is approximately 2 
nm) were coated with approximately 70 μm of PMMA (poly-
methyl methacrylate) and patterned in a JBX-6300FS electron 
beam (e-beam) lithography system (JEOL Ltd., Japan) operat-
ing at 100 kV and 500 pA beam current. An overall writing 
precision of approximately 10 nm was typically achieved based 
on the manufacturer’s specifications. The array was designed 
using KLayout and fractured using BEAMER (GenISys GmbH, 
Germany) software. 30-nm-thick gold thin films were depos-
ited using a KJL e-beam evaporator (Kurt J. Lesker Company, 
USA) onto the patterned substrate with an evaporated organic 
adhesion layer of (3-mercaptopropyl) trimethoxysilane, which 
has minimal plasmon damping effects compared with metallic 

Figure 6:  Raman spectra of R6G attached to nanodisks of different size (at a constant separation of 75 nm on a SiNx substrate) measured using (a) a 785 
nm near-infrared laser and (b) a 532 nm green laser. Raman spectra are on the same scale as the left most spectrum. Spectra in (a) are noisy because 
the incident laser energy (1.58 eV) is lower than the surface plasmon energies (Fig. 3a), resulting in weak excitation of surface plasmons. Spectra 
of 55 nm disks in (b) exhibit the strongest Raman signal owing to the closer match between the surface plasmon energy of 2.1 eV (Fig. 3a) and the 
illuminating laser energy (2.3 eV).
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adhesion layers such as Ti and Cr, as previously reported in [38]. 
The underlying PMMA was removed by acetone, leaving the 
nanoparticles on the substrate.

Supplementary Fig. S2 shows the pattern design and SEM 
pictures of the resultant arrays. The parameters defining the nan-
odisk and bow-tie arrays are shown in Supplementary Fig. S3.

A similar procedure was carried out for arrays fabricated 
onto TEM grids coated with silica, silicon nitride, and single 
crystalline (100) silicon thin films (Ted Pella Inc., USA). The 
same underlying adhesive layer of (3-mercaptopropyl) trimeth-
oxysilane is used. The 15-nm-thick membranes are supported by 
a 0.5 × 0.5 mm meshed window with an aperture size of 50 × 50 
μm. Note that the surface of single crystalline Si membrane TEM 
grids is hydrophobic, causing trouble with the e-beam resist 
(PMMA) deposition; therefore, grids were glow discharged for 
30 seconds in oxygen/argon plasma before fabrication. Because 
of the delicate nature of these films, the fabrication was more dif-
ficult to perform, but particular attention to grid handling and 

feature aligning allowed the fabrication of 30 × 40 μm areas with 
2 × 2 μm nanoparticle arrays. This approach allows the direct 
comparison of nanoparticles made in the same batch and avoids 
any artifacts which might be created, for instance in focused ion 
beam-fabricated samples. Supplementary Fig. S4 shows a typical 
array layout for a silicon oxide membrane substrate.

Raman spectroscopy

Samples were incubated with 0.1 mg/mL Raman dye (thio-
phenol) de-ionized (DI) water solution overnight and subse-
quently rinsed with DI water prior to measurements. Raman 
spectroscopy maps attached to bulk samples were acquired using 
a Horiba LabRAM HR Evolution confocal Raman microscope 
through an automated stage. The stepping size of the stage is 2 
μm and the laser is a 785 nm infrared laser with an output power 
of approximately 20 mW and exposure time of 5 s.

Figure 7:  Raman spectra of R6G attached to nanodisk arrays on a SiNx substrate with different (a) size and (b) inter-spacing measured using a 638 nm 
laser. 90 nm sized disks have overall the strongest Raman enhancement, while inter-spacing has a lesser effect on the enhancement. Raman spectra 
are on the same scale as the left most spectrum.
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For the TEM samples, Raman spectra acquisition was 
carried out after the TEM analysis so that electron beam 
decomposition of the organic dye did not influence either the 
TEM or Raman data. The same arrays from which EELS had 
been collected were located by correlating grid position and 

measured manually on the Raman system using 785, 638, and 
532 nm lasers, with a spot size of 1 μm as the TEM samples are 
much smaller and, therefore, need precise maneuvering. Since 
the TEM grid is optically transparent, a much more sensitive 
Raman dye rhodamine 6G (0.1 mg/mL) is used to produce the 

Figure 8:  (a) EEL spectra (left panel), EELS maps at 1.6 eV (middle panel) and the corresponding Raman spectra (right panel) of 50, 75, 90 and 150 nm 
nanodisks on a single crystalline Si (100) thin film substrate. The EELS are extracted from the midpoint between nanodisks, and the Raman spectra are 
measured using a 785 nm (1.58 eV) infrared laser. Strongest Raman signal enhancement is achieved with 90 nm diameter nanodisks, which have a 
dipolar plasmon energy of 1.6 eV, matching that of the laser excitation energy. The Raman peak from 900 to 1000  cm−1 is from the substrate, which is 
stronger for smaller sized nanodisk arrays (upper figures) because more substrate area is illuminated. (b) EEL spectra (left panel), EELS maps at 1.7 eV 
(middle panel) and the corresponding Raman spectra (right panel) of 75 nm diameter nanodisks with different separation distance on a Si substrate. 
Inter-spacing has only a minor effect on surface plasmon energy, but overall Raman enhancement is observed to be stronger for smaller inter-spacing 
with more nanoparticles in the irradiated area.
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Raman signal. Lower output power for higher energy lasers 
(0.6 mW, 1.7 mW, 8 mW for 532 nm, 638 nm and 785 nm 
lasers respectively) is used to avoid ablation effects [46].

Scanning transmission electron microscopy‑electron 
energy loss spectroscopy (STEM‑EELS)

The STEM images and electron energy loss spectra were 
obtained in a monochromated, image-corrected (but not 
probe corrected) Titan environmental TEM (Thermo Fisher 
Scientific) operated at 300 kV with a convergence semi-angle 
of 8.4 mrad and an estimated probe size of 0.5 nm in diameter. 
The EEL spectrometer was a GIF Quantum (Gatan Inc.) with 
a collection angle of 18.3 mrad. EEL spectrum images (100 
× 100 pixels) were collected with a pixel size of 2–4 nm (we 
used smaller pixel size for smaller structures to keep acquisi-
tion time fairly constant), a dispersion of 0.01 eV/channel, 

and a dwell time of 2 ms per pixel. The full width half max-
ima (FWHM) of the zero loss peak (ZLP) across the whole 
spectrum images is less than 0.2 eV. The ZLP was subtracted 
using the fitted logarithm tail method implemented in Digi-
talMicrograph (Gatan Inc.). EEL spectra were integrated from 
regions of interest after ZLP subtraction. Selected area dffrac-
tion patterns (SADP) in TEM mode confirm that the gold is 
polycrystalline.
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Figure 10:  (a) A direct comparison of the Raman spectra of R6G attached to 150 nm diameter nanodisks (left) and 140 nm sized bow-ties (right) on 
SiNx substrate measured using a 638 nm laser. The vertical axes have the same scale. The bow-tie structure exhibits clearly higher intensity Raman 
signals, up to 100% for the 1360  cm−1 Raman peak. (b) Raman spectra of bow-tie arrays comprised of isosceles triangles with base length of 60, 80, 
100, and 280 nm and a constant height of 140 nm (schematics inset on the left). The structures were fabricated on a bulk crystalline silicon (100) wafer 
substrate, and a 785 nm laser is used for illumination. Arrays with smaller base length (i.e., sharper tips) exhibit stronger Raman signals. The “off-scale” 
peaks are from the silicon substrate.

TABLE 1:  A summary of possible medical applications of SERS active gold 
nanoparticles.

Modality Application Functionalization References

Detection Endoscopy for colon 
cancer

N/A [19, 20]

Imaging Brain tumors Maleimide-DOTA-Gd [17]

Treatment Wireless photothermal 
treatment for glioblas-
toma

N/A [58]

Treatment Light activated drug 
delivery

Mesoporous silica [59]

Detection Myocardial infraction Cardiac Troponin I [60]

Detection Blood toxins Bisphenol A [61]

https://doi.org/10.1557/s43578-021-00320-4
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