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Abstract: Deterministic Aperiodic (DA) arrays of gold (Au) nanoparticles 
are proposed as a novel approach for the engineering of reproducible 
surface enhanced Raman scattering (SERS) substrates. A set of DA and 
periodic arrays of cylindrical and triangular Au nanoparticles with diameters 
ranging between 50-110 nm and inter-particle separations between 25-100 
nm were fabricated by e-beam lithography on quartz substrates. Using a 
molecular monolayer of pMA (p-mercaptoaniline) as a Raman reporter, we 
show that higher values of SERS enhancement factors can be achieved in 
DA structures compared to their periodic counterparts, and discuss the 
specific scaling rules of DA arrays with different morphologies. 
Electromagnetic field calculations based on the semi-analytical generalized 
Mie theory (GMT) fully support our findings and demonstrate the 
importance of morphology-dependent diffractive coupling (long-range 
interactions) for the engineering of the SERS response of DA arrays. 
Finally, we discuss optimization strategies based on the control of particles 
sizes and shapes, and we demonstrate that spatially-averaged SERS 
enhancement factors of the order of ~ 10

7
 can be reproducibly obtained 

using DA arrays of Au nano-triangles. The ability to rigorously design 
lithographically fabricated DA arrays of metal nanoparticles enables the 
optimization and control of highly localized plasmonic fields for a variety of 
chip-scale devices, such as more reproducible SERS substrates, label-free 
bio-sensors and non-linear elements for nano-plasmonics. 
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1. Introduction  

Surface-Enhanced Raman Scattering (SERS) spectroscopy is a well-established and highly 
sensitive technique for investigating the specific vibrational response of a variety of different 
analytes with fingerprinting accuracy. In particular, the SERS technique has been successfully 
applied to label-free chemical and biological sensing [1-3], where it has proven to be an 
excellent method for sensing DNA hybridization [4], protein binding events [5], and even 
single molecules [6-9]. In addition, it bears great promises for rapid identification of viruses 
and bacteria [10, 11], potentially enabling whole-organism fingerprinting.  

Although the fundamental physics of SERS has been at the core of an intense debate 
since the pioneering works of Fleishman [12] in 1974 and Van Duyne [13] in 1977, it is now 
generally believed that the dramatic enhancement of the Raman scattering efficiency [14] 
observed in SERS experiments is mainly driven by the enhanced local electromagnetic fields 
in nanostructured metal surfaces [15-17]. In fact, despite SERS enhancement can also be 
affected by the specific electronic resonances (electronic enhancement) of Raman-active 
molecules and by their direct contact with metal surfaces (chemical enhancement), the 
dominant factor originates from a resonance effect between the incident and the scattered 
radiation fields associated to the excitation of surface plasmon resonances. In particular, it can 
be shown that the Raman enhancement scales roughly as the fourth power of the local field 
[1,16,17]:  

 
4

)()( excincexclocSERSG ωω EE∝ , (1) 

where )( excloc ωE  and )( excinc ωE  are the amplitudes of the local and incident electric fields, 

respectively, at the excitation frequency excω . Although Eq. 1 is an approximation, which is 
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valid for Raman shifts smaller than the widths of the plasmonic resonances in metal 
nanostructures, and for the induced Raman dipoles aligned parallel to the electric field of the 
pump beam [18], in most practical cases, it provides a very useful guideline for estimating and 
comparing Raman enhancement values in nanostructures. Therefore, in SERS spectroscopy it 
is of crucial importance to develop systems of interacting metal nanostructures capable of 
producing high field enhancement with highly reproducible characteristics on controllable 
metal-dielectric substrates. Previous studies revealed that local electromagnetic fields can be 
dramatically enhanced in the junctions between closely separated particles, forming so-called 
electromagnetic “hot spots” [19-25]. Alternatively, individual nanoparticles deposited on 
planar substrates generate high Raman enhancements, which follow the plasmon resonance of 
individual particles [6, 26-29]. However, presently the best approaches to generate efficient 
SERS surfaces rely on random “roughening” of metal surfaces by etching or by colloidal 
synthesis of nanoparticles resulting in aggregates statistically described by fractal 
morphologies [8, 30, 31]. Based on the dipolar quasi-static approximation, Stockman et al 
[32-34] developed a comprehensive theory of SERS enhancement in fractal aggregates. The 
giant fluctuations of the local fields characteristic of self-similar (fractal) structures leads to an 
efficient transfer of excitations towards progressively smaller length scales of the aggregates 
where the electromagnetic enhancement reaches the 10

12
 level needed to observe single 

molecule SERS [6, 7, 24]. Fractal aggregates and rough metal surfaces led to successful 
applications in single molecule spectroscopy [8], but they lack reproducibility and simple 
engineering design rules for deterministic optimization. Raman enhancement factors of ~ 10

8
 

have been reported in Ag nanoparticle arrays fabricated by the nanosphere lithography [35]. 
However, nanosphere size dispersion and position randomness limit the reproducibility of this 
approach. 

On the other hand, these approaches clearly demonstrate the importance of the 
morphology dependent “structural enhancement”, which is typical for multi-scale complex 
systems where both electrodynamical interactions (diffractive modes) and electrostatic 
coupling (lightning rod effect) contribute to the overall enhancement. Despite the goal of 
developing reproducible SERS substrates by nano-lithographic techniques has been central 
since the discovery of the SERS effect in the 1970s [1, 13-15], a unifying approach towards 
engineered SERS substrates is still lacking, precluding so far the possibility to fabricate 
reliable sensors and diagnostic solutions based on  SERS.   

Electron beam lithography (EBL) is an ideal method for the fabrication of engineered 
SERS substrates. In addition, the main limitations of the EBL approach, resulting from the 
lack of cost and time effective schemes for device fabrication and scalability can be overcome 
by efficient nano-imprint techniques with nanometer resolution [36]. Following the pioneering 
work of Wokaun et al [37], it has been repeatedly demonstrated that SERS signals can be 
obtained from lithographically defined metal nanostructures [20, 21, 38-41], and Raman 
enhancement of 10

4
-10

5
 has been demonstrated. By using EBL it is possible to fabricate 

uniform SERS substrates by controlling both the shape and the position of each particle at the 
nanoscale. The SERS enhancement achievable using periodic arrays of metal nanoparticles 
can be further increased by reducing their inter-particle separations [20, 21]. However, the 
width of the inter-particle gaps achievable by EBL is limited to approximately 20 nm, which 
is much larger than the inter-particle separation obtained using random colloidal aggregates 
(1-5 nm).  Therefore, in order to take full advantage of structural enhancement effects in 
highly reproducible EBL-based substrates, the subtle interplay between diffractive and near-
field coupling in nanoparticles arrays with complex, yet deterministic, morphologies must be 
investigated and understood. It has recently been shown that by engineering the shapes of 
nanoparticles high values of field enhancement can be achieved [19], and hot-spot Raman 
enhancement factors >10

6
 have been observed in the EBL-defined nanoscale gaps (20 nm) of 

bow-tie antennas [23].  
In this paper, we propose the use of DA arrays of Au nanoparticles as a novel approach 

for the design and implementation of engineered SERS substrates with controllable hot-spots 
formation and large values (~ 10

7
) of average enhancement factors in the arrays with the 
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minimum gaps of 25 nm. Recently, we demonstrated that far-field diffractive coupling is 
crucial to account for the broad plasmonic bands originating from photonic-plasmonic 
scattering resonances in deterministic aperiodic arrays of Au nanoparticles fabricated by EBL 
[42, 43]. In addition, we recently showed that the interplay between far-field electrodynamical 
and near-field quasi-static interactions in Fibonacci quasi-periodic arrays leads to larger 
values of hot-spots intensities, at predefined locations, with respect to periodic arrays of metal 
nanoparticles [44].  

In the present paper, by combining experimental and rigorous electrodynamical 
calculations, we show that higher values of SERS enhancement can be achieved in DA 
structures compared to periodic systems. In addition, we discuss the specific engineering 
design rules for SERS enhancement in DA arrays and we demonstrate that ~ 10

7
 SERS 

enhancement can be reproducibly achieved using DA arrays of nano-triangles. 

2. Fabrication of deterministic aperiodic arrays  

In order to systematically investigate the role of DA morphologies in the Raman enhancement 
of coupled arrays of Au nanoparticles, we have focused on the main exponents of 
deterministic aperiodic systems. These structures possess a very different degree of spatial 
complexity described by the spectral measures of their spatial Fourier spectra [42, 43]. In 
particular, we have studied periodic, quasi-periodic (Fibonacci), singular-continuous (Thue-
Morse) and absolutely-continuous (Rudin-Shapiro) structures, which cover all the known 
classes of deterministic systems. Two-dimensional (2D) DA structures are generated by 
arranging identical nanoparticles in planar arrays according to symbolic inflation rules in two 
spatial dimensions [42, 43]. Unlike random structures, the positions of nanoparticles in DA 
arrays are uniquely specified once their minimum inter-particle separation has been chosen.  

 

 

Fig. 1.  Nanofabricated periodic (a), Fibonacci (b), Thue-Morse (c) and Rudin-Shapiro (d) 
arrays of Au nano-cylinders with 100 nm radii and 25 nm minimum edge-to-edge inter-particle 
separation. 

All the Au nanoparticle arrays were fabricated using EBL on quartz substrates with a 10 
nm layer Indium Tin Oxide (ITO) for conduction. A 180-nm-thick layer of PMMA 
(PolyMethylMethAcrylate) was spin coated on top of the cleaned substrate. Subsequently, the 
nanopatterning was defined using a Zeiss SUPRA 40VP SEM equipped with Raith Beam 
Blanker and nanometer pattern generation system (NPGS) with current and area dosage of 
33.6pA and 400µC/cm

2
 respectively.  After developing the resist in a 1:3 solution of MIBK 

(Methyl IsoButyle Ketone) and IPA (Isopropanol), a 30-nm-thick Au film was deposited on 
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the patterned surface by electron-beam evaporation. Finally, a liftoff process was performed 
using Acetone, resulting in the designed Au nanoparticle arrays. Fig. 1 shows representative 
Scanning Electron Microscopy (SEM) images of fabricated DA arrays on quartz. The Au 
nanoparticles are cylindrical in shape with 200 nm diameter. Their height, which has been 
measured by Atomic Force Microscopy (AFM) and SEM, was found to be 30 nm. The 
minimum inter-particle separation for the specific structures shown in Fig. 1 is fixed to 25 nm. 
The dimensions of each fabricated array were 27 µm x 27 µm. 

3. Computational analysis of hot spots formation and enhancement scaling  

The main challenge for the engineering of more reproducible SERS substrates is identifying a 
geometrical configuration (morphology) of nanoparticles that leads, for a given choice of 
materials, sizes and shapes of nanoparticles, to the maximum field enhancement and 
concentration. Important aspects related to this question are the comparative study with 
respect to nanoparticles dimers, where intense hot-spots have been previously demonstrated 
[22-25], and the scaling of the enhancement with respect to the nanoparticles separations and 
the system’s size.  

In order to answer these questions, we first investigated the hot-spot formation in periodic 
and DA nanoparticle arrays by calculating the full electromagnetic field distributions in the 
array planes using the rigorous multi-particles Generalized Mie Theory [45]. Despite this 
approach can only be applied to spherical particles, it provides an analytical solution to the 
full Maxwell’s equations, including retardation effects and all the necessary multipolar 
scattering orders, enabling the most accurate treatment of both the near-field and the far-field 
response of large nanoparticle arrays of arbitrary geometries [43]. It should also be noted that 
the ability to incorporate all multipolar orders in the electrodynamical interactions is crucial to 
account for the SERS enhancement of densely packed nanoparticles arrays. In fact, simpler 
but less accurate algorithms based on the retarded dipole approximation can fail to correctly 
reproduce the response of arrays composed of large (200 nm) and closely spaced (25 nm) 
nanoparticles like the ones considered in this paper [46]. However, since the fabricated arrays 
are composed of cylindrical and triangular shape nanoparticles as opposed to spherical ones, 
only the relative trends of the local fields for different arrays morphologies and dimensions, 
and not their absolute values, must be discussed within the idealized, yet rigorous, framework 
of GMT calculations.  

Figure 2 shows a representative GMT calculation of the electric field distribution in 
periodic and DA arrays of Au nanoparticles with a diameter of 150 nm and a minimum 
separation of 25 nm. The numbers of particles in each array are indicated in the caption. All 
the arrays are uniformly excited by a plane wave at 785 nm, linearly polarized (horizontally) 
in the plane of the arrays. Localized surface plasmons, giving rise to hot-spot regions, are 
clearly visible for all the arrays within the gaps between nanoparticles. However, the field 
distribution in DA arrays reveals more complex patterns of field modulations induced by 
long-range multiple scattering (notice that the field patterns are plotted in logarithmic scale in 
order to better highlight the weaker long-range interactions). We will see in the next sections 
that these diffractive effects result in stronger enhancements at the hot-spots regions of DA 
arrays. We want to emphasize that, in contrast to the case of random colloidal aggregates, 
both the frequencies and the spatial locations of the hot-spots in DA arrays are uniquely 
determined by the morphology of the arrays. Based on Eq. (1) and the knowledge of the 
scattered fields, we can rigorously calculate the SERS enhancement and its scaling properties 
for different DA structures.  

Figure 3 shows the maximum values of the GMT calculated Raman enhancement for 
arrays of various morphologies, inter-particle separations and numbers of particles. The case 
of a dimer of nanospheres is also shown for comparison. In Fig. 3(a), the Raman enhancement 
is plotted as a function of the nearest-neighbor separation for periodic and aperiodic arrays 
composed of ~100 nanospheres. It is interesting to notice that the results of the simulations for 
all the structures indicate a similar super-linear increase of the local field enhancement with 
decreasing inter-particle distance. The validity of this observation is also supported by 
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previous data on the scaling of Raman enhancement in single dimers [19, 25] and periodic 
arrays of nanoparticles with various shapes [20, 21]. However, Fig. 3(a) additionally 
demonstrates that the absolute value of the local fields responsible for the Raman 
enhancement is dramatically influenced by the arrays morphology. Our analytical GMT 
calculations on spherical nanoparticles indeed predict that periodic array yields the lowest 
enhancement compared to all DA arrays. This can be attributed to the more delocalized 
character of the plasmonic modes in periodic structures (see Fig. 2(a)), which is governed by 
long-range interactions of the surface plasmon resonances of individual nanoparticles [31]. 
Accordingly, our results also indicate that a single dimer structure provides a higher field 
enhancement than a large periodic array (Fig. 3(a)). This is in perfect agreement with previous 
observations that arrays composed of dimers outperform periodic arrays as optical sensing 
platforms based on stronger plasmon coupling [47]. It can also be observed in Fig. 3(a) that all 
the investigated aperiodic structures provide higher local field enhancement than either a 
periodic array or a nanoparticle dimer. It is important to notice that, even in the case of 100 
nm inter-particle separation, the enhancement values are still drastically different for arrays of 
different morphologies and do not converge to the case of an isolated single-particle. This 
reflects the contribution of inter-particle coupling effects on local field enhancement [20, 21]. 
In fact, it has been already shown [48, 49] that even when particles are significantly separated 
so that near-field coupling can be neglected, the far-field interactions in deterministic 
nanoparticle arrays still dramatically influence the electromagnetic response through the 
formation of photonic-plasmonic resonances [43, 49].  

 

(c) 

(a) (b) 

(d) 

 

Fig. 2.  Calculated electric field distributions in the plane of (a) periodic (b) Fibonacci, (c) 
Thue-Morse, and (d) Rudin-Shapiro second-generation arrays of gold nanospheres of 75 nm 
radii and 25 nm minimum inter-particle separation under the plane wave illumination at λ=785 

nm with the E-field polarization parallel to the x-axis ( 100=
per

N , 80=
Fib

N , 128=
TM

N , 

120=
RSN ). The dispersion properties of Au nanoparticles are described using the Drude 

model with collision frequency of 250 THz, and plasma frequency of 6790 THz. 

The scaling behavior of the Raman enhancement with respect to the number of 
nanoparticles in the arrays, at a fixed inter-particle separation of 50 nm, is shown in Fig. 3(b). 
The computational results shown in Fig. 3(b) reinforce the important role played by long-
range diffractive coupling in DA arrays.  In fact, we found that, for a fixed minimum 
interparticle separation, the local electric field in the hot spots (and thus the Raman signal) 
increases by increasing the number of particles. The Raman enhancement in the Fibonacci and 
Rudin-Shapiro structures grows almost linearly with the structure size. A more complex non-
monotonic growth pattern is exhibited by the Thue-Morse structure and can be explained by 
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the distinctive inversion symmetry of the TM sequence, as demonstrated for one-dimensional 
Thue-Morse nanoparticle chains [42]. On the opposite side, periodic arrays do not give rise to 
an increase in the Raman enhancement with the increased structure size. These computational 
results indicate that the control of diffraction coupling and multiple scattering in complex DA 
arrays of metal nanoparticles offers the possibility to increase the hot-spots intensities by 
scaling the size of the systems, potentially providing orders of magnitudes larger enhancement 
with respect to isolated nanoparticle dimers. 
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Fig. 3. Theoretically predicted Raman enhancement in arrays of Au nanoparticles of 100 nm 

radii with (a) varied minimum inter-particle separation ( 100=
per

N , 80=
Fib

N , 128=
TM

N , 

120=
RSN ) and (b) increased array sizes (minimum separation 50 nm).  

 The results shown in Fig. 3 clearly demonstrate that for DA arrays the in-plane long-
range field interactions can reinforce the short-range quasi-static enhancement. This is a 
unique attribute of strongly fluctuating aperiodic environments, both DA or fractal structures. 
However, in the case of DA structures, it offers a unique opportunity for the engineering of 
controllable field enhancement and reproducible SERS substrates. 

4. Experimental Raman spectra and enhancement factors 

In this section, we discuss the experimentally measured SERS enhancement, and its intensity 
scaling, for periodic and DA arrays of cylindrical Au nanoparticles. Our engineered SERS 
substrates were cleaned in O2 plasma for 10 min, rinsed in DI water and Acetone, dried with 
nitrogen flows, and immersed in a 10 µM aqueous solution of pMA (p-mercaptoaniline) for 
1h in order to form a self-assembled monolayer of a Raman reporter on top of the nanoparticle 
arrays. 

We used pMA as the Raman marker in this work because of its ability to form 
reproducible saturation coverage on gold surfaces [28, 50], which reduces the ambiguity 
associated with the experimental estimation of the Raman enhancement. Raman signal 
measurements were performed using a Renishaw Raman microscope (RM2000, Renishaw, 
IL). A 50× (N.A. = 0.55) objective was used to focus the laser beam on a nanostructured array 
and to collect the scattering light from the sample surface using a backscattering 
configuration. The SERS signal was acquired using 785 nm laser wavelength at 1.7mW 
excitation power. All SERS spectra were collected with a 10 s acquisition time. The 
dimension of the laser spot is constant (2.5 µm × 25 µm) ensuring that the SERS signal from 
the different arrays is comparable and unaffected by size variation. 

Figsures 4 (a)-(d) show the Stokes Raman spectra of pMA molecular monolayers 
deposited on top of Au nano-cylinder arrays with different interparticle separations. The three 
dominant Stokes modes (390, 1077, 1590 cm

-1
), arising from bending and stretching modes in 

the benzene rings of the pMA molecule [28], can clearly be distinguished in all the spectra. A 
broad background centered at 1400 cm

-1
 can also be observed, and it results from the quartz 

substrate. The intensity of the background signal varies for different arrays, in accordance 
with their respective filling fractions. In particular, the quartz background is more pronounced 
for DAS substrates because of their lower density of Au nanoparticles compared to periodic 
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arrays. We choose the 1077 cm
-1

 mode in order to extract quantitative information on the 
SERS enhancement and scaling for all the arrays. After background subtraction, the SERS 
enhancement factor for the 1077 cm

-1
 mode can be estimated from the experimental data by 

following the procedure discussed in [28]. The experimentally measured SERS enhancement 
is given by the ratio of Raman signal per molecule measured on the engineered substrates and 
the reference Raman signal per molecule originating from the pMA bulk crystal [28]: 

 ENREFREFENSERS NRSNRSG ××= . (2) 

Here, ENRS  is the measured enhanced Raman signal from the nanoparticles arrays and 

and ENN  is the estimated number of molecules on the array which contribute to the measured 

signal.  
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Fig. 4.  Experimental Stokes SERS spectra of pMA on (a) Periodic, (b) Fibonacci, (c) Thue-
Morse, and (d) Rudin-Shapiro arrays of Au nanocylinders with 100 nm radii and 25 nm 
(black), 50 nm (red), 100 nm (green) minimum inter-particle separation. (e) Enhancement 
factors calculated from the experimental data shown in (a)-(d) by using Eq. 2: Periodic (solid, 
black), Fibonacci (dot, green), Thue-Morse (dash-dot, blue), and Rudin-Shapiro (dash, red).  

The number of molecules contributing to the SERS effect ( ENN ) can be estimated as the 

ratio of the total gold surface illuminated by the laser beam and the geometrical cross section 

of the individual pMA molecules (0.3nm
2
 per molecule) [50]. REFRS  and REFN  are the 

analogous quantities measured from the reference pMA sample in the absence of the SERS 
substrate. The latter quantity should now be calculated using the following formula: 

 pMApMAvREF MADBN ××= , (3) 

where vB  is the optical excitation volume (2.5 µm × 25 µm × 5 µm), pMAD  is the density of 

pMA (1.06 g/cm
3
) in the reference bulk crystal, A  is the Avogadro number, and pMAM  is the 

molecular weight if pMA (125.19 AMU). The excitation volume was estimated as the product 
of the laser spot (2.5 µm × 25 µm) and the depth of focus Df ≈ 2λ/(NA)

 2
 , where λ=785 nm is 

the excitation wavelength and NA=0.55 is the numerical aperture of the objective, thus 
yielding Df ≈ 5 µm. 

It is important to notice that in our studies we can only access the average SERS 
enhancement over the broad distribution of enhancements present within the volume of the 
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SERS-active sample probed by the excitation beam. These experimental values are therefore 
to be considered as lower bounds for the hot-spot SERS enhancement in our chips. 

The Raman enhancement factors at 1077 cm
-1

 calculated from the experimental spectra by 
using Eq. (2) are shown in Fig. 4(e) for arrays of different morphologies and interparticle 
separations. A strong super-linear growth of the Raman enhancement when decreasing the 
inter-particle distances is clearly observed for all the arrays, consistently with the simulation 
results shown in Fig. 3(a). Interestingly, we notice that different morphologies of the arrays 
result in different enhancement factors. In addition, all the DA arrays show larger 
enhancement factors compared to periodic arrays, for any given inter-particle separation.  

It should be mentioned at this point that arrays of different morphologies exhibit scattering 
spectra centered at different wavelengths (see, e.g. Figs. 3 and 5 of Ref. 43 and Fig. 2 of Ref. 
44), while the SERS data have been all collected at a fixed wavelength (785nm). In addition, 
we notice that the scattering spectra of periodic arrays of nano-cylinders spaced by 50-200 nm 
are blue-shifted with respect to the scattering peaks measured for DA arrays, but their peak 
positions shift to longer wavelengths when we increase the inter-particle separation [43]. 
When comparing the SERS factors of different structures, the spectral overlap between the 
excitation wavelength and the far-field scattering resonances is an important factor, although 
it should be noted that in particle aggregates the near-field spectra, which drive the SERS 
enhancement, can be distinctly different from the far-field ones, due to the onset of diffractive 
and multipolar scattering orders [3].  

However, if we compare the experimentally measured SERS enhancement factors of 
periodic and DA arrays with overlapping scattering spectra peaked around the SERS 
excitation wavelength (785nm),  we obtain almost an order of magnitude higher SERS 
enhancement for non-periodic structures, due a stronger field localization [3]. In particular,  
the measured SERS enhancement factor for a periodic array with 500 nm inter-particle 
separation, which strongly scatters at 735 nm (Fig. 3(a) of Ref. 43) is 8×10

3
, while for a 

Fibonacci array with 100 nm minimum separation, which also scatters at the same 
wavelength, (Fig. 3(b) of Ref. 43), it is 7×10

4
 (Fig. 4). 

 Therefore, our data demonstrate that aperiodic order has a strong effect in the SERS 
enhancement of DA arrays coupled in the diffractive regime, providing a novel strategy for 
the engineering of SERS substrates with morphology-dependent plasmonic resonances [43]. 
As a result, the engineering of multiply-scattering DA arrays is crucial to improve the 
performances of SERS substrates beyond the simple electrostatic description of nanoscale hot-
spots. The importance and the contribution of fully electrodynamical interactions, such as 
diffractive photonic-plasmonic modes, in regular arrays of metal nanoparticles have only 
recently been discussed within a rigorous GMT approach [3, 43, 46]. 

Our experimental results on the SERS enhancement scaling in arrays of different sizes and 
morphologies are qualitatively supported by the semi-analytical GMT calculations shown in 
Fig. 3(a).  In particular, all the aperiodic arrays give rise to higher SERS enhancement values 
compared to periodic arrays of the same interparticle distance, as predicted by GMT. 
However, as previously discussed, a direct quantitative comparison between GMT results and 
experimental data  is not possible due to the non-spherical shape of the nanoparticles as well 
as their large number (~10

5
 ), which precludes any rigorous GMT treatment. In particular, it is 

known [51] that the Raman enhancement obtained with nano-disks is approximately one order 
of magnitude larger than in the case of nanospheres, affecting the full electrodynamic 
coupling of the particles in the arrays. We believe that the non-spherical shape of the particles 
and the array sizes in our samples are at the origin of the minor discrepancies between our 
experimental data and the GMT calculations, which predicts the best enhancement for Rudin-
Shapiro and Fibonacci structures.  

5. Effect of nanoparticle size and shape 

We will now investigate additional engineering strategies to further increase the Raman 
enhancement factors of deterministic SERS substrates. In particular, we will focus on tuning 
the size and the shape of the individual nanoparticles in arrays of different morphologies. 
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5.1. Enhancement scaling with nanoparticle radii 

In this section, by combining GMT calculations and experimental data, we study the role of 
nanoparticle size on the Raman enhancement of periodic and DA nanoparticle arrays. For this 
purpose, a new set of samples was fabricated with particle sizes ranging in between 25 nm and 
150 nm. All the arrays have a fixed minimum interparticle separation of 25 nm.  
 

 
 
Fig. 5.  Raman enhancement scaling with nanoparticle radii in arrays with minimum separation 

of 25 nm: (a) Theoretically predicted values for arrays of sizes  100=
per

N , 80=
Fib

N , 

128=
TM

N , 120=
RSN ; (b) values derived from experimental data by using Eq. 2. The inset 

shows the SEM images of the nanofabricated arrays with nano-cylinders of different diameters. 

The GMT results for all the arrays morphologies are plotted in Fig. 5(a), where we also 
show the SERS enhancement of a nanoparticle dimer for comparison. The results in Fig. 5(a) 
demonstrate that the performance of all the considered SERS arrays (including the dimer) can 
be improved by accurately tuning the particle radius. In addition, we note that arrays of 
different morphologies have different optimization radii, confirming the importance of the far-
field coupling regime for the optimization of the near-field response of complex aperiodic 
arrays. The experimentally measured Raman enhancement factors for engineered arrays of 
different morphologies are shown in Fig. 5(b). The maximum SERS enhancement is displayed 
by arrays of nano-cylinders with 70-80 nm particle radii, which is in excellent agreement with 
the GMT predictions (Fig. 5(a)). 

5.2. Raman enhancement in nano-triangle arrays 

In this section we will consider the possibility to further improve the SERS enhancement of 
DA arrays by changing the shapes the individual nanoparticles. In particular, we will focus 
here on nano-triangular particles, which provide strong local fields around their sharp edges 
[19, 23]. The combined effects of tip-induced local field enhancement and far-field long-range 
coupling on DA morphologies have the potential to enable very sensitive SERS substrates 
within a perfectly engineerable approach. In order to investigate this effect experimentally, we 
fabricated periodic and DA arrays of Au nano-triangles with 200 nm side length, 30 nm 
thickness, and various inter-triangle separations. The SEM picture of nano-triangular arrays 
with 25 nm inter-particle separation is shown in Fig. 6. The radius of curvature of the tips of 
the nano-triangles is in the 17-20 nm range. The array fabrication process, the coating with 
pMA coating and the SERS measuring conditions were identical to the previously discussed 
case of arrays of nano-cylinders. 
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Fig. 6.  Nanofabricated periodic (a), Fibonacci (b), Thue-Morse (c) and Rudin-Shapiro (d) 
arrays of Au equilateral nano-triangles with 200 nm side length and 25 nm minimum inter-
particle separation. 

In Figs. 7(a)-(d) we show the measured Raman signals from arrays of nano-triangles with 
different separations. The experimentally measured maximum Raman enhancement values 
(for the mode at 1077cm-

1
) are shown in Fig. 7(e) for arrays of different morphologies and 

particle separations. Here, the spectra corresponding to different array separations are shifted 
upward for clarity. Our data demonstrate that the average SERS enhancement obtained with 
DA arrays of nano-triangles is almost two orders of magnitude larger than the one observed 
using nano-cylinder arrays (Fig. 4). However, it is important to notice that the scaling 
behavior of the morphology-dependent enhancement with the inter-particle distances is 
similar to the case of arrays of nano-spheres and nano-cylinders (see Figs. 7(e) and 4(e)). 
These results unambiguously demonstrate the fundamental role played by electrodynamical 
interactions (long-range diffractive coupling) in the local field enhancement observed within 
plasmonic nano-junctions. The maximum measured Raman enhancement in aperiodic nano-
antennas with 25 nm minimum separation (Fig. 7(e)) is comparable with the record field 
enhancement values previously reported for arrays of bow-tie antennas with a smaller 
separation of 20 nm [23]. However, the state-of-the-art values (G>10

6
) reported from 

lithographically defined bow-tie antennas correspond to the local hot-spot field intensity 
enhancement in the nano-gap region, as opposed to the spatially averaged values 
experimentally measured in our DA substrates. The highly inhomogeneous spatial distribution 
of the local hot-spots intensity predicted by rigorous simulations and demonstrated by NSOM 
data [44] manifest the full potential of aperiodic substrates for single molecule SERS 
detection based on deterministic designs. Moreover, the possibility to further optimize the 
SERS enhancement by carefully engineering the morphology of DA arrays offers a superior 
approach to reproducible create giant electromagnetic fields at the nanoscale. Our 
experimental findings show that the control of plasmonic hot-spots in complex DA arrays 
coupled by diffractive interactions provides a novel approach for the design and engineering 
of reproducible SERS chips with single-molecule sensitivity. 
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Fig. 7.  Experimental Stokes SERS spectra of pMA on (a) Periodic, (b) Fibonacci, (c) Thue-
Morse, and (d) Rudin-Shapiro arrays of Au nano-triangles with 200 nm side lengths and 25 nm 
(black), 50 nm (red), 100 nm (green) minimum inter-particle separation. (e) Enhancement 
factors calculated from the experimental data shown in (a)-(d) by using Eq. 2: Periodic (solid, 
black), Fibonacci (dot, green), Thue-Morse (dash-dot, blue), and Rudin-Shapiro (dash, red). 

6. Conclusions 

In this work, by combining accurate electrodynamical calculations and experimental data, we 
have demonstrated ~10

7
 average SERS enhancement in lithographically defined DA arrays of 

Au nanoparticles. In particular, we clarified the fundamental role played by long-range 
diffractive coupling in the formation and intensity of local hot-spots, and we discussed the 
engineering scaling rules for DA arrays with different degrees of complexity. Our results 
show that larger enhancement factors with respect to individual particle dimers or periodic 
nanoparticle arrays can be achieved using carefully designed DA arrays with optimized 
morphology and particles’ size. The ability to rigorously design and lithographically fabricate 
DA arrays of metal nanoparticles provides a novel approach for the engineering and 
optimization of reproducible SERS substrates and novel active components for 
nanoplasmonics applications.  
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