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Gold nanoholes fabricated by colloidal lithography: novel insights in 
nanofabrication, short-range correlation and optical properties
Maura Cesariaa,b, Antonietta Taurinoa,*, Maria Grazia Maneraa, Maria Minunnib, Simona Scaranob, 
and Roberto Rellaa 

Colloidal lithography is widely used as a low cost and large-area deposition approach, alternative to the conventional 
small-area expensive lithographic techniques, for the fabrication of short-range ordered sub-wavelength metallic 
nanostructures. 
This paper contributes to the understanding of the impact of the fabrication protocol of a colloidal mask on the optical and 
sensing properties of SR-ordered nanohole (NH) distributions fabricated by colloidal lithigraphy in optically thin (20 nm 
thick) gold films. We consider polystyrene nanospheres  with nominal diameter of 80 nm, electrostatically adsorbed from a 
salt-free colloidal solution onto a polydiallyldimethylammonium (PDDA) countercharged monolayer. By avoiding the 
conventional polyelectrolyte multilayer and based on the interplay between the deposition times of both PDDA and PS-
NSPs, we demonstrate effective simplification of the commonly applied deposition protocol and effective tuning of the 
NH-to-NH spacing (dNN) with negligible agglomeration. Comparison with NH samples prepared by salt-containing colloidal 
solutions points out the negative impact of salt addition on the optical properties. The effective tuning of dNN obtained by 
our protocol demonstrates high correlated disorder under unsaturated adsorption and lets discuss the analogies of the 
optical response between long- and short- range ordered NH systems, which is a still debated topic. By Fast Fourier 
Transform of autocorrelation image we demonstrate quantitatively, rather than in principle, the correspondence between 
an inherent ordering length-scale and dNN. As optical transducers for detecting refractive index changes, our samples 
exhibit significant bulk sensitivity (309 nm/RIU) in the framework of short range ordered NH systems. 
 

1. Introduction
Spectral resonances, a small dispersion angle of the 
transmitted beam and transmission enhancement unpredicted 
by the Bethe’s classical theory1 have been reported in sub-
wavelength holes periodically milled in an optically thick metal 
film2,3. These phenomena were first attributed to resonant 
excitation of Bloch-wave surface plasmon polaritons (SPPs) by 
a grating coupling mechanism to free-space photons at the 
metal-dielectric interface4. The matching-momentum 
condition implies discrete resonance wavelengths depending 
on lattice geometry and periodicity, choice of metal and 
dielectric environment, and incidence  angle of the exciting 
light with respect to the normal to the metal-dielectric 
interface 5-7. Two distinct and independent sets of transmission 
resonances are associated with the bottom and upper side of 
an optically thick (>100 nm) metal nanohole-slab sandwiched 
between dielectrics with different refractive index. Decreasing 
film thickness down to several units of the metal skin depth 

couples the transverse magnetic SPP modes from one side of 
the film to the other into the so-called long range SPP mode 
and short range SPP mode8,9. 
Unlike the original assumption that the transmission maxima 
of a nanohole (NH) array are associated with Bloch-wave 
SPPs2, experimental evidences demonstrated transmission 
maxima red-shifted with respect to the theoretical 
prediction5,7,10,11 as well as correlation between transmission 
minima and propagating SPPs in the case of optically thin 
films2,6,12-14. 
Concerning the mechanism of enhanced transmission in NH 
arrays, originally it was assumed that the enhanced fields 
associated to the propagating SPP modes excited on top and 
bottom interfaces reinforce the evanescent field within the 
NHs contributing to funnel the incident light through the metal 
film15,16. Alternative models included NH waveguide modes 
and interference between the SPP modes launched from the 
NHs13,17 leading to account for localized surface plasmon 
resonance (LSPR) around individual NHs and propagating 
surface plasmon resonance (PSPR) along the metal surfaces. 
Therefore, in general optical spectra include contribution from 
LSPRs, PSPRs and Wood’s anomalies18. The richness of 
plasmonic modes supported by NH arrays is particularly 
important because of potential applications in several fields 19-

35. Indeed, the peculiar electric field enhancement of the 
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plasmonic modes excited at the metal-dielectric interface can 
significantly influence surface-driven optical processes and be 
sensitively influenced by interface molecular binding-induced 
refractive index changes in real time biomolecular analysis 32. 
The manufacturing of periodic arrays of nanometer scale 
metallic features with controllable size, shape, arrangement 
and coupling degree, demands specialized top-down 
nanofabrication techniques32,34,36-47 which, however, are 
poorly cost effective, time-consuming, unsuitable for both 
patterning of areas larger than tens to hundreds of m2 and 
mass production of ordered NH arrays. Alternatively, some 
large-scale nano-patterning approaches have been proposed 
for less expensive high-throughput fabrication of NH arrays: 
among others, template stripping48, soft interference 
lithography49,50 and modified nanosphere lithography51 where 
monolayers of close-packed hexagonal lattice self-assembled 
(silica, latex or polystyrene) nanospheres are used as 
deposition and/or etching masks and easily removed by tape 
stripping. The attractive features of this technique are low 
cost, high reproducibility, the formation of 10-100 m2 
extended defect-free self-assembled domains, the ability to 
produce well-ordered (periodic) arrays and coupling with other 
methodologies52. Colloidal lithography has recently emerged 
as a very simple and versatile approach to fabricate short-
range arrayed NHs based on colloidal masks with a 
reproducible distribution over a large area and without 
formation of neighboring domains with defective 
boundaries53. The working principle of colloidal lithography 
relies on adsorption, driven by electrostatic interactions, of 
likely-charged polymeric colloids onto a substrate preliminary 
modified by the deposition of a polyelectrolyte multilayer to 
carry out a surface charge opposite to the one of the adsorbing 
colloids. The practical convenience in fabricating short-range 
ordered NH arrays by means of colloidal lithography has raised 
the fundamental question of the excitation of delocalized SPR 
modes in absence of periodicity, as well as has focused interest 
on the NH-related LSPR modes and NHs acting as sources-and 
couplers of propagating SPR waves13,17,54. Studies on SR-
ordered NH distributions at both fundamental and applicative 
level aim at gaining insight into the role and extent of ordering 
scale-lengths13,45,55-58 and the mechanisms responsible for 
resonant transmission features even in absence of long-range 
order13,14,59. Several applicative opportunities resulting from 
the excitation of SPR modes have been reported, in particular 
as concerns refractive index changes monitoring at the metal-
dielectric interface 30,60,61.
This paper aims at contributing to understand optical 
properties of short-range-ordered NH arrays as related to their 
distribution which might be tuned by means of a proper 
fabrication protocol of the colloidal mask. Optimization of the 
fabrication protocol was a fundamental concern of our studies  
for ensuring a proper tuning tool of NH array distribution and 
therefore of the related optical response.
In particular, we present and discuss NH systems fabricated by 
colloidal lithography in optically thin (20 nm thick) gold (Au) 
films as a function of the average NH-to-NH spacing, in the 
absence of electrostatic shielding between the polystyrene 

colloids and using a single polyelectrolyte binding layer. Unlike 
our protocol, in general, a polyelectrolyte multilayer with a 
surface charge opposite to the one of the colloids is deposited 
53,59,62. Based on the interplay of the deposition times of both 
polyelectrolyte monolayer and polystyrene nanospheres, we 
demonstrate that the commonly applied deposition protocol 
can be greatly simplified while providing tunable coverage and 
correlated disorder of the polystyrene nanospheres with 
minimal detrimental effects of agglomeration. 
By comparison with NH arrays prepared by colloidal solutions 
containing intentionally added salt, our results point out the 
negative impact that salt addition may have on the optical 
properties of NH systems. Interplay between concentration 
and salt-content of the nanosphere solution, deposition time 
and heat treatment of the deposited mask were already 
investigated59 with the aim of achieving control over the 
coverage of the colloidal mask but missing a proper discussion 
on the related morphological properties of the NH 
arrangements. On the contrary, our study comprehensively 
discusses and correlates structural and optical properties of 
short-range-ordered NH distributions. 
Firstly, we explore the distribution characteristics of the 
colloidal mask and point out relevant ordering differences 
between salt-based and salt-free samples providing evidence 
that unshielded rather than shielded inter-colloid electrostatic 
repulsion yields short-range-ordered and well-separated NHs 
with controllable and tunable coverage. Moreover, the NH-to-
NH spacing dependence of the optical response provides 
evidence of analogies between long- and short- range NH 
systems, which is a still debated topic.
Finally, we explored the applicability of the fabricated NH 
arrays as optical transducers by investigating the 
corresponding optical phenomena in the sensing field for 
monitoring plasmon resonance shifts upon refractive index 
changes at the metal interface. It was demonstrated that 
significant sensing performance can be achieved in the 
framework of the SR-ordered metallic NH structures.

2. Experimental details 
2.1. Fabrication protocol 
Microscope glass slides, thoroughly cleaned by ultrasonication 
in acetone (Sigma Aldrich) at 60°C for 20 minutes and 
isopropylic alcohol (Sigma Aldrich) at 60°C for 20 minutes 
followed by careful drying with N2-stream, were used as 
substrates. They were processed with oxygen-plasma (100 
sccm, 50 Watt, 250 mTorr, 1min process time) (Fig. 1(a)) to 
induce a negatively charged surface prior to be immersed in an 
aqueous solution of the positively charged 
polydiallyldimethylammonium (PDDA) (MW 200000–350000, 
Sigma Aldrich, 0.2 wt % in Milli-Q water) polyelectrolyte (Fig. 
1(b)) for different dipping times (ΔtPDDA= 40 s, 1 min, 2 min). 
The deposited PDDA layer was carefully rinsed with deionised 
water and blow-dried under N2 flow. We deposited a single 
PDDA binding layer rather than the usually deposited multi-
layered polyelectrolytes and the selected concentration of the 
salt-free PDDA solution guarantees unscreened strong intra-
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Figure 1. Sketch of the experimental protocol applied to 
fabricate Au NHs onto glass substrates by colloidal lithography. 
(a) Oxygen plasma treatment applied to the substrate to 
enable (b) binding by electrostatic attraction of a PDDA layer. 
(c) Adsorption of the likely charged PS-NSPs followed by (d) 
thermal evaporation of a Au film and (e) removal of the Au-
capped PS-NSPs by tape stripping. (f) The resulting structure is 
an Au film perforated with circular sub-wavelength NHs. 

chain and inter-chain electrostatic repulsion, leading to easier 
adsorption and flat configuration of the adsorbed chains with 
flatness enhanced by the attractive substrate63,64. Under these 
conditions, increased coverage of the PDDA layer is ruled by an 
increase of ΔtPDDA beyond 40 sec, accounting that the 
adsorption of PDDA monolayers was reported to reach 90% 
saturation in 40 sec65. 
The procedure applied for depositing the colloidal mask is 
sketched in Fig 1(c): the substrates covered by a PDDA layer 
were immersed, for a time ΔtPS ranging from 1 to 10 min, into 
a salt-free aqueous dispersion (0.1% wt) of commercial sulfate 
stabilized PS-NSPs (ThermoFisher Scientific) with nominal 
diameter DPS= (80±4) nm. 
The adsorption step of the colloidal mask was followed by 
rinsing off any excess of unbounded PS-NSPs with deionised 
water, immersion of the samples in distilled water at 100°C for 
1 minute and careful N2 blow-drying. 
In order to fabricate metallic NH systems, the obtained 
distributions of PS-NSPs were covered by a thermally 
evaporated (20±2) nm thick gold (Au) film (Fig. 1(d)). 
Subsequent removal of the Au-capped colloidal mask by tape 
stripping (Fig. 1(e)) resulted in an optically thin (20 nm) Au film 
perforated with NHs onto a glass substrate (Fig. 1(f)). Based on 
the fabrication protocol (tape stripping removes the 
polystyrene beads and leaves NHs), colloidal masks and 
associated NH arrays have perfectly overlapping distributions. 
Definitively, diameter (DNH) and arrangement of the NHs are 
controlled by the size (i.e., DNH  DPS) and arrangement of the 
PS colloidal mask. 

Table 1. Colloidal masks deposited by colloidal lithography 
with the corresponding experimental details and results of the 
statistical analysis

About materials, Au is often the material of choice for the 
fabrication of NH arrays because it does not suffer from 
oxidation, is chemically unreactive and provides a very high 
optical resonance transmission66. 
Based on the experimental protocol, throughout the paper the 
fabricated distributions of Au-capped polystyrene nanospheres 
(Fig. 1 (d)) will be termed PS(ΔtPDDA-ΔtPS), where PS stands for 
“polystyrene”, ΔtPDDA and ΔtPS refer to the duration of the 
deposition step of the PDDA layer and polystyrene colloids, 
respectively. Straightforwardly, the associated Au NH structure 
(Fig. 1(f)) will be termed NH(ΔtPDDA-ΔtPS), where NH stands for 
“nanohole distribution”. 
Aqueous suspensions of polystyrene beads containing NaCl 
salt (99.5% Sigma) with concentration CNaCl=2mM were also 
prepared to allow nanospheres getting closer in the 
distribution. The colloidal/nanohole arrangements resulting 
from salt addition to the polystyrene suspensions will be 
termed PSNaCl(ΔtPDDA-ΔtPS) and NHNaCl(ΔtPDDA-ΔtPS), with the 
addition of the pedix “NaCl” to indicate the presence of NaCl in 
the starting colloidal solutions. For the reader guidance, Table 
1 lists the experimental conditions for each sample (colloidal 
mask and NH array). 

2.2. Morphological and optical analyses of the samples
The distributions of Au-capped polystyrene nanospheres 
deposited by colloidal lithography were investigated by 
scanning electron microscopy (SEM) and information about 
the arrangement of the associated NH samples was 
consequently derived. 
A Zeiss NVISION 40 dual beam Focused Ion Beam (FIB) system, 
equipped with a high resolution SEM Gemini column and an 
Oxford 350 x-act Energy Dispersive X-ray Spectrometer (EDS), 
was used for the analysis. 
SEM images were processed by using the Digital Micrograph 
software67. In particular, autocorrelation and Fast Fourier 
Transform (FFT) image processing tools, which are commonly 
used for the analysis of high resolution lattice images obtained 
by Transmission Electron Microscopy (TEM), were applied to 
SEM images, by virtue of their peculiar morphological features, 
i.e. presence of holes or spheres, which can locally give rise to 
periodic structures, like atoms in a crystalline lattice. FFT 
represents the image in the Fourier or frequency domain, where 
each point corresponds to a particular frequency contained in 

Colloidal mask ΔtPDDA ΔtPS CNaCl dNN (nm)
PSNaCl(40s-1min)
NHNaCl(40s-1min) 40 sec 1 min 2 mM NA

PS(40s-5min) 40 sec 5 min 0 mM 161±32
PS(40s-10min) 40 sec 10 min 0 mM 156±32
NHNaCl(1min-50s) 1min 50sec 2mM 105±20
PS(1min-50s)
NH(1min-50s) 1min 50sec 0mM 192±31

PSNaCl(1min-3min) 1 min 3 min 2 mM 92±22
PS(1min-3min) 1 min 3 min 0 mM 141±31
PS(2min,1min) 2 min 1 min 0 mM 110±22
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the spatial domain image. Then, the presence of intensity 
maxima in the FFT is associated to spatial frequencies, i.e. to 
periodic structures of the image, like for lattice fringes in high 
resolution TEM images, whereas the absence of intensity 
maxima means absence of order, like in the case of amorphous 
materials. The autocorrelation image describes how well an 
image correlates with itself under conditions where the image 
is displaced with respect to itself in all possible directions; the 
result is a new image where periodic components are 
reinforced and noise is reduced. Then, FFT applied to 
autocorrelation images instead of to original images may allow 
a straightforward observation of the spatial frequencies 
corresponding to periodic structures which cannot be easily 
observed in the real image, due to their very short-range 
periodicity68. To our best knowledge, this kind of analysis were 
never applied for studying inherent ordering scales of short-
range-ordered NH systems. 
Turning to the optical characterization of the NH array 
structures, the zero-order transmission spectra were recorded 
by a Cary 500 UV-VIS-NIR Spectrometer (Varian, USA) in air by 
passing white light at normal incidence through the Au NH film 
supported onto a glass substrate. All spectra were acquired in 
the spectral range from 400 to 800 nm and normalized to the 
transmission of a bare glass substrate. Diffuse reflectance 
spectra (R) were also recorded at normal illumination in the 
range from 400 to 800 nm by the same Cary 5000 UV-VIS-NIR 
Spectrometer (Varian, USA) in its reflectance configuration 
equipped with an integrating sphere. Angle-dependent 
transmittance was measured in air by placing a linear polarizer 
between the incident beam and the sample and for incidence 
angle ranging from zero (normal incidence) to 50° by using a 
Cary500 UV-visible spectrophotometer integrated with a 
manually driven rotating stage. All spectra were acquired with 
a spectral resolution Δ= 1 nm. 
Sensing experiments were performed by simply immersing the 
sample under consideration in subsequent liquid 
environments with refractive index increasing from 1.33 
(water) to 1.38 (mixtures of glycerol and water) and by 
detecting the shift of the wavelength position of the 
transmission maximum and minimum upon refractive index 
(RI) variation in a range of interest for biological applications. 
This procedure enabled to evaluate the bulk sensitivity Sb= Δ/ 
ΔRI. The characterization of the plasmonic transducer in liquid 
phase was accomplished by a compact optical fiber system 
equipped with a deuterium halogen light source, a portable 
spectrometer (Thorlabs CCS100/M, wavelength ranging 
between 350÷700nm), and a system of optical fibers in 
transmission configuration. White light (450 to 700 nm) 
emerging from the first optical fiber entirely immersed into the 
liquid phase was perpendicularly shed onto the samples and 
the transmitted signal was coupled into a detection fiber and 
analyzed by using the compact UV–vis spectrometer. 

3. Results and discussion
Unlike completely disordered NH distributions, quasi-
periodic69,70 and short range-ordered13 NH arrays present 
transmission maxima and minima in the optical spectrum 
similar to the ones supported by periodic systems. This finding 
suggests that the presence of correlated disorder is in principle 
requested to observe transmission peaks and dips related to 
the coupling of the incident light with NHs acting as scatterers 

and sources of PSPR modes13. Turning from long-range to 
short range-ordered NH arrangements, changes in the average 
center to center distance of nearest neighbor NHs were 
assumed as the equivalent, at a first approximation, to 
changes of the periodicity parameter of the ordered-system 
counterpart14,59. Comparative studies between the resonance 
wavelengths of ordered and short range-ordered NH systems 
pointed out deviations enhanced with increasing area fraction 
of NH14. Measurements of the transmission maxima of short 
range-ordered NHs versus the NH-to-NH separation were 
observed to exhibit a not clearly linear trend able to 
confirming the linear theoretical relationship between the 
PSPR wavelength and the periodicity in ordered NH arrays59. 
Hence, analogies and deviations of the optical behavior 
between long- and short-range ordered NH systems are still 
not clearly understood at the fundamental level. Since NH-to-
NH relative spacing depends on the electrostatic stabilization 
of the colloidal mask, changes of the NH-to-NH distance may 
be associated to rearrangements in the mask pattern too. In 
this picture, understanding how the optical response of SR-
ordered NH systems evolves depending on the NH distribution 
(NH-to-NH spacing and degree of correlated ordering) is 
demanding, in order to transfer the knowledge available on 
ordered systems and gain insight in the applicative impact and 
differences due to the short-range-ordering.
In this section, we present and discuss the results of our 
colloidal lithography fabrication procedure applied to both 
salt-free and low ionic-strength suspensions of polystyrene 
beads to show how the peculiarities of the distribution (inter-
particle distance (dNN) and local correlation) play a role in 
affecting the optical response of NH systems. Although 
increasing the fractional coverage of a colloidal mask allows 
achieving electrostatically stabilized distribution, this does not 
assure an increase of correlated disorder due to the impact of 
the capillary forces on the relative positioning of particles 
closely spaced at a threshold distance. We discuss this point by 
tuning the length-scale of the interparticle electrostatic 
repulsion as well as the deposition times tracing a step 
forward with respect to the literature that commonly reports 
only colloidal masks fabricated under saturation adsorption 
conditions. In the present work we develop our discussion 
based on a series of samples selected to provide increasing NH 
fractional coverage (i.e., decreasing dNN) and correlated 
disorder of the NH distribution.

3.1. Rationalization of the colloidal deposition parameters
As the main focus of the present study is the interpretation of 
the optical spectra of short range-ordered NH structures as a 
function of dNN, we omit details about the systematic study of 
the deposition protocol of the colloidal mask that will be the 
subject of a future paper. However, before discussing the 
correlation between ordering properties and optical behavior 
of short-range ordered NHs, we rationalize our choice of the 
experimental parameters that influence dNN, in particular 
colloidal size, concentration of the colloidal solutions and salt 
concentration. These parameters were properly investigated 
and also on the basis of the information available in the 
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literature, fixed at their optimized values, whereas the 
adsorption times of PDDA and polystyrene colloids, namely 
ΔtPDDA and ΔtPS, were varied in order to tune dNN and the 
optical properties of the relevant NH distribution.
As far as the colloidal size is concerned, it is worth noticing 
that the protocol was found to be repeatable and applicable 
for different colloidal size, which is expected because the 
interparticle spacing of an electrostatically driven arrangement 
is dictated by the interparticle mutual repulsion, controlled by 
the size and salt content. Larger diameters associated with 
larger surface charge provided rescalable interparticle spacing 
with analogous characteristics of the distribution. For instance,  
SEM images shown in Fig. 2 compare the colloidal distribution 
deposited under the same adsorption conditions of PDDA and 
polystyrene colloids, namely ΔtPDDA= 40 sec and ΔtPS=1min, and 
different colloidal diameter, namely DPS= 80 nm (Fig. 2(a)) and 
DPS=100nm (Fig. 2(b)).
The interparticle spacing was found to be (203±31) nm and 
(299±37) nm, respectively, consistently with the expectation 
that larger surface charge implies longer range of the 
interparticle Coulomb repulsion. The similar characteristics of 
the distributions demonstrate that our protocol can be reliably 
applied for differently sized colloids. Therefore, for the 
fabrication of gold NHs, polystyrene beads with diameter DPS= 
80 nm, smaller than the ones used in the literature, were 
selected in order to reduce the electrostatic repulsion and the 
influence of capillary forces as well as for sensing optimization 
(as it will be discussed later).
In regard to the concentration of the polystyrene colloidal 
solution, in the present study we set the value of 0.1% wt as 
done in ref. 59, which is the comparative work for our 
experiments. This value (0.1% wt) turned out to be suitable to 
control ordering and avoid aggregation up to the saturated 
adsorption as well as to enable a finer control of the 
deposition time, and, as a consequence, of the coverage, 
versus the adsorption time. Values larger than 0.1% wt, up to 
doubled concentration, resulted to be less effective in 
controlling aggregation for long-time adsorption as well as 
were unpractical to fulfill the relationship dNN> 2DNH (see the 
section on sensing in nanohole systems) over a wide range of 
values of dNN. For instance, the comparison between the 
distributions in Fig 2(c) and in Fig 2(b), obtained for , 
corresponding to colloidal concentration of 0.2% wt and 0.1% 
wt respectively,  demonstrates the increased tendency of the 
beads to aggregate even at a ΔtPS as short as 1 min. 
On the other hand, values of the colloidal concentration 
smaller than 0.1% wt yielded lower adsorption rate and, as a 
consequence, prolonged adsorption time of the colloidal 
solution was needed to achieve a coverage comparable with 
the ones enabled by the control value of 0.1% wt. Basically, 
interplay between colloidal concentration and adsorption time 
rules the fractional coverage, the coverage being proportional 
to the colloidal concentration for short-time adsorption. Final 
adsorption coverage is expected to be independent on the 
colloidal volume fraction under achievement of irreversible 
adsorption. 

Figure 2. Plan-view SEM images of the polystyrene colloidal 
masks deposited by setting ΔtPDDA= 40 sec, ΔtPS= 1min and 
concentration of the colloidal solution at the value (a)-(b) 0.1 
% wt and (c) 0.2% wt. The interparticle spacing evaluated by 
statistical analysis is also reported in each case. 

Finally, concerning the impact of salt content on the NH 
distribution, CNaCl=2 mM was set in the presented experiments 
as an upper value of ionic strength to illustrate and discuss the 
detrimental effects of salt addition on the NH distribution and 
optical response, as shown in the next paragraph. On the basis 
of our experimental findings, CNaCl > 2 mM is not worth under 
our experimental conditions. On the other hand, decreasing 
CNaCl with respect to 2 mM would correspond to increase the 
interparticle spacing, but effective control on the capillary-
induced agglomerations, that in our experiments is favored by 
the decay-length of Coulomb repulsion between small sized 
colloids (DPS= 80 nm), would be possible at just very low CNaCl. 

Page 5 of 17 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 0
2 

A
pr

il 
20

19
. D

ow
nl

oa
de

d 
by

 C
O

N
SI

G
L

IO
 N

A
Z

IO
N

A
L

E
 D

E
L

L
E

 o
n 

4/
2/

20
19

 1
2:

25
:2

6 
PM

. 

View Article Online
DOI: 10.1039/C8NR09911A

http://dx.doi.org/10.1039/C8NR09911A


ARTICLE Journal Name

6 | Nanoscale, 2018, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

For instance, for CNaCl progressively increased by doubling the 
salt concentration from zero to 2 mM (0, 0.5 mM, 1 mM, 
2mM), the coverage of PS(1min-3min) distribution (see the 
discussion in the paragraph 3.2) was found to increase from 
18.1% to 31.6% (18.1% at 0mM, 27% at 0.5 mM, 29% at 1 mM 
and 31.6% at 2mM), consistently with literature results59, with 
agglomeration becoming more and more severe for increasing 
coverage. Notably, since the effect of capillary may overcome 
the Coulomb repulsion for interparticle spacing approaching 
the colloidal diameter, control on agglomeration would 
require, in principle, decay length of the Coulomb repulsion 
much larger than the colloidal diameter. Salt-related screening 
effects work against this issue and the more severely the 
smaller the colloidal diameter is. Furthermore, the presence of 
salt also favors disorder due to the screening of the colloid-
PDDA substrate attraction.
In practice, for progressively increasing salt-content, the 
adsorption time requested to achieve the saturated adsorption 
gets shorter and shorter, leading to poor control of the range 
of achievable values of dNN.. 
More importantly, among the experimental parameters 
playing a role in tuning dNN (i.e., colloidal diameter, 
concentration of the colloidal solution and range of the 
electrostatic repulsion), the presence of salt is the less 
controllable one in terms of ordering and capillarity effects. 
Furthermore, the addition of salt could be not useful because 
decreasing dNN below a values smaller than 2DNHl is not 
desirable for sensing optimization of nanohole distributions (as 
it will be discussed later). 
Definitively, to improve the repeatability of our protocol and 
limit the number of experimental parameters to be set, we 
used salt-free colloidal suspensions as a more practical and 
cheap condition, enabling more flexible tuning of the 
interparticle spacing by modulation only of the adsorption 
time (ΔtPDDA and, mainly, ΔtPS). 

3.2. Ordering properties of the NH distributions 
To our best knowledge using a polyelectrolyte monolayer 
rather than a multilayer in implementing colloidal lithography 
was not investigated in the literature properly. To date, a 
better colloidal mask was reported when using a triple 
polyelectrolyte layer rather than a PDDA monolayer for 
adsorption time of PDDA lasting 30 sec71. Also, colloidal masks 
were deposited onto a PDDA monolayer adsorbed for 3045 
sec72-73. In order to assure an effective adsorption efficiency of 
colloids, in our experiments we considered ΔtPDDA ranging from 
40 s to 2 min, that is at least the time needed to achieve 90% 
saturation adsorption65.
As a preliminary check, we investigated the PDDA morphology 
by SEM analysis to ascertain the absence of surface features 
able to impact on the distribution of the overlying colloidal 
mask. For ΔtPDDA increasing from 40 sec to 5min, it was found 
in any case a very smooth surface, as suggested by the 
secondary electron image shown as an inset in Fig. 1(b), where 
no topographic contrast was observed in spite of the 
experimental conditions (50° sample tilt angle and accelerating 
voltage as low as 2kV) used to enhance this kind of contrast. 

Figure 3. SEM images of Au-capped PS-NSPs (right-side panel 
and magnified uppermost inset) and corresponding NH 
distribution (left-side panel and magnified bottom inset) of the 
sample deposited under the experimental conditions ΔtPDDA= 40 
sec, ΔtPS =1 min, and CNaCl= 2 mM.

About the impact of ΔtPDDA, when ΔtPDDA increases from 40 sec 
(which would correspond to 90% saturation)65 to 2 minutes, an 
increased binding efficiency can be achieved, in accordance 
with the literature74. 
Figure 3(a) shows SEM image of PSNaCl(40s-1min) (right-side 
panel and magnified upper inset) and the corresponding NH 
distribution (NHNaCl(40s-1min), left-side panel and magnified 
lower inset). The statistical analysis provided a NH diameter of 
nearly (81±7) nm, which is consistent with the nominal 
diameter of the polystyrene colloids. 
The distribution of nanostructures (nanospheres and NHs) is 
quite inhomogeneous with large empty spaces in between and 
randomly formed agglomerates over the entire surface of the 
sample. Such features makes any estimation of an average inter-
particle spacing meaningless from the point of view of short 
range-order. Hence, the deposition conditions (ΔtPDDA= 40 sec 
and ΔtPS= 1 min) are clearly unsuitable for fabricating NH 
structures with correlated disorder and NH-to-NH spacing close 
to the electrostatic equilibrium value. In order to improve 
uniformity and coverage of the distribution, ΔtPDDA was 
increased from 40 sec to 1 min while keeping ΔtPS as short as 50 
sec to favor low coverage as a starting situation for calibration 
purposes of further experiments. 
Figure 4(a) shows SEM plan-view image of NHNaCl(1min-50s), 
briefly labeled by CNaCl= 2mM in the transmission spectrum. As 
compared to NHNaCl(40sec-1min), chain-like arrangements and 
more extended localized clusters of NHs (some examples are 
evidenced in the image by white rectangles and circles 
respectively) can be clearly observed resulting from improved 
NH coverage. The statistical analysis provided dNN=(105±20) 
nm, corresponding to a surface fractional coverage of 25.3%. 
By comparison, SEM plan view image of PS(1min-50s) in Fig. 
4(b), that provides complete information about the 
distribution of NH(1min-50s), clearly demonstrates a reduction 
of agglomerates and more evenly distributed nanospheres 
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with dNN=(192±31) nm. Interestingly, the comparison between 
the transmittance spectra of NHNaCl (1min-50s) and NH(1min-
50s) (briefly labeled by CNaCl= 0mM) in Fig. 4(c) points out that 
the NH distribution is critical in determining the optical 
properties. Although both spectra exhibit a peak around 510 
nm, the array obtained from salt-free solution presents a wide 
transmission band, which is almost featureless and flattened in 
the case of the salt-based sample. These results can be 
rationalized based on the shared evidence that the disorder 
causes decreased intensity and flattening (loss of structure) of 
the transmission spectrum of collective plasmonic modes 
supported by NH arrays 61.

Figure 4. SEM image of (a) NHNaCl (1min-50s) and (b) PS(1min-
50s). (c) Zero-order normal incidence transmittance spectra of 
NHNaCl (1min-50s) (black curve, CNaCl=2mM) and NH(1min-50s) 
(red curve, CNaCl=0mM). 

This literature finding combined with the fact that quasi-
periodic and short-range ordered NH distribution are needed 
to observe transmission resonances, confidently suggest that 
our results could be related to salt-induced reduced level of 
ordering. As a confirmation, the level of order of NHNaCl (1min-
50s) was investigated by autocorrelation and FFT analyses 
(images not reported here for the sake of brevity). This further 
investigation demonstrated total absence of ordering, which 
confirms that the flattening of the transmission band observed 
for CNaCl= 2mM (Fig. 4(c)) is related to lack of ordering rather 
than high coverage. Hence, screened electrostatic repulsion 
between the polystyrene beads yields a reduction of the level 
of order under identical deposition conditions. On the other 
hand, CNaCl = 0mM is expected to reduce the NH coverage, 
which is consistent with transmitted intensity lower for 
NH(1min-50s) than for NHNaCl(1min-50s). About the persistent 
peak at 510 nm, it is worth noticing that it is narrower and 
blue-shifted with respect to the transmission maximum of the 
reference 20 nm thick Au film (located at 532 nm). Therefore it 
could be ascribed to the interplay between interband sp-d 
transitions of Au and plasmonic modes of the NH structure42. 
Based on angle-dependent measurements of the transmission 
spectrum of NH(50s-1min), the peak occurring at 700 nm was 
assigned to a LSPR mode.
In order to confirm the effects of the presence and absence of 
salt on tuning dNN and degree of correlation, we prolonged ΔtPS 
from 50 sec to 3 min. In this respect, Fig. 5 (a) shows SEM plan-
view image of PSNaCl(1min-3min) to be compared with the 
analogue salt-free sample reported in Fig. 6(a). It is clearly 
observable that in the presence of salt the polystyrene 
nanosphere distribution is strongly inhomogeneous and 
dominated by the formation of void areas and severe 
agglomerates. The statistical analysis of PSNaCl(1min-3min) 
provided dNN=(93±22) nm and coverage c=31.6 %. On the 
contrary, the salt-free sample exhibits a uniform coverage 
corresponding to c=18.1% (i.e., dNN=(141±31) nm) with quite 
negligible presence of void areas and agglomeration (Fig. 6(a)). 
Hence, under identical ΔtPDDA and ΔtPS deposition times, 
clustering of the polystyrene nanospheres can be more 
effectively controlled and avoided using colloidal salt-free 
aqueous solutions. These results are expected and can be 
accounted on the basis of the working principle of colloidal 
lithography. Indeed, self-assembly driven by the inter-colloid 
electrostatic repulsion results in different degree of short 
range ordering as well as coverage increasing upon increasing 
the adsorption time ΔtPS up to achieving the adsorption 
saturation. Although salt-induced screening effects would 
favor shortened nearest neighbor spacing, capillary forces can 
act as the inter-particle spacing is reduced below a threshold 
during drying75,76. All of this may result in either sparsely 
distributed polystyrene beads with large void areas in between 
(under low coverage situation) or highly aggregated 
polystyrene nanosphere distributions (under high coverage 
situation) with uncontrolled relative spacing and absence of a 
characteristic inter-particle distance representing a “real” 
average description of the nanosphere assembly and indicative 
of the short-range-ordering degree. 
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Figure 5. (a) Plan-view SEM image of PSNaCl(1min-3min). 
(b) Distribution of the autocorrelation function and corresponding 
FFT pattern, referred to as FFT (autocorrelation), of PSNaCl(1min-
3min). (c) Intensity distribution of the FFT (autocorrelation) showing 
the absence of a periodicity length.

Figure 6. (a) Plan-view SEM image of PS(1min-3min). 
(b) Distribution of the autocorrelation function and 
corresponding FFT pattern (referred to as FFT 
(autocorrelation)), of PS(1min-3min). (c) Intensity distribution 
of FFT(autocorrelation) showing an intensity maximum 
corresponding to a periodicity length of 165 nm.
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An estimation of the degree of correlated disorder in both 
PSNaCl(1min-3min) and PS(1min-3min) was obtained by 
autocorrelation and FFT analysis of relevant SEM images68, as 
shown in Figs 5(b) and 6(b), respectively. The autocorrelation 
function is not particularly informative: it presents a bright 
peak of correlation in the middle (corresponding to no shift of 
the image) and a background without evident periodicities 
indicating short range-ordering of the distribution. 
Nevertheless by comparing the FFT of the autocorrelation 
images of PSNaCl(1min-3min) and PS(1min-3min), it can be 
noted that only in the case of the salt-free sample an intensity 
maximum, represented by two small arcs symmetrically placed 
around the center and corresponding to a spatial frequency of 
about 165 nm can be observed. This is demonstrated by the 
intensity line profiles of the FTTs reported in Figs. 5(c) and 6(c), 
obtained by sampling the FFT intensity along a line passing 
from the center and crossing the intensity maxima. Hence, in 
the presence of salt no ordering was ascertained. It is worth 
noticing that the estimated periodicity value of 165 nm is 
consistent with the statistical estimation dNN=(141±31) nm, 
which demonstrates quantitatively and in practice, rather than 
in principle, a correspondence between the inherent ordering 
length-scale of a short-range-ordered NH distribution and the 
associated NH-to-NH spacing parameter dNN. 
Further experiments (not shown here) confirmed that, given 
ΔtPDDA=1 min and CNaCl= 2mM, although ΔtPS prolonged up to 
12 min induces the expected increased fractional coverage, 
the associated polystyrene nanosphere arrangements are 
characterized by dominance of randomly distributed severe 
agglomerates with voids in between. 
Therefore, although in general increasing the coverage to 
achieve the electrostatically stabilized distribution is the key 
factor for improving the degree of correlated ordering of a 
colloidal mask, prolonging ΔtPS in the presence of electrostatic 
bead-to-bead shielding does not enable to effectively increase 
the coverage without capillary-induced detrimental effects of 
agglomerations. 
By comparison with literature reports, a computational 
modeling of the colloidal adsorption processes indicated 
reduced correlated ordering under salt-addition74. The 
simulated colloidal distributions are unrealistic in that they 
present no agglomeration effects because the model, while 
including particle-particle interactions, particle-collector 
surface interaction and Brownian forces, rules out capillary 
lateral interactions. Unlike the computational model, our 
experimental distributions are affected from the capillary 
forces acting more effectively in the presence of salt and for 
increased coverage. Hence, our study demonstrates the 
practical impact of salt-addition on the colloidal distribution 
while tuning the interparticle distance. 
Definitively, based on the remarks discussed in the paragraph 
3.1 and the above experimental findings, under our 
experimental conditions, shielded electrostatic repulsion 
between polystyrene colloids demonstrated to be a not 
favorable strategy to fabricate short-range-ordered well-
separated NHs with controllable average relative spacing.
To this aim, we adopted a different approach based on: i) salt-
free solutions of polystyrene beads to be electrostatically 
assembled onto a PDDA single layer (Fig. 1(a)-(c)), ii) 

polystyrene nanospheres smaller than the ones usually 
reported in the literature to reduce the electrostatic repulsion 
and the influence of capillary forces, and iii) interplay between 
the deposition times ΔtPDDA and ΔtPS. For ΔtPDDA= 40 sec, we 
performed several experiments (not reported here) to get the 
value of ΔtPS providing DNH/dNN = 0.5 based on the reported 
result that the sensitivity of a NH structure increases linearly 
with the NH diameter-to-periodicity ratio and is enhanced 
around 0.575. Under the condition ΔtPS= 5 min (sample PS(40s-
5min), SEM image in Fig 7(a)), dNN= (161±32) nm was obtained, 
corresponding to a coverage c=13.7 %. Increasing ΔtPS from 5 
to 10 minutes (sample PS(40s-10min), SEM image in Fig 7(b)) 
resulted in dNN= (156±32) nm, corresponding to c=15.3%. 
Comparison between SEM images of PS(40s-5min) and PS(40s-
10min) demonstrates similar distributions (meaning saturated 
adsorption around ΔtPS=5 min) with well-isolated nanospheres, 
no void areas and rare formation of small agglomerates. On 
increasing ΔtPDDA from 40 sec to 1 min, higher coverage was 
achieved upon increasing ΔtPS even at ΔtPS values shorter than 
5 min, as SEM plan-view images of PS(1min-2min) (Fig 7(c)) 
and PS(1min-3min) (Fig 7(d)) clearly show. Statistical analysis 
provided the values dNN=(178±30) nm (i.e., c=10.6%) for 
PS(1min-2min) and dNN=(141±31) nm (i.e., c=18.1%) for 
PS(1min-3min), corresponding to a DNH/dNN ratio (where DNH = 
80nm) equal to 0.45 and 0.57, respectively. At least, PS(2min-
1min) (Fig 7(e)) was found to exhibit the highest fractional 
coverage of PS beads (c=25.6%, dNN=(110±22) nm) and 
sparsely distributed clusters. In any case correlated disorder 
can be observed with evident improved degree of local 
ordering with respect to the distributions resulting from 
intentional addition of NaCl salt. Notably, a linear relationship 
(R2=99.9%) between the fractional coverage and dNN was 
observed (Fig. 7(f)), reflecting the reproducibility of the series 
and the fact that dNN represents a characteristic ordering 
distance determined by the deposition mechanism. 
The evidence that prolonged ΔtPDDA enables to achieve higher 
coverage at shorter ΔtPS can be rationalized as follows. 
While keeping ΔtPS=1 min, the slight increase in the surface 
coverage provided by increasing ΔtPDDA from 40 sec to 1 min 
suggests adsorption mainly ruled by the PDDA-polystyrene 
bead attraction through the improved surface coverage of the 
PDDA layer. Instead, while keeping ΔtPDDA=40 sec, the 
remarkable increase in the coverage resulting from an increase 
of ΔtPS indicates distribution dominated by the interparticle 
repulsion with no effective coverage improvement for ΔtPS 
prolonged beyond the saturated adsorption. In fact, the final 
distribution of the colloidal mask is dictated by the 
competition between the Coulomb attraction, that binds the 
colloids to the countercharged substrate, and the electrostatic 
repulsion between adsorbed and adsorbing likely-charged 
colloids. 
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Hence, while the adsorbing nanospheres initially bind to the 
PDDA charged sites sparsely and randomly mainly depending 
on the zeta potential of the polyelectrolyte surface71, for 
prolonged ΔtPS the arrangement is dominated by the 
electrostatic repulsion between the likely-charged polystyrene 
nanospheres below the threshold leading to severe clustering 
effects. Therefore, for salt-free colloidal solutions, the 
parameters playing a key role in the organization of the 
colloidal mask are ΔtPDDA and ΔtPS: ΔtPDDA affects charge 
distribution/coverage of the PDDA layer and ΔtPS rules the 
fractional coverage and ordering of the colloidal mask. 

By comparison, the deposition conditions to achieve control 
on the coverage of a colloidal mask deposited onto a 
polyelectrolyte multilayer were explored in the literature 
based on the interplay between concentration (up to 0.12 % 
wt) and salt-content (up to 10 mM) of the colloidal solution as 
well as deposition time (from 30 s to 30 min) of the mask59. 
But the distribution/clustering characteristics of the colloidal 
mask and any correlated disorder difference between salt-
based and salt-free samples were not investigated at all. About 
the obtained coverage, it was reported: i) surface coverage 
below 20% from salt-free colloidal suspensions by increasing 
the solution concentration up to 0.12 wt % and the deposition 

Figure 7. SEM images of the Au-capped PS-NSP distributions deposited for ΔtPDDA= 40 sec ((a) PS(40s-5min) and (b) 
PS(40s-10min)), ΔtPDDA= 1 min ((c) PS(1min-2min) and (d) PS(1min-3min)) and (d) ΔtPDDA= 2 min (PS(2min-1min)). The 
NH-to-NH average spacing dNN resulting from the statistical analysis is also reported. 
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time from 30s to 5 min, and ii) dense packing of the 
nanospheres (up to maximum coverage of 35%) with a 0.1 % 
particle concentration, salt content increased up to 10 mM 
and a deposition time of the mask prolonged up to 30 min. In 
general, achieving coverage higher than the needed one is 
useless for applications involving NH structures as it would 
introduce undesirable clustering effects with detrimental 
impact on ordering and optical properties. The NH fractional 
coverage should be kept within a certain range of the NH 
diameter-to-periodicity ratio to improve sensitivity, and 
control losses of the PSPR modes77,78. As a result of our 
experiments, we found surface coverage ranging from 10.6% 
(sample PS(1min-2min)) to c=31.6% (sample PSNaCl(1min-
3min)) by means of a simpler protocol based on the interplay 
between only two experimental parameters (ΔtPDDA and ΔtPS) 
and involving a single layer polyelectrolyte, short deposition 
times and no changes of the colloid concentration. 
Furthermore, our exploration of the configuration 
characteristics of the colloidal mask (well-separated as well as 
clustered particles) shows clearly that unshielded rather than 
shielded electrostatic repulsion between polystyrene colloids 
can yield short range-ordered well-separated NHs with 
controllable and tunable coverage even at relatively closely 
spaced NHs (sample PS(2min-1min) with coverage of 25.6%). 
Definitively, our results demonstrate an actual simplification of 
the commonly applied layer-by-layer deposition and an 
effective ability to tune colloidal self-assembly with ordering 
performances comparable to literature reports using 
polyelectrolyte multilayers62,71. Unlike preparing 
polyelectrolyte multilayers, that demands preliminary 
polyelectrolyte-dependent study of the conditions for stable 
reconfiguration of the polymer chains and charge 
overcompensation79,80, saturated adsorption and controlled 
morphology of a polyelectrolyte monolayer can be obtained 
very easily. Hence, our protocol represents a valid, easy and 
lower cost alternative to the conventional one.

3.3. Optical characterization  
Once the distribution properties of the deposited samples 
were characterized thoroughly, their transmission spectra 
were inspected to ascertain the occurrence of the peculiar 
features of NH array. Our discussion will develop according to 
the following guidelines: i) checking changes in the 
transmission spectrum with the angle of incidence of the 
exciting light to assign experimentally the transmission 
features to either LSPR modes (which are unaffected by the 
incidence angle) or PSPR modes (which spectrally shift based 
on the momentum matching condition) 2,78,79, and ii) a 
comprehensive comparison with the literature of the optical 
behavior of our samples as a signature of the validity of the 
applied colloidal lithography protocol for fabricating NH 
distributions with correlated disorder. 
Figure 8(a) shows the zero-order normal incidence 
transmittance (T) and reflectance (R) spectra as well as the 
calculated absorbance (Abs=100-R-T) of NH(40s-10min) chosen 
as a representative sample. 

Figure 8. Optical characterization of NH(40s-10min) showing 
(a) normal incidence transmittance (T) and reflectance (R) 
spectra as well as the calculated absorbance (Abs=100-R-T), 
and (b) dependence of the wavelength position of the 
transmittance minimum on the incident angle. 

Such un-polarized spectra are suitable to look for the spectral 
occurrence and position of the resonances, without loosing 
information, due to the short-range ordering of our samples 
and circular NH shapes that do not cause symmetry 

breaking59. Complementary reflectance and transmittance 
spectral features can be observed at slightly different 
wavelengths. In detail, transmission peaks (at 524 and 800 nm) 
and dip (at 693 nm) are associated with reflectance dips (a 496 
and 770 nm) and peak (at 656 nm), respectively. This behavior 
was reported in short range-ordered NHs perforated in 
optically thin metal films as ascribed to interference between 
the directly transmitted/reflected light and the light first 
coupled into a propagating SPP mode and then coupled back 
to the initial direction of propagation82,83. Moreover, 
transmission maximum and minimum also correspond to 
absorbance minimum and maximum, respectively.
In order to correctly interpret the optical response of NH(40s-
10min) arrays, some aspects have to be accounted for: i) the 
coupling between the long range-SPP and short range-SPP 
modes in optically thin films, ii) NH structures with asymmetric 
geometry (i.e., different uppermost and bottom dielectrics) 
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and thickness below 50 nm can support only the strongly 
damped short range-SPP mode as associated with a 
transmission minimum84-86, iii) the resonant excitation of the 
short range-SPP mode in optically thin films can result in 
enhanced Abs and high R83, iv) the absorbance maxima are 
linked to the transmittance minima due to enhanced 
absorption resulting from enhanced fields88. All of this would 
suggest that the transmittance minimum of NH(40s-10min) 
spectrally located at 693 nm could be associated with a PSPR 
mode. As a confirmation, the increase of light incidence angle 
from zero (normal incidence) to 50° results in a negligible shift 
of the transmission maximum at 524 nm and a blue-shift of the 
transmission minimum at 693 nm (Fig. 8(b))78. Therefore, the 
transmittance maximum at 524 nm and minimum at 693 nm 
correspond to PSPP and LSPP modes, respectively. 
This attribution of a propagating-nature to the transmission 
minimum is consistent with the measured absence of spectral 
shift of the transmission minimum under changes of the 
incidence angle of p-polarized and s-polarized light, 
respectively59. 
In Fig. 9(a), the zero-order transmission spectra of NH(2min-
1min), NH(1min-3min), NH(40s-10min), NH(40s-5min) and 
NH(1min-2min) (briefly named NH(2-1), NH(1-3), NH(40-10), 
NH(40-5) and NH(1-2) arrays, respectively) are compared as 
corresponding to dNN increasing from 110 to 178 nm. Similar 
transmission features as the previously discussed sample (i.e., 
NH(40s-10min)) are shown. Hence, the assignment of the 
transmittance maximum and minimum to a LSPR and PSPR 
mode, respectively, can be confirmed for all the NH samples 
under study.
Moreover, the spectral positions of the transmittance 
maximum and minimum are consistent with the literature85,87. 
It can be observed that no loss of spectral features associated 
with either LSPR or PSPR occurs over the obtained coverage 
range (from 10 to 25.6%). This fact can be ascribed to dNN 
values larger than 2DNH (i.e., NH pattern with sufficient thin 
film surface to support PSPR and LSPR modes)80 and 
electrostatically stabilized correlated disorder unaffected by 
capillary forces. As the spectral position of the transmission 
maximum is close to the one of the interband sp-d transitions 
of Au, the zero-order normal incidence transmission spectra of 
the NH structures were compared with the corresponding 
transmission through a 20 nm thick Au film (grey curve in Fig. 
9(a)).
It can be observed that the transmittance peaks of the NH 
samples depend on the NH distribution, the corresponding 
bands are narrower than the Au band centered at 532 nm and 
their spectral positions don’t match this wavelength value. As 
the transition peak of a Au film cannot depend on the 
presence of NHs, the transmission maximum of the NH 
arrayed film can be ascribed to the interplay between the 
interband sp-d transitions of Au and LSPR-related plasmonic 
modes supported by the NH structure42,88. Furthermore, the 
intensity of the transmission maximum does not increase on 
increasing number of NHs (i.e. on decreasing dNN) and is lower 
than the transmission efficiency of the reference Au film. In 

general, because of the absence of long-range order of the 
scatterers 
Figure 9. (a) Zero-order transmittance spectra of the NH 
samples corresponding to dNN increasing from 110 to 178 nm. 
(b) Dependence of the spectral position of the transmittance 
maximum on the NH-to-NH average spacing to dNN. 

(i.e., NHs), decreased transmission efficiency can arises from 
the interplay between multiple scattering from the SR-ordered 
NHs and material losses. 
Our results are consistent with suppressed transmission 
reported for NH arrays fabricated in ultrathin (i.e., with 
thickness smaller or comparable to the skin depth) 
semitransparent films85,89,90 and Au skin depth amounting to 
20-35 nm89. Moreover, for dNN=110 nm (i.e., NH(2min-1min)) 
the LSPR–related transmittance maximum blue-shifts, which 
can result from coupling between the localized modes of the 
neighboring NHs on increasing NH coverage54.  
Once our measurements of angle-dependent transmission let 
the attribution of the maximum and minimum to a LSPR and 
PSPR mode, respectively, an insight in the occurrence of 
analogies between ordered and short-range ordered NH 
systems can be investigated by the occurrence of an eventual 
relationship between dNN and the wavelength of the PSPR 
mode. According to the grating-coupling condition, NH-to-NH 
spacing of a short range-ordered NH distribution 
corresponding to the lattice constant of a periodic NH array 
counterpart would imply a linear blue-shift in the PSPR 
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transmission feature. As the largest dNN yielded by our NH 
samples is 178 nm, first order grating coupling wavelengths 
would be expected to occur below the lower limit set for the 
optical characterization (i.e., 400 nm). Dependence of the 
transmittance spectrum on the NH-to-NH spacing was 
reported in NH arrays non-diffractive in the visible range59,87. 
About the transmittance minimum (associated with a short 
range-SPP mode), Fig. 9(b) clearly shows that its spectral 
position increases almost linearly (R2=83%) on increasing dNN 
over the sampled range (from 110 to 178 nm). The 
experimental data associated with dNN141nm (NH(1min-
3min)) and dNN110 nm (NH(2min-1min)) exhibit a slight 
deviation from the linear trend as compared to the other data. 
This effect could be ascribed to the presence of agglomerates 
in the distributions (SEM images in Figs 7 (d),(e)) that perturb 
the short-range ordering of the NH arrangements. Otherwise, 
the distribution of the experimental data in Fig. 9(b) could 
suggest the occurrence of two linear trends over contiguous 
ranges of values of dNN. This point deserves deeper 
investigation, which is the subject of studies in progress.
Anyway, the clearly linear distribution of the spectral position 
of the transmittance minimum versus dNN would suggest a few 
main conceptual remarks. First, keeping in mind the 
theoretical linear relationship between periodicity and 
wavelength of the PSPRs excited in periodic NH arrays, 
analogies between the optical behavior of PSPR modes in long- 
and short-range ordered NHs would be confirmed by our 
findings. Second, this observation is supported by the FFT 

analysis of the autocorrelation images that enables to disclose 
and measure very short-range periodicity and to correlate it 
with the NH-to-NH spacing calculated by the statistical analysis 
of SEM images which doesn’t reflect periodic arrangements. 
Notably, this correspondence was found to hold for all the 
samples discussed in this study. At least, from the applicative 
standpoint, the above findings would demonstrate the 
occurrence of short range-ordering even under unsaturated 
adsorption of the colloidal mask resulting successfully from our 
simplified experimental protocol. 
As a final comment, the same correspondence (i.e., 
complementary reflectance and transmittance features) 
noticed in then case of NH(40min-10min) was found for all the 
NH samples investigated in this study (Fig. 10). Also, the 
maximum absorbance is spectrally closed to the transmittance 
minimum (Fig. 10). All of this confirms the validity of our 
discussion on NH(40s-10min) as a representative sample and 
reliably enables us to extend the general discussion developed 
for NH(40s-10min) to all the other NH arrays presented in this 
study. 

3.4. Refractometric sensing
Plasmonic nanohole arrays usually find application as 
refractometric sensors, exploiting their ability to detect 
refractive index changes at the metal/dielectric interface. The 
functional properties of a selected short range-NH array 
configuration have been investigated in this work. This choice 
is due to the following evidences: i) more homogeneous and 

Figure 10. Zero-order transmittance (T), reflectance (R) and calculated absorbance (Abs) spectra of NH(40s-5min), 
NH(1min-2min), NH(1min-3min) and NH(2min-1min). 
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strong field enhancement inside the NH region was reported 
for SR-ordered NHs with diameter of 70 nm92, and ii) the 
sensitivity increases linearly with the NH diameter-to-
periodicity ratio and can be enhanced around the value 0.5 68.
For this reasons, NH array resulting from NH(40s-10min) 
preparation conditions, (resulting in the following structural 
parameters: DNH=80 nm, DNH/dNN=0.5) have been investigated 
as refractive index optical trasnducers. We have accounted for 
both the transmittance maximum (with localized character 
resonance, LSPR) and minimum (with propagating resonance 
character, PSPR).
A linear relationship between the shift of the transmittance 
maximum (Fig. 11(a)) and minimum (Fig. 11(b)) and the 
refractive index of the medium surrounding the sample 
NH(40s-10min) is evidenced. A red-shift of both the 
transmission peak and dip was measured on increasing 
refractive index that is more enhanced for the transmission 
minimum than for the transmission maximum wavelengths.
From a linear fit, the bulk sensitivity is determined: the value 
associated to the transmittance minimum and maximum was 
found to be (309±43) nm/RIU (R2=98.7 %) and (38±10) nm/RIU 
(R2=98.3%), respectively. This experimental finding is 
consistent with the propagating and localized character 
assigned

Figure 11. Plots showing the linear dependence on the 

refractive index of the wavelength position of transmittance 
(a) maximum and (b) minimum of NH(40s-10min).
assigned to the transmittance dip and peak, respectively. 
Indeed, PSPRs and LSPRs are known to be more sensitive to 

bulk refracting index changes and molecular binding processes, 
respectively. 
On the other hand, the measured value (309±43) nm/RIU is 
comparable with or even better than other reports14,29,43,52,93-

97. In general, the bulk sensitivities from arrays of ordered NHs 
are generally between 300 and 600 nm/RIU in the visible 
range33,43,98-100. In regard to the other samples of the series 
under examination, corresponding to dNN increasing from 110 
to 178 nm, it was measured bulk sensitivity values associated 
with the transmittance minimum of (230±30)nm/RIU for 
NH(2min-1min), (296±32)nm/RIU for NH(1min-3min), (305±34) 
nm/RIU for NH(40s-5min) and (253±31) nm/RIU for NH(1min-
2min).

4. Conclusions
In this study we have discussed the possibility of tuning the 
distribution properties of metal NH arrays by the optimization 
of the colloidal lithography deposition protocol usually applied 
under saturated adsorption conditions of the colloids. It has 
been demonstrated tunable NH-to-NH spacing and spatial 
correlation by discussing the influence of the presence of salt 
in the colloidal solution as well as the duration of the 
deposition step of both the polyelectrolyte adsorption layer 
and colloidal mask. In detail, we have presented short-range 
ordered NH distributions fabricated in optically thin (20 nm 
thick) gold films by colloidal lithography exploiting: i) a 
polydiallyldimethylammonium (PDDA) polyelectrolyte binding 
monolayer adsorbed for times ranging from 40 sec to 2 min, ii) 
salt-free solutions of polystyrene (80 nm-diameter) 
nanospheres, and iii) interplay of the deposition times to 
control the NH-to-NH spacing (dNN, tuned from 110 to 178 
nm). Unlike the conventional colloidal lithography protocol, we 
have considered a single polyelectrolyte layer rather than a 
polyelectrolyte multilayer and demonstrated a greatly 
simplified deposition protocol able to provide minimal 
agglomeration detrimental effects at the NH coverage suitable 
for sensing applications (NH diameter-to-periodicity of 0.5). 
The underlying working principle of our colloidal lithography 
deposition protocol is general, meaning that it can be applied 
to fabricate either optically thin and optically thick perforated 
metal films. Besides discussing the fabrication method, we 
have also investigated the properties of the samples by SEM 
analyses and statistical evaluation of coverage and NH-to-NH 
average distance to show their structural evolution depending 
on the deposition conditions. Such inspection has pointed out 
the key role of the balance between repulsive and attractive 
electrostatic forces in driving the degree of local ordering: 
decreasing NH-to-NH spacing above the agglomeration 
threshold can result in better correlated disorder under 
conditions leading to a dNN closer 
and closer to the NH-to-NH equilibrium spacing. Correlated 
disorder has been demonstrated for colloidal masks deposited 
under unsaturated adsorption condition from salt-free 
colloidal solutions by progressive increasing of the adsorption 
times. All of this allows obtaining characteristic transmission 
features (maxima and minima) in optical spectra as related to 
propagating and localized surface plasmon modes. It has been 
investigated and discussed transmittance, reflectance and 
absorbance spectra of the fabricated short range-ordered NH 
arrays. Furthermore, analogies between long- and short-range 
ordered systems have been demonstrated to hold under 

Page 14 of 17Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 0
2 

A
pr

il 
20

19
. D

ow
nl

oa
de

d 
by

 C
O

N
SI

G
L

IO
 N

A
Z

IO
N

A
L

E
 D

E
L

L
E

 o
n 

4/
2/

20
19

 1
2:

25
:2

6 
PM

. 

View Article Online
DOI: 10.1039/C8NR09911A

http://dx.doi.org/10.1039/C8NR09911A


Journal Name ARTICLE

This journal is © The Royal Society of Chemistry 20xx Nanoscale., 2018, 00, 1-3 | 15

Please do not adjust margins

Please do not adjust margins

deposition conditions ensuring an electrostatically correlated 
configuration with a characteristic average interparticle 
spacing. An important result of our combined analysis of the 
structural and optical properties of the deposited samples has 
been the identification of the average NH-to-NH spacing with a 
short-range periodicity of the NH distribution resulting from a 
method (the FFT analysis of the autocorrelation images) that is 
designed to disclose ordering length-scale rather than to 
perform statistical analysis. Also, we demonstrated a 
significant refractometric sensing (bulk sensitivity of 309 
nm/RIU) performances of our NH samples as compared to 
short range-ordered Au NH structures. 
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