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Polystyrene colloids adsorbed onto a poly(diallyldimethylammonium chloride) (PDDA) monolayer is the model-
system exploited to present and discuss both theoretical assessment and extended practical roadmap of the
monolayer colloidal lithography (MNL-CL) protocol, recently developed by the authors to efficiently simplify
and speed-up the deposition of template colloidal masks. Advantages of the MNL-CL protocol are demonstrated,
in terms of ordering and coverage optimization of colloid arrangements, over the entire coverage range of its
application, that is even under the commonly disregarded unsaturated adsorption conditions.

A conceptual model is presented predicting an interparticle threshold spacing below which the impact of the
polyelectrolyte binding surface on colloidal arrangement, degree of ordering and coverage may be observed.
This discussion discloses the key interplay between the critical working parameters (mainly deposition times of
PDDA and colloids as well as salt-induced screening of the intercolloid repulsion) allowing optimal design of
colloidal arrangements in terms of order, homogeneity and coverage. In this respect, the occurrence of correlated
disorder with respect to disordered arrangements is rigorously characterized by quoting a periodicity-like length
associated to the real colloidal distributions.

Finally, we perform optical and sensing characterization of metal nanohole distributions with tailored short-range

ordering fabricated by the MNL-CL protocol.

1. Introduction

Nanoplasmonics is a field of active applicative interest and fun-
damental research that exploits the ability of metallic nanostructures
(nanoparticles and nanoholes) to confine light at the nanoscale and
probe small changes in the dielectric and biologic environment close
to a noble metal surface [1-4]. Unique physical and optical properties
of noble metals are associated with surface plasmon resonance (SPR)
phenomena, arising from resonant (at the plasma frequency) interac-
tion between electromagnetic external fields and conduction electrons
on the metal surface [5]. In general, the enhancement of the SPR evanes-
cent field is exploited in numerous applications, like surface enhanced
spectroscopies [6-8], biosensors [9-11], chemical sensors [2], and opti-
cal devices [12-14]. Depending on geometry (i.e., film- or nanoparticle-
like) and nanostructuring (i.e., nanoparticle or nanohole distributions)
of the metal-dielectric interface, plasmonic waves with propagating na-
ture (surface plasmon polaritons (SPP)) and/or localized nature (local-
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ized SPR (LSPR)) can be excited [15-18]. From the sensing standpoint,
sensitivity to molecular adsorption events is the main difference be-
tween localized and propagating modes, stemming from the different
confinement scale and intensity enhancement of the plasmonic fields
[19].

Recently, the simultaneous excitation of propagating and localized
plasmon modes supported by nanohole arrays has demonstrated to com-
bine the advantages of SPPs and LSPRs, leading to superior bulk sensi-
tivity and detection limits of molecular events [20,21].

In this appealing applicative scenario, fabrication techniques of plas-
monic systems providing repeatable and nearly defect-free nanostruc-
turing with controllable features (size, shape, inter-particle spacing,
composition, surrounding dielectric) are demanding. In this respect,
top-down nanofabrication techniques able to achieve high reproducibil-
ity, fine nano-processing performances and ultimate resolution of a few
nanometers are scanning beam lithographic methods [22], namely elec-
tron beam lithography [23,24] and focused ion beam lithography [25].
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However, they are expensive time-consuming techniques using special-
ized equipment and more suitable for controlled fabrication over small
areas (~100 x 100 ym?). These limitations have prompted the de-
velopment of “natural lithography” (nanosphere lithography and col-
loidal lithography) as alternative, inexpensive, inherently parallel, high-
throughput, mask-assisted approaches for manufacturing either highly
ordered or short-range ordered arrays of nanoparticles and nanoholes
over large areas (~cm?) [26-29].

Colloidal lithography relies on electrostatically-[30-33] or capillary-
driven [28,34-36] self-assembling onto an interface (liquid-solid or
liquid-liquid) of colloids with diameter in the micrometer to nanometer
range. Operative advantages are: i) monodisperse colloids with desired
composition, surface charge and size can be routinely synthesized via
wet chemistry at low cost, ii) a broad choice of colloids is available
commercially, iii) mask preparation is a very rapid and cost-effective
step, iv) colloidal masks can be easily lifted-off by tape stripping with-
out wet etching processes and v) masks can be post-processed without
affecting their arrangement [36-40].

The collector surface used for electrostatic anchoring of the col-
loids is usually a polyelectrolyte multilayer, preliminary deposited by
the so-called layer-by-layer method [41-44] that consists of solution-
based deposition of alternating positively and negatively charged poly-
electrolytes leading to an uppermost surface charge opposite to the one
of the mutually repelling likely-charged colloids [31,45,46].

Chain conformation and chain interpenetration of the counter-
charged polyelectrolytes, resulting from polyelectrolytes type and ex-
perimental conditions (salt type and content, polyelectrolyte concen-
tration, pH and solvent of the solution, deposition time), play a signifi-
cant role [41,45,47,48]. Layer-by-layer method is quite time-consuming
because deposition lasting from a few minutes to tens of minutes is
applied for each layer to achieve saturated thickness and stable re-
configuration of the polymer chains as well as charge overcompensa-
tion [41,47,49,50]. In addition, as saturated coverage and uniformity
of colloidal arrangements is favoured by increasing number (at least
seven layers) of the polyelectrolyte layers [46], colloidal lithography
using the layer-by-layer method is more and more time- and material-
consuming.

Modeling of colloidal adsorption demonstrated that the range of
inter-particle electrostatic interactions and the zeta potential of the col-
lector surface effectively control final fractional coverage and ordering,
respectively [51]. Therefore, in principle, an adsorptive surface able to
effectively bind the colloids is required, which could not be a polyelec-
trolyte multilayer. Then, using a polyelectrolyte monolayer would un-
doubtedly simplify the lithography protocol. To the best of our knowl-
edge, this possibility was not investigated properly in the literature
[31,52-55].

Recently, the authors demonstrated the effectiveness of using a
smooth polydiallyldimethylammonium (PDDA) monolayer for the fabri-
cation of gold short-range ordered nanoholes as large-area optical trans-
ducers in sensing applications [56,57]. Such modified colloidal lithog-
raphy protocol (briefly termed monolayer colloidal lithography (MNL-
CL) protocol hereafter, where MNL and CL stands for “monolayer” and
“colloidal lithography”, respectively) was demonstrated to efficiently
simplify and speed-up the conventional colloidal lithography procedure
exploiting polyelectrolyte multilayers.

Going deep insight the presentation of the MNL-CL protocol and the
associated conceptual and practical raised questions, two main issues
were worth further investigation. The first one was the assessment of a
lattice-like model for a correct interpretation of the transmission reso-
nances of short-range ordered nanoholes [58]. The second issue was the
theoretical assessment and general applicability of the MNL-CL protocol
that was demonstrated for designing gold nanohole arrangements with
specific variation of the nanohole-to-nanohole distance [56,57].

In this paper, on the basis of the missing information in our recent
publications, we present extended investigation and unprecedented dis-
cussion, focusing on the following main aspects:
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i) the theoretical assessment of the MNL-CL protocol through physical
insight in the underlying physical processes by developing a simple
conceptual model predicting a threshold interparticle spacing below
which the impact of the polyelectrolyte layer on the colloid distri-
bution may be probed and, consequently, exploited in fabricating
colloidal masks,
potentialities of the MNL-CL protocol in terms of ordering optimiza-
tion of the colloidal arrangement over the entire coverage range of
its application, and
iii) comprehensive demonstration of its ability to describe the applica-
tive limits of salt-screening, commonly used to increase coverage,
and the degree of correlated disorder, below a threshold interparti-
cle distance.

-

ii

Points i) to iii) are key in the optimization of colloidal lithography
masks to be used as templates for the fabrication of short-range ordered
nanohole distribution with controlled degree of ordering [56-58]. Oc-
currence of correlated disorder being critical, a rigorous analysis is car-
ried out, by autocorrelation and Fast Fourier processing of SEM images,
of the colloidal distributions manufactured by the MNL-CL protocol. On
this basis it is demonstrated that, in practice, using salt-free colloidal
suspensions is a simple and effective strategy to exploit the interplay be-
tween adsorption/deposition times to tune coverage over a wide range
of values, while retaining short-range ordering properties.

Finally, practical implications and potentialities of our optimization
protocol are demonstrated by spectral characterization and sensing per-
formances of gold nanohole distributions.

2. Experimental
2.1. Materials and methods

Carefully cleaned (by successive ultra-sonication in acetone and iso-
propanol at 60 °C for 15 min) 1.5 x 1.5 cm? glass substrates were
subjected to an oxygen plasma treatment (100 sccm, 100 Watt, 250
mTorr for 60 s) to induce a negatively charged surface for subsequent
electrostatic binding of a positively charged polydiallyldimethylammo-
nium (PDDA) (MW 200,000-350,000, Sigma Aldrich) layer (Fig. 1(a))
through immersion in a salt-free aqueous solution (0.2% in Milli-Q wa-
ter) for an incubation time Atpppa=40 s, 50 s, 1 min, 2 min, 5 min.
PDDA covered substrates were rinsed by Milli-Q water, to remove any
excess of PDDA, and blow-dryed by N, stream. The starting test value
Atpppa=40 s was set according to other reports in the literature [53,55].

Moreover, in our experiments the absence of salt assures extended
chains and the low concentration of the PDDA solution (0.2% wt in
Milli-Q water) rules out both formation of globule-like chains and chain
conformational changes [59]. In fact, a smooth polyelectrolyte layer is
favoured by chains adsorbing in a flat configuration at a liquid-solid in-
terface and a PDDA monolayer deposited from a salt-free polyelectrolyte
solution does not change its surface structure under aging [45].

In an aqueous solution, the cationic strong polyelectrolyte PDDA dis-
sociates into negatively charged Cl~ ions and positively charged poly-
mer chains (consisting of hydrophilic amino groups and hydrophobic
hydrocarbyl groups) that will act as anchoring points for the negatively
charged colloids. Hence, for depositing the colloidal mask (Fig. 1(c)),
the PDDA-coated glass substrates (Fig. 1(b)) were immersed in a previ-
ously ultra-sonicated suspension of negatively charged polystyrene (PS)
beads (Thermo Fisher, concentration Cpg= 0.1, 0.2% in Mili-Q water)
for an adsorption time Atpg varying from 25 s to 10 min (Atpg= 40 s,
50 s, 1 min, 2 min, 5 min, 10 min). The MNL-CL protocol was imple-
mented for colloidal diameter Dpg=80 nm, 100 nm accounting for the
capillary-induced detrimental agglomeration effects acting for larger di-
ameters, despite of the stronger Coulomb repulsion. Subsequently, all
samples were carefully rinsed with Milli-Q water, placed for 1 min in a
water bath heated at 100 °C [31] and blow-dried under N, stream. The
distributions were found to be reproducible.
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Fig. 1. (Color online) Deposition of a colloidal mask by the MNL-CL protocol. (a) Oxygen-plasma treated glass substrate with negatively induced surface charge.
(b) PDDA (with structural formula of a monomer as inset) positively charged monolayer adsorbed onto the functionalized glass substrate. (c) Positively charged PS
beads electrostatically adsorbing from an aqueous suspension onto the PDDA monolayer. (d) Sketch of the system (adsorbed polyelectrolyte chains and colloids)
with interparticle and interchain spacing dyy and L, o, , respectively, in the case dyy > Lo, - (€) Definition of the decay length of the electrostatic potential (L)
associated to a system of two identical repelling spheres with diameter D and charged surface.

Nanohole distributions were fabricated in an optically thin (~20 nm
thick) gold film supported onto a glass substrate according to the pro-
cedure described elsewhere [56].

Notably, we tested two values of the concentration of the colloidal
solution, namely Cpg= 0.1, 0.2% wt. Control experiments demonstrated
that, under decreasing colloidal size, Cpg= 0.1% wt better controls order-
ing and aggregation up to the saturated adsorption. For instance, turning
from 0.1 wt% to 0.2 wt% was found to cause increased tendency to form
aggregates even for Atpg as short as 1 min. Instead, Cpg= 0.1% wt was
effective in controlling ordering, avoiding aggregation up to the satu-
rated adsorption and thus allowing a finer control of the coverage range
versus the adsorption time Atpg(as it will be discussed). Therefore, in
order to fully exploit the potentialities of the MNL-CL protocol, a low
enough concentration of the colloidal suspension (i.e., Cpg= 0.1% wt)
was found to be a proper condition.

The electrostatic repulsion of the colloids was switched from un-
screened to screened by sodium chloride (NaCl) salt addition (99.5%,
Sigma Aldrich, Cy,c = 2 mM) according to the detailed discussion re-
ported elsewhere [56].

The distributions of Au-capped PS nanospheres and nanoholes de-
posited from salt-free colloidal suspensions will be referred to as
PS(Atpppa-Atps,Cpg,Dpg) and NH(Atpppa-Atpg) respectively, whereas, in
presence of salt, the arrangements will be termed PSy,cj(Atpppa-Atps,
Cps, Dpg) and NHy, ¢ (Atpppa-Atpg). All colloidal masks under discussion
hereafter are listed in Table 1, where the corresponding experimental
conditions are reported according to the adopted nomenclature.

2.2. Characterizations

A Zeiss NVISION 40 dual beam Focused Ion Beam (FIB) system,
equipped with a high resolution Gemini electron column, was used for
Scanning Electron Microscopy (SEM) imaging. In order to avoid charg-

ing effects due to the insulating substrate, the colloidal masks were cov-
ered by a thermally evaporated (20+2) nm thick gold (Au) film. Hence,
SEM results presented in this study refer to distributions of Au-capped
PS colloids mainly. The average inter-particle (center to center) distance
between neighboring PS nanospheres (referred to as dyy) was estimated
by statistical analysis of the SEM images. The corresponding fractional
coverage, hereafter termed cvg, was also estimated and quoted with an
uncertainty amounting to nearly 6%.

SEM images were processed by image autocorrelation and Fast
Fourier Transform (FFT), according to the method detailed elsewhere
[56].

Optically thin perforated gold films obtained by lift-off of the col-
loidal masks were spectrally investigated by the zero- order transmission
curves recorded in air by means of a Cary 500 UV-VIS-NIR spectrometer
(Varian, USA). All curves were acquired in the spectral range from 400
to 1000 nm and normalized to a bare cleaned glass substrate.

Sensing performances were measured by tracking the spectral shift
A of the transmission minimum, associated with a propagating plas-
mon mode, under refractive index (RI) changes upon immersion of the
sample in liquid environments with RI increasing from 1.33 (water) to
1.40 (mixtures of glycerol and water). The experimental set-up is de-
tailed elsewhere [56]. Bulk sensitivity was estimated according to the
formula S;, = AA/ARIL

3. Theoretical assessment of the MNL-CL protocol

Before presenting and discussing our experimental findings, it is ap-
propriate to rationalize the conceptual choice of the experimental con-
ditions selected for the assessment of the MNL-CL protocol. In gen-
eral, interplay between repulsive inter-particle interactions and attrac-
tive particle-adsorptive substrate interactions (depending on the depo-
sition conditions of the polyelectrolyte collector surface, its adsorption
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Table 1
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Colloidal mask investigated and detail of the experimental conditions corresponding to the adopted nomenclature. The physical meaning of the reported
experimental parameters is as follws: Atppp, is the adsorption time of the PDDA monolayer, Atyg is the adsorption time of the colloids, Cpg is the
concentration of the colloidal suspension, Cy,q is the concentration of NaCl salt and Dy is the colloidal diameter.

Sample Atpppa Atpg Cps Craci Dps
PS(40s-1 min,0.1%,80 nm) 40 s 1 min 0.1%wt 0 mM 80 nm
PS(1min-1 min,0.1%,80 nm) 1 min 1 min 0.1%wt 0 mM 80 nm
PS(40s-5 min,0.1%,80 nm) 40 s 5 min 0.1%wt 0 mM 80 nm
PS(1min-3 min,0.1%,80 nm) 1 min 3 min 0.1%wt 0 mM 80 nm
PS(2min-1 min,0.1%,80 nm) 2 min 1 min 0.1%wt 0 mM 80 nm
PSNaci(40s-1 min,0.1%,80 nm) 40 s 1 min 0.1%wt 2 mM 80 nm
PSnaci(50s-1 min,0.1%,80 nm) 50 s 1 min 0.1%wt 2 mM 80 nm
PSnaci(1min-25 5,0.1%,80 nm) 1 min 25s 0.1%wt 2 mM 80 nm
PSyaci(1min-1 min,0.1%,80 nm) 1 min 1 min 0.1%wt 2 mM 80 nm
PSyaci(1min-3 min,0.1%,80 nm) 1 min 3 min 0.1%wt 2 mM 80 nm
PSnaci(1min-5 min,0.1%,80 nm) 1 min 5 min 0.1%wt 2 mM 80 nm
PSnaci(2min-1 min,0.1%,80 nm) 2 min 1 min 0.1%wt 2 mM 80 nm
PS(40s-1 min,0.1%,100 nm) 40 s 1 min 0.1%wt 0 mM 100 nm
PS(40s-1 min,0.2%,100 nm) 40 s 1 min 0.2%wt 0 mM 100 nm
PS(1min-1 min,0.2%,100 nm) 1 min 1 min 0.2%wt 0 mM 100 nm

efficiency and morphology) drives self-assembling of likely-charged col-
loids onto an oppositely charged surface (polyelectrolyte collector sur-
face) and may impact on the final distribution of the mask.

Lateral-capillary interaction also plays a role under high-coverage
conditions and needs proper strategies to be controlled. For instance,
immersion of the just adsorbed colloidal mask in heated water at 100 °C
for 1 min (as detailed in the experimental) increases the contact area be-
tween the colloids and the collector surface [31]. Such improved colloid-
polyelectrolyte anchoring helps overcoming the capillary interaction,
due to the inter-particle liquid bridge while drying the sample, more
effectively than for the same colloids dispersed in an aqueous solution.
Under our experimental conditions, this experimental trick was found
to control the capillary-induced aggregation down to a colloid surface-
to-surface distance of nearly 40 nm for D = 80 nm [58].

Recently, the possibility of fabricating good quality short-range or-
dered metal nanohole distributions by our MNL-CL protocol (Fig. 1) was
demonstrated [56] without a systematic study of the impact of using
a polyelectrolyte monolayer on the ordering properties of the result-
ing colloidal distributions. The following sections present the physical
guidelines applied to design our experiments and formulate a simple
conceptual model to predict, on the basis of Coulomb repulsion strength,
a threshold interparticle-spacing below which the influence of the poly-
electrolyte monolayer on the mask may be observed and exploited in
practice.

3.1. Deposition process of the polyelectrolyte monolayer

As overviewed in the introduction, the impact of the deposition time
of a polyelectrolyte monolayer on the colloidal arrangement is not prop-
erly investigated in the literature.

To date, better colloidal mask was observed when using a triple
polyelectrolyte layer rather than a PDDA monolayer obtained for an
adsorption time as short as 30 s [31]. Typical reported PDDA adsorp-
tion time never exceeds 45 s [31,52-54]. Since the adsorption process of
PDDA reaches 90% of saturation in 40 s [55], it is expected that unsat-
urated polyelectrolyte layer could impact negatively on the adsorption
efficiency of the colloidal mask.

Besides the adsorption time, competing polymer chain-substrate
electrostatic attraction and chain-chain electrostatic repulsion as well
as chain conformation determine the charge distribution of the poly-
electrolyte. Chain distribution can be characterized by two length-
parameters: the average length of the adsorbed chains which depends on
chain conformation (for instance, the contour length of a PDDA chain
including 2000 monomers is 700 nm [60]) and the inter-chain spac-
ing (Lgp.cn), dictated by the balance between chain-chain repulsion and
chain-substrate attraction.

In our experiments, PDDA chains are expected to adsorb onto the
oxygen plasma-processed substrate as an ultrathin laterally heteroge-
neous (i.e., forming a discrete chain distribution) monolayer, with de-
gree of coverage/saturation depending on chain conformation and ad-
sorption time Atppp,. In turns, conformation and adsorption rates of the
polyelectrolyte chains at the substrate-solution interface are sensitive
to solution parameters, like salt type and content and polyelectrolyte
concentration [41,61,62]. Salt-free polyelectrolyte solutions not only
guarantee flat configuration of the adsorbed chains, due to unscreened
intra-chain and inter-chain electrostatic repulsion, but also favor layer
flatness by means of unscreened attractive substrate and saturated sur-
face at a lower adsorbed amount [62]. Therefore, the absence of salt and
a properly low PDDA concentration (0.2% in our experiments) [59] are
optimal conditions for avoiding rough saturated films and conforma-
tional changes of the adsorbed PDDA chains. About Atppp,, increasing
its value from a minimum value of 40 s is expected to guarantee an ef-
fective adsorption-efficiency [41,55] and the possibility of investigating
the interplay between Atppp, and Atpg on the evolution of the colloidal
mask.

3.2. Deposition process of colloids

Colloids adsorb and arrange onto a countercharged surface as a result
of several processes: diffusion of the colloids from the bulk suspension to
the collector surface, electrostatic anchoring of the colloids to the coun-
tercharged collector surface, repulsive interactions between adsorbed
and flowing particles at the solid-liquid interface, repulsive interactions
between the adsorbed particles, in-plane Brownian diffusion, and capil-
lary lateral attractive forces pulling together the particles during drying
[33,51,63]. Noteworthy, as the intensity of the attractive lateral capil-
lary forces increases with the colloidal radius and the center-to-center
distance between colloids, the influence of capillary forces is not signif-
icant in the case of small and well-separated particles. Depending of the
ionic strength and concentration of the colloidal suspension, capillary
forces may overcome the electrostatic interparticle repulsion during the
drying procedure, leading to agglomeration effects [64].

Range of interparticle electrostatic interactions and zeta potential
of the polyelectrolyte collector surface control final fractional coverage
and ordering of the colloidal mask [51]. While the early stage of the col-
loid adsorption process is ruled by colloid-polyelectrolyte surface elec-
trostatic attraction, upon increasing coverage repulsive interactions be-
tween already adsorbed and adsorbing colloids dominate and stabilize
the colloidal distribution [65]. Hence, an adsorption attempt of a colloid
onto a polyelectrolyte countercharged surface can be successful if locally
the substrate attraction overcomes the repulsion from already adsorbed
neighbor colloids. As a result, colloidal adsorption gets blocked when
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the colloid-polyelectrolyte attraction is counterbalanced and overcome
by the repulsion between adsorbing and already adsorbed beads.

When colloid-to-colloid spacing approaches the colloidal diame-
ter, self-assembling is governed by interparticle electrostatic repulsion
whereas attraction forces, due to capillary effects that occur during dry-
ing, pull particles together into aggregates.

3.3. Physical model to probe the impact of a polyelectrolyte monolayer on
the formation of a colloidal mask

The characteristics of the distribution resulting from competition
between the attractive potential of the polyelectrolyte and interparti-
cle repulsion can be envisaged by comparing the decay length-scale of
the inter-bead electrostatic repulsion (L) and the inter-chain spacing
(Lepoch)- To clarify this point, a laterally heterogeneous unsaturated poly-
electrolyte layer with Ly, > Ly, would lead to inhomogeneous col-
loidal mask with void regions in between the adsorbed colloids, where
charge reversal is not achieved, independently on the range of interparti-
cle repulsion. Differently, the condition L, < Ly, would allow tuning
coverage and order by increasing the adsorption time of both polyelec-
trolyte and mask, that is acting on the balance between interparticle re-
pulsion and particle-collector surface attraction. Since the influence of
the polyelectrolyte on the colloidal distribution would be obscured for
Ly, much larger than L, o, decreasing Ly, (i.e., shortening the range of
Coulomb interparticle repulsion) would lead to increased coverage by
decreased threshold of blocking adsorption. Hence, L;;, acts as an up-
per limit, defining a regime where adsorbed colloids can act as effective
markers of the polyelectrolyte adsorption efficiency on the basis of the
competition between particle-polyelectrolyte attraction and interparti-
cle repulsion.

Turning to colloids, the cornerstone of the actual understanding of
the mechanisms of colloid adsorption onto a solid surface from bulk
suspensions is the Deyaguin-Landau-Verwey-Overbeek (DLVO) theory
[66,67] and its extension (termed XDLVO theory) including the Born re-
pulsion term [68,69]. According to the DLVO model, the potential com-
bines van der Waals attraction with double-layer electrostatic repulsion
that is a volume exclusion (blocking) effect stemming from repulsive in-
teractions between already adsorbed and trying to adsorb colloids. As in
our case we deal with low concentration and salt-free colloidal suspen-
sions, for our purpose it is appropriate to consider the DLVO potential
dominated by the electrostatic repulsion.

In a simple model, given a colloidal bead, modelled by a sphere with
charged surface Q and diameter D (Fig. 1(e)), dispersed in a salt-free
aqueous suspension, the electrostatic potential at a radial distance r
from the colloidal surface is given by V(r)= k Q/r. Simple mathemat-
ics enables to evaluate the distance L, from the surface of a single bead
at which its electrostatic potential falls off at 1/e (where e = 2.71828 is
the Euler number) of the surface value V. Fulfilling the condition V(r)=
Vy/e yields the relationship

L, =(e/2)D

According to the meaning of Ly, the electrostatic repulsion between
two likely charged beads suspended in a salt-free solution can be con-
sidered effective when they are separated by surface-to-surface distance
shorter than L;, (Fig. 1(e)), meaning a center to center distance shorter
than the quantity Ly;, defined as follows

Ly,=L,+D

Since the saturated adsorption distribution of a colloidal mask is
dominated by interparticle repulsion, this simple model can be applied
to formulate a condition on L, (where Ly > L, o) enabling to exploit
colloids as sensitive probes of the influence of the polyelectrolyte sub-
strate on the adsorption process. That is, electrostatic repulsion between
adsorbing PS nanospheres with diameter Dpg becomes active in affect-
ing their relative positioning on a polyeletrolyte monolayer when dyy <
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Ly.p = Lp+ Dpg, where dyy is the average (center to center) interparticle
spacing. Experimentally, based on the relationship

Lyy = Ly + Dps(Ly = (¢/2) Dps)

Ly, can be shortened by reducing Dpg and/or by salt addition (i.e.,
screened interparticle repulsion) to the colloidal suspension. Further-
more, the condition dyy < Ly}, can be experimentally verified by statis-
tical analysis of the distribution.

The formulated model implies that any influence of the adsorption
efficiency of the polyelectrolyte collector surface can be better disclosed
for small colloidal diameter. Indeed, more flexible tuning of the colloid
distribution and more extensive checking of the predictions of the de-
veloped electrostatic model will be demonstrated for Dpg= 80 nm rather
than for Dpg= 100 nm. The underlying reason is that a shortened length-
scale of the interparticle Coulomb repulsion also decreases Ly, which
causes the condition dyy<Ly, to be fulfilled for values of dyy in the
range of interest in applications (i.e., from several tens to hundreds of
nanometers).

4. Results and discussion

On the basis of the presented physical principles underlying our ex-
periments, we investigate the influence of the designed deposition con-
ditions and their interplay on the distribution of our colloidal masks
according to the flowchart reported in Fig. 2. For each considered set of
experimental parameters (i.e. colloid diameter (Dpg), colloid concentra-
tion (Cpg), salt concentration (Cy,c), deposition time of PDDA (Atpppa)
and PS colloids (Atpg)), interparticle spacing dyy was decreased down
to its minimum value compatible with short-range ordering of the mask.
Since shortening dyy is associated with increasing fractional coverage,
the adsorption efficiency of PDDA can be reliably checked at short Atpg
for PS colloids getting closer and closer. Also, results are discussed by
keeping in mind the threshold distances defined within the framework
of simple electrostatic model introduced above. Therefore, on one hand,
experimental evidence is a test of the reliability of the simple electro-
static model and, on the other hand, the simple electrostatic model is
applied for designing experiments. As it will be demonstrated and dis-
cussed, both approaches are consistent.

4.1. PDDA polyelectrolyte monolayer

In order to inspect the surface morphology of the PDDA monolayer
deposited for Atpppa= 40 s, 1 min, 2 min, 5 min, SEM plan view im-
ages were acquired. Similar morphologies were observed regardless of
the deposition time. In this respect, Fig. 3 shows the low (Fig. 3(a)) and
high (Fig. 3(b)) magnification images of the PDDA film deposited for
Atpppa=2 min, as representative of the morphology obtained for vary-
ing Atpppa. The layer is very smooth, as suggested by the absence of
topographic contrast at the two very different imaged length scale, de-
spite the experimental conditions (50° sample tilt angle and accelerat-
ing voltage as low as 2 kV) used to enhance this kind of contrast. Spare
topographic details, visible in the low and high magnification images
and used for the fine adjustment of the electro-optical imaging condi-
tions, point out, by comparison, the flat topography of the deposited
PDDA monolayer. This result was expected on the basis of the experi-
mental conditions set for preparing the PDDA solution, namely salt-free
and low PDDA concentration solution, both favoring an extended and
flat (or rod-like) conformation of the adsorbed chains, due to the elec-
trostatically repelling identically charged groups along the same chain
[59,70]. The demonstrated absence of topographic features, like chain
agglomeration or voids formation, for all the PDDA deposition times,
rules out any influence of the PDDA topography on the arrangement of
the overlying colloidal mask. Hence, any impact of the PDDA monolayer
on the formation of the colloidal mask would depend on the degree of
adsorption saturation/ binding efficiency resulting from Atppps [51].



M. Cesaria, A. Taurino, M.G. Manera et al. Applied Surface Science Advances 5 (2021) 100097

(a) ’ Ds =100 nm Cyac= 0 mM ’

J— Aty= 1 min —

Atppps=40s ' Atpppa= 1 min
4 N\

Cps=0.1% === C, =0.2% Cps =0.2%

dyy= (299£37)nm dyy= (195£31)nm dyy= (192+34)nm

) |Dp=80nm  Cp=0.1% Cy=0mM |
AtPDDA= 40 s — AtPDDA= l mil_‘l

el —~ N
Atpe= 1 min == Atpe=5 min | | Atpg= 1 min (== At,.=3 min
dyy= (195£20)nm  dyy= (161£32)nm  dyy= (192431)nm  dyy= (14143 1)nm

(©)  Dpg=80nm Cp=01% Cy,=2mM

Atps= 1 min

— o —
Atppp,= 40 8 (s | Atppp,= 50 S |jmmmp| Alppp,= 1 min |mesp Atpyp,= 2 min
dyy= (118£31)nm  d = (105£20)nm dy= (95£20)nm dy\= (110£22)nm

Atpppa= 1 min

. —
Atps=25s == Atp= 1 min == At,c=3min == At,=5min
du= (106£20)nm  dyy= (954200nm  dyy= (93£22)nm dyy= (92421)nm

Fig. 2. (Color online) Flowchart overviewing the performed experiments reporting the changes of the experimental parameters planned to decrease the interpar-
ticle spacing dyy down to its minimum value compatible with short-range ordering of the colloidal mask. Panel (a) refers to salt-free colloidal suspensions with
Dpg = 100 nm. Panel (b) refers to Dpg = 80 nm, Cpg = 0.1% and Cy,;= 0 mM. Panel (c) refers to Dpg = 80 nm, Cpg = 0.1% and Cy,= 2 mM. In any case the applied
changes of Atppp, and Atpg are shown along with the resulting value of dyy. Arrows indicate an increasing value of the quantity under consideration.

Fig. 3. (a) Low and (b) high magnification SEM images of a PDDA monolayer deposited for Atppp,= 2 min acquired under 50° sample tilt angle and for an accelerating
voltage as low as 2 kV.
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Table 2

Interparticle spacing (dyy) and fractional coverage (cvg) of colloidal masks
fabricated by the MNL-CL protocol using colloids with diameter Dpg=
100 nm. The quantities L, and Ly, are decay length-scales of electrostatic
repulsion defined as L,=(e/2) Dpg and Ly,,= Ly,+ Dpg.

Dpg=100 nm / L;,(100)~136 nm / Ly;(100)~236 nm

Sample dyy (nm) cvg (%) Model

PS(40s-1 min,0.1%,100 nm) 299+37 9.3 +0.6 dyy > Lpp(100)
PS(40s-1 min,0.2%,100 nm) 195431 20+1 dnn

PS(1min-1 min,0.2%,100 nm) 192+34 19+1 <

Lpp(IOU)

Table 3

Interparticle spacing (dyy) and fractional coverage (cvg) of colloidal
masks fabricated by the MNL-CL protocol using colloids with diame-
ter Dpg= 80 nm. The quantities L;, and Ly, are decay length-scales of
electrostatic repulsion defined as L,=(e/2) Dpg and Ly, = L+ Dpg.

Dpg = 80 nm / L, (80)~109 nm / Ly, (80)~189 nm

Sample dyy (nm)  cvg (%) Model
PS(40s-1 min,0.1%,80 nm) 200+20 8.7 +05 dyn
PS(1min-1 min,0.1%,80 nm) 192+31 9.1 +£06 >
PS(40s-5 min,0.1%,80 nm) 161+32 13.7 £ 0.8 Hyy
PS(1min-3 min,0.1%,80 nm) 141+31 18+1 (80)
PS(2min-1 min,0.1%,80 nm) 110+22 26+2 Lyp
PSyaci(40s-1 min,0.1%,80 nm 118+31 114+ 0.7 (80)

)
PSnaci(50s-1 min,0.1%,80 nm) 105+20 25+1
PSnaci(1min-25 5,0.1%,80 nm) 106+20 29+2
PSyaci(1min-1 min,0.1%,80 nm) 95+21 31+2
PSnaci(1min-3 min,0.1%,80 nm)  93+22 3242
PSnaci(1min-5 min,0.1%,80 nm)  92+21 33+2
PSy,i(2min-1 min,0.1%,80 nm) 110422 2642

4.2. Impact of the PDDA monolayer on the colloidal distribution

According to the above discussion, the impact of PDDA cover-
age/potential on the colloid distribution is expected to be observable
for dyy< Lyp,, where Ly,= L+ Dpg. The values of Ly, corresponding to
the values of Dpg under consideration are Ly;,(80) ~ 189 nm (associated
with Dpg=80 nm and L;,(80) ~ 109 nm) and Ly, (100) ~ 236 nm (asso-
ciated with Dpg=100 nm and L;,(100) ~ 136 nm). Aiming at shortening
dyy below the above reported Ly, values, several preliminary control
experiments were performed by varying the fractional coverage of the
colloidal distribution (Fig. 2, Tables 2 and 3).

Fig. 4 shows plan-view SEM images of the colloidal distributions ad-
sorbed onto a PDDA monolayer by varying: Atpppa (i.e., Atpppa=40 s,
1 min), Atpg (i.e., Atpg=40 s, 1 min, 5 min), the colloidal diameter (i.e.,
Dps=80 nm, 100 nm) and the concentration (i.e., Cpg= 0.1%, 0.2%) of
the salt-free colloidal suspension. The interparticle spacing evaluated by
SEM images is listed in the bottom left panel of Fig. 4.

4.2.1. Colloidal distributions associated with Dpg=100 nm and salt-free
suspensions

For Dpg=100 nm, the statistical analysis of SEM plan-view im-
ages in Figs. 4(a)-(c) yielded the values of dyy listed in Table 2,
that is (299+37) nm for PS(40s-1 min,0.1%,100 nm), (195+31)
nm for PS(40s-1 min,0.2%,100 nm) and (192+34) nm for PS(1min-
1 min,0.2%,100 nm).

Since Ly};,(100)=236 nm, the condition dyy<Ly,,(100) is fulfilled for
the last two samples, by increasing Cpg from 0.1 to 0.2%, leading to com-
parable dyy and cvg. Therefore, Atppps prolonged from 40 s to 1 min
can only affect the PS nanosphere distribution.

As matter of facts, at the lowest coverage, a uniform arrangement
with quite negligible agglomeration is observed, whereas, for increasing
coverage the presence of faint agglomeration is detected.

Notably, PS(1min-1 min,0.2%,100 nm) (Fig. 4(c)) exhibits reduced
agglomeration (18 dimers, 6 trimers, 1 agglomerate with more than 3
PS nanospheres are detected in the imaged area) with respect to PS(40s-
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1 min,0.2%,100 nm) (Fig. 4(b)) (16 dimers, 9 trimers, 6 agglomerates
with more than 3 PS nanospheres). These differences point out an impact
of the PDDA underlayer on the colloid arrangement.

In general, formation of agglomerates may result from capillary
forces becoming more and more active for interparticle spacing ap-
proaching the particle diameter. Under these conditions favoured by
drying, lateral capillary attraction may exceed the interparticle Coulomb
repulsion.

As dyy > Dpg in the case of the set of samples under consider-
ation, capillary forces are expected to have poor impact. Therefore,
the reduced agglomeration of PS(1min-1 min,0.2%,100 nm) compared
to PS(40s-1 min,0.2%,100 nm) points out the impact of the improved
adsorption efficiency (increased attractive surface potential) resulting
from a longer Atpppa that favors on-site colloidal anchorage with lim-
ited rearrangements by in-plane Brownian diffusion [51].

Definitively, as both PS(40s-1 min,0.2%,100 nm) and PS(1min-
1 min,0.2%,100 nm) fulfill the condition dyy < Ly, (100) ~236 nm, the
differences observed in their distributions are also consistent with the
prediction of our simple interpretative model.

4.2.2. Colloidal distributions associated with salt-free suspensions

For Dpg=80 nm, Figs 4(d)-(g) show SEM plan-view images of the
samples prepared by setting Cpg = 0.1% and Atpppa= 40 s, 1 min. No-
tably, Cps= 0.2% was not considered because shorter-ranged Coulomb
repulsion associated with smaller Dpg would favor agglomeration ef-
fects, thus limiting the possibility to effectively decrease dyy over a wide
range of values by increasing Atpg.

Furthermore, in practice, increasing the coverage by tuning Atpg is
a simpler strategy than varying the solution concentration. As a result
of statistical analysis, dyy was measured to be (200+20) nm for PS(40s-
1 min,0.1%,80 nm) and (192+31) nm for PS(1min-1 min,0.1%,80 nm)
(Table 2). Since Atpg = 1 min in both cases, the increased coverage is
consistent with the expected improved adsorption efficiency resulting
from longer Atpppa [511.

In regard to the mask distribution, the two samples are very similar
and exhibit well separated PS nanospheres, with the rare presence, in
the case of longer Atppp,, of small agglomerates that can be responsible
of the increased dispersion of dyy.

A few comments are worth about Dpg=80 nm as compared to
Dpg=100 nm.

First, PS(40s-1 min, 0.1%,100 nm) (Fig. 4(a)) and PS(40s-1 min,
0.1%,80 nm) (Fig. 4(d)) present similar arrangements (well isolated par-
ticles and rare formation of dimers) with decreased dyy from (299+37)
nm to (202+20) nm. The underlying physical reason is that the interpar-
ticle spacing rescales with the bead diameter and related surface charge,
given that the decay length of interparticle Coulomb repulsion affects
the relative positioning of the adsorbed colloids. In this sense, the MNL-
CL protocol is repeatable as a function of the colloidal size.

Second, the identical interparticle spacing of PS(1min-
1 min,0.2%,100 nm) and PS(1lmin-1 min,0.1%,80 nm) (Tables 2
and 3) achieved despite the stronger Coulomb repulsion associated
with larger Dpg points out that the concentration of the colloidal
solution may be an effective parameter for increasing coverage under
short-time adsorption. Instead, for Dpg=80 nm, clustering was found to
be more difficult to control for increasing Atpg if Cpg=0.2% whereas Cpg
< 0.1% wt required unpractical prolonged Atpg to achieve a comparable
coverage. Hence, colloidal concentration and adsorption time can be,
in principle, exploited to tailor the fractional coverage, but the impact
of the decay-range of interparticle repulsion and capillary forces also
needs to be ascertained by preliminary experiments.

Third, the differences observed in the colloidal distribu-
tion of PS(40s-1 min,0.2%,100 nm) (Fig. 4(b)) versus PS(1min-
1 min,0.2%,100 nm) (Fig. 4(c)) i.e. enhanced clustering at Atpppa=
40 s, do not occur in the case of PS(40s-1 min,0.1%,80 nm) (Fig. 4(d))
as compared to PS(1min-1 min,0.1%,80 nm) (Fig 4(e)), that are very
similar. Since the attractive bead-PDDA interaction is stronger for
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PS(40s-1mimn, 0.1 %, 80nm)

Fig. 4. Plan-view SEM images of the colloidal distributions adsorbed onto a PDDA monolayer under the conditions Atppp,=40 s, 1 min, Atpg=40 s, 1 min, 5 min,
Dpg=80, 100 nm and Cpg= 0.1, 0.2%. The interparticle spacing (dyy) and the corresponding coverage (cvg) evaluated by SEM images are listed in the bottom left

panel.
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Dpg=100 nm than for Dpg=80 nm, the occurrence of clustering in
PS(40s-1 min,0.2%,100 nm) would indicate a not effective adsorption
efficiency from the collector surface able to avoid surface rear-
rangements driven by Brownian diffusion and interparticle Coulomb
repulsion for short-time adsorption. As a confirmation, turning from
Atpppa= 40 s to Atpppp= 1 min while keeping Atpg= 1 min, the
improved adsorption efficiency of the polyelectrolyte collector surface
becomes effective in limiting surface rearrangements ruled by capillary
forces.

For Dpg=80 nm, similar behavior is not observed because, despite
the weaker colloid-PDDA attraction, capillary forces are less impacting
on the arrangement of closely-spaced colloids.

The balance between PDDA adsorption efficiency, interparticle re-
pulsion and capillary forces is also confirmed by the saturated adsorp-
tion condition for Atpppa= 40 s and Atpppa= 1 min that was achieved,
respectively, for Atpg=5 min (sample PS(40s-5 min,0.1%,80 nm) in
Fig 4(f) with dyy=(161+32)) and Atpg=3 min (sample PS(1min-
3 min,0.1%,80 nm) in Fig 4(g) with dyy=(141+31) nm) (Table 3).
The distribution of PS(40s-5 min,0.1%,80 nm) exhibits a uniform
coverage and local agglomerates are visible, generally consisting of
short chains involving few units (dimers and trimers). For PS(1min-
3 min,0.1%,80 nm), a more effective increase in the coverage can be
observed with formation of sparse clusters, absent in the case of PS(40s-
5 min,0.1%,80 nm). In practice, coverage estimations indicate that a
slight increase of Atppp, improves the coverage more effectively than
Atpg lasting a few minutes. The physical mechanism is that, for short
time adsorption Atpg, meaning low coverage, the dominance of the
PDDA-colloid attractive interaction over the interparticle repulsion at
the solution-PDDA interface causes the adsorption efficiency to depend
mainly on Atpppa. Once Atppp, is optimized increasing Atpg exploits
the interplay between colloid-PDDA attraction and colloid-colloid repul-
sion to drive electrostatically stabilized ordering

In conclusion, we provided evidence that the PDDA collector surface
plays a role in tuning the binding efficiency of colloids and influences the
colloidal arrangement, if sufficiently long adsorption time Atppp,, gen-
erally larger than the ones commonly reported in the literature [31,52-
55] is used. On the other hand, Atpppa= 1 min, rather than prolonged
to a few minutes, was demonstrated to be enough to provide effective
adsorption efficiency, being the distribution further tunable by varying
Atpg. Therefore, the impact of PDDA consists of two effects: i) adsorp-
tion efficiency of the colloidal solution, that can be straightforwardly
observed for increasing Atppp combined with short-time adsorption of
the colloids, and ii) ordering of the mask that depends on the net balance
between the active interactions.

4.2.3. Colloidal distributions associated with salt-added suspensions

The observed differences between PS(40s-5 min,0.1%,80 nm)
and PS(1min-3 min,0.1%,80 nm), both fulfilling the condition
dyn <Lpp(80)~189 nm, might be due to increased coverage rather than
to the PDDA collector surface. Hence, in order to validate our model,
colloidal distributions with the same further increased coverage and
deposited for Atpppa= 40 s and Atpppa= 1 min have to be compared.
Since PS(40s-5 min,0.1%,80 nm) and PS(1min-3 min,0.1%,80 nm) cor-
respond to saturated adsorption, further shortening of dyy may not be
obtained by salt-free colloidal solutions. In turn, using salt-added col-
loidal suspension allows one to shorten dyy due to shortened-ranged
colloid-colloid electrostatic repulsion. In experiments discussed here-
after Cy,cg=2 mM, which is to be intended as an upper value of ionic
strength allowing us to decrease dyy in such a way to satisfy the con-
straint dyy<Ly,p,- Preliminary salt-added experiments demonstrated that
Cnaci=2 mM is a trade-off value which, from one side, prevents clus-
tering, severely observed for Cy, >2 mM, and, from the other side,
allows one a tuning of coverage over a reasonable range, not achievable
for Cyacl < 2 mM [56].

Hence, hereafter, samples deposited from electrostatically screened
(Cnac1 = 2 mM) colloidal suspensions of PS nanospheres with Dpg=80 nm
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and Cpg= 0.1% will be presented and discussed (see the panel (c) of the
flowchart in Fig. 2). For calibration purposes and according to the results
presented in the case of salt-free colloidal suspensions, we considered
Atpppa= 40 s as a starting value and studied the effects of increasing it
progressively (50 s, 1 min, 2 min) (Figs 5 and 6).

Plan-view SEM image of NHy,;(40s-1 min,0.1%,80 nm) (Fig 5(a)),
that perfectly matches the distribution of the template colloidal mask
PSNac1(40s-1 min,0.1%,80 nm) (Fig. 1), shows the presence of ex-
tended empty areas and locally disordered particle arraying. Statisti-
cal analysis yielded an interparticle spacing of dyny=(118+31) nm (i.e.,
cvg=(11.4 + 0.7)%), which is shorter than L;;,(80) (Table 3).

By comparison with the counterpart salt-free sample (PS(40s-
1 min,0.1%,80 nm), Fig 4(d)), two main salt-related effects on distri-
bution and degree of ordering of the mask have to be accounted for.
First, salt-induced screening of the attractive colloid-PDDA interaction
can reduce the adsorption efficiency of PDDA surface. Second, weak-
ened interparticle electrostatic repulsion is not able to improve the level
of ordering as far as colloids are far apart, as it occurs for short-time
adsorption. Further control experiments were performed by increasing
Atpg and Atppp, independently. Given Atpppa= 40 s, Atpg prolonged up
to 10 min was found to induce no effective improvement of the homo-
geneity of the mask distribution due to the persistence of void areas and
agglomeration effects that were the more enhanced the more prolonged
Atpg was. Hence, Atpppa= 40 s was demonstrated to be unsuitable for
the purposes of our study.

For Atppppa=50 s, plan-view SEM image of NHy,q(50s-
1 min,0.1%,80 nm) is reported in Fig 5(b). As compared to NHy,¢;(40s-
1 min,0.1%,80 nm), this sample exhibits reduced presence of voids and
improved coverage leading to the statistical estimation dyy= (105+20)
nm (i.e., cvg=(25 + 2)%). This result is consistent with the expected
improved adsorption efficiency favoured by prolonging Atpppa. The
sample shows small agglomerates, favoured by increased coverage,
and chain-like alignment of the particles. The same interparticle
spacing as NHy,c (50s-1 min,0.1%,80 nm) was obtained by combining
Atpppa=1 min and Atpg =25 s (i.e., PSy,c(1min-25 5,0.1%,80 nm) in
Fig. 6(a)) that was found to yield dyy=(106+20) nm, corresponding
to cvg=(29+2)%. The possibility of achieving the same coverage at a
shorter deposition time Atpg clearly demonstrates the effective influ-
ence of Atppps on the ordering of the mask combined with improved
adsorption efficiency [51]. Being dyny~106 nm < Ly;,(80), this evidence
is also consistent with the expectations of our model.

For Atpppa=1 min, the impact of Atpg increased from 25 s to
5 min can be observed by the corresponding series of samples shown
in Figs 6(a)-(d). Statistical analysis of the SEM images under con-
sideration provided the values of the interparticle spacing dyy listed
in Table 3: dyny=(106+20) nm for PSy,c(1min-25 s,0.1%,80 nm),
dyn=(95+21) nm for PSy,c;(1min-1 min,0.1%,80 nm), dyy=(93 + 22)
nm for PSy,q(1min-3 min,0.1%,80 nm) and dyy=(92 + 21) nm for
PSyaci(1min-5 min,0.1%,80 nm). The saturation adsorption coverage
was achieved for Atpg= 1 min (sample PSy,(1min-1 min,0.1%,80 nm)
with dyy=(93 = 22) nm). All samples show a high density of PS
nanospheres with increasing density and size of the agglomerates re-
lated to prolonging Atpg that can be ascribed to the attractive lat-
eral capillary forces [63]. Depleted areas, mainly occurring close to
the agglomerates, also form, depending on Atpg. Further control ex-
periments demonstrated that increasing Atpg up to 12 min provides
severe clustering effects with almost absent isolated colloids and sys-
tematic formation of voids in between the agglomerates. Therefore, un-
der our experimental conditions, for Atpppa=1 min, the adsorption ef-
ficiency of the PDDA collector surface being improved with respect to
Atpppa= 40 s, the saturation adsorption of colloids is quickly achieved
at short-time adsorption (Atpg=1 min). Further prolonging Atpg is detri-
mental for capillary-induced clustering effects, that deteriorate the
distribution and obscure the interplay between the adsorption times
Atpppa and Atpg, rather than enabling an effective improvement of the
coverage.
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Fig. 5. Plan view SEM images of the nanohole distributions associated with the colloidal masks (a) PSy,¢ (40s-1 min, 0.1%, 80 nm) and (b) PSy,; (50s-1 min, 0.1%,

80 nm).

On comparing Atpppa=1 min with Atpppa=2 min, SEM images
of PSy,ci(2min-1 min,0.1%,80 nm) (Fig. 6(e)) and PSy,c(1min-
1 min,0.1%,80 nm) (Fig. 6(b)) demonstrate for Atpppa= 2 min a more
inhomogeneous distribution with evident agglomeration effects, due
to capillary interactions favoured by high coverage (dyy=(110+22)
nm and cvg=(26+2)%). Agglomeration is responsible of the seem-
ingly increased dyy with respect to dyy=(95+21) nm of PSy, (1min-
1 min,0.1%,80 nm). The provided experimental evidence indicates that,
in practice, Atpppa= 1 min could be a better condition than Atpppa=
2 min because the high adsorption efficiency given by increased Atpppa
does not allow to exploit an increase of Atpg for tuning coverage and or-
dering without the detrimental contribution from capillary interactions.
Definitively, Atppps impacts on the characteristics of the distribution
depending on the coverage tuned by Atpg.

4.3. Ordering degree of the colloidal mask and applicative implications

The interplay between Atppp, and Atpg, with and without electro-
static screening, was also studied from the point of view of the correlated
disorder of the colloidal masks, resulting from the application of the
MNL-CL protocol. This was achieved by a quantitative method, based
on mathematical image processing tools (i.e., “image autocorrelation”
and “Fast Fourier Transform”) applied to selected areas of SEM micro-
graphs. The method allowed: i) to discover local periodic structures,
difficult to be observed due to their very short-range order, and ii) to
derive and measure a length-scale parameter, working as the equiva-
lent of the lattice parameter characteristic of ideally ordered colloidal
arrangements [56].

Fig. 7 compares the results of the investigation of colloidal masks de-
posited for Atpppa increased from 1 to 2 min (i.e., saturated adsorption
for the PDDA monolayer) and Atpg prolonged from 25 s to 3 min (i.e.,
from unsaturated to saturated colloidal adsorption, where the highest
degree of correlated disorder occurs), in the presence (Figs. 4(a)-(c))
and in the absence (Figs. 4(d)-(f)) of salt.

For each mask, the region of interest is reported together with its
autocorrelation image and the intensity profiles of the FFTs along a line
passing through the center to show the occurring of eventual maxima.
The FFT of the autocorrelation image was able to reveal the eventual
presence of intensity maxima, corresponding to the presence of period-
icity in the image, and to determine the relevant periodicity length. It
is worth noticing that, without electrostatic screening, the colloidal ar-
rangement is able to evolve towards a short range ordered distribution,
whose order is not deteriorated by the coverage increase and whose peri-
odicity length decreases with the increase of the coverage. In particular,
under salt-free conditions and Atpppa= 1 min, by increasing Atpg from
1 min (Fig. 7(a)) to the saturation threshold (Atpg=3 min, Fig. 7(b)),
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the intensity profiles of the FFTs show the presence of similar maxima,
corresponding to periodicity length of (170+10) nm and (155+8) nm,
respectively. For Atpg = 1 min, by doubling Atpppa from 1 min to 2 min,
the intensity maxima in the FFTs yield periodicity length decreasing
from (170+10) nm to (130+8) nm (Fig. 7(c)). The obtained estimations
of the periodicity length are consistent, within the experimental uncer-
tainty, with the statistical values of dyy reported in Table 3. Hence,
under salt-free conditions, our analysis demonstrates quantitatively the
occurrence of correlated disorder. Salt-related screened repulsion causes
a rapid evolution of the colloid distribution towards a total loss of order
that is present only for very low Atpg (i.e., 25 s, Fig. 7(d)), as it can be
observed by the FFT analyses reported in Figs. 7(d)-(f).

Definitively, two main conclusions result from the correlated dis-
order analysis. First, autocorrelation and FFT analyses demonstrate a
method to eventually associate a periodicity-like length to short-range
ordered colloid distributions that, in principle, is a rigorous way of as-
certaining the occurrence of correlated disorder. Second, on comparing
salt-free with salt-related situations, we were able to extend the results
of our previous studies [56] and demonstrate that in the presence of salt
it is not possible to efficiently exploit the interplay between Atppp, and
Atpg to control a colloid distribution in terms of order and homogeneity.

An important applicative issue of the above discussion is reported
in Fig. 8 that shows the transmittance spectra of gold nanohole sam-
ples fabricated by using salt-free (i.e., NH(40s-5 min), NH(1min-1 min),
NH(1min-3 min) and NH(2min-1 min) in Fig 8(a)) and salt-added (i.e.,
NHy, 1 (1min-25 s) and NHy,¢(1min-1 min) in Fig 8(b)) PS nanosphere
suspensions according to the experimental protocol sketched in Fig. 1.
A detailed identification of the spectral features of such nanohole ar-
rangements is reported elsewhere [56].

Noteworthy, on comparing NH(1min-1 min) and NHy,c(1min-
1 min) (and NHy,(1min-25 s)), it is evident that salt-related disor-
dering effects (confirmed by the autocorrelation analysis) cause flat-
tening/loss of the transmission resonances occurring in the case of the
samples deposited using salt-free suspensions [56]. In principle, since
in perforated plasmonic metal arrays correlated disorder is demand-
ing to observe peculiar electric field enhancement (transmission reso-
nances) [18,71], transmission resonances are characteristic of the pres-
ence of short-range ordering hole-to-hole correlation and are affected
by changes in the degree of ordering [72].

The sensing performances, in terms of response to changes of the
surrounding refractive index, of NH(40s-5 min), NH(1min-3 min) and
NH(2min-1 min), corresponding to the saturated adsorption colloidal
masks prepared for Atpppa=40 s (sample PS(40s-5 min,0.1%,80 nm)),
Atpppa= 1 min (sample PS(1min-3 min,0.1%,80 nm)) and Atpppa=
2 min (sample PS(2min-1 min,0.1%,80 nm)), were estimated to be
(8349+39) nm/RIU, (296+32) nm/RIU and (230+30) nm/RIU, respec-
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Fig. 6. Plan-view SEM images of the colloidal distributions adsorbed onto a PDDA monolayer under the conditions Atypp,=1 min, 2 min, Aty = 25 s to_ 1 min,
3 min,5 min, Dpg=80 nm, Cpg= 0.1 and Cy,= 2 mM. The interparticle spacing (dyy) and the corresponding coverage (cvg), evaluated by statistical tools based on
SEM images, are listed in the bottom left panel.

tively. The highest measured value is comparable with or even bet- In order to discuss generality, conceptual implications and useful
ter than other reports (see Ref [56] and references therein). More de- practical guidance of the MNL-CL protocol, a few remarks are manda-
tails about the sensing measurements, that are beyond the scope of the tory.

present paper, can be found elsewhere [56].

4.4. Concluding remarks: application guidance and potentialities of the i) Our experiments and the relevant comprehensive discussion demon-

mnl-cl protocol strate that the MNL-CL protocol works if properly applied, meaning

that it overcomes successfully the limitations of the mentioned lit-

Going beyond the set-up of a new protocol presented elsewhere [56], erature based on single polyelectrolyte layer. Our research demon-

herein a systematic study was presented of the effect of the critical de- strates the physical consistency of our results with the accepted basic

position parameters on the colloidal distributions, with the support of a knowledge on colloidal self-assembly and the reproducibility of the
simple interpretative model. MNL-CL protocol.
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Fig. 7. (Color online) FFT of the autocorrelation images calculated by SEM images of the colloidal masks obtained with Atppp, increasing from 1 to 2 min and Atpg
increasing from 25 s to 3 min, (a)-(c) with and (d)-(f) without salt. For each mask, the region of interest is reported together with its autocorrelation image and the
intensity profiles of the FFTs along a line passing through the center to show the eventual presence of intensity maxima corresponding to an ordering length-scale.
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Fig. 8. (Color online) Transmittance spectra of gold nanohole systems fabricated based on the colloid mask templates deposited by the MNL-CL protocol given by:
(a) salt-free (PS(2min-1 min), PS(1min-3 min) and PS(1min-1 min)) and (b) salt-added (PS(1min-25 s), PS(1min-50 s)) polystyrene nanosphere suspensions. The
curves are identified by the nomenclature introduced in the experimental paragraph.

ii) As comprehensively demonstrated, spacing (dyy) and ordering of a
colloidal mask fabricated by the MNL-CL protocol are dictated by the
strength of the polyelectrolyte surface-potential for short-time col-
loidal deposition and by the decay range of the colloid-colloid repul-
sion for long-time colloidal deposition, i.e., while approaching to the
saturation adsorption. In practice, the adsorption efficiency of the
PDDA monolayer was tuned by increasing Atpppa from 40 s to 2 min
and, for given Atpppa, Atpg Was increased up to the achievement of
saturated adsorption to drive the colloidal distribution across the
conditions of the formulated electrostatic model.

On this basis, the following operative points are worth. First, the
PDDA collector surface plays a role in the colloidal arrangement
and its binding efficiency can be exploited as an effective mean
for tuning the colloidal arrangement. Second, the interparticle
spacing can be varied under not saturated adsorption conditions
by means of the interplay between the adsorption times without
loss of correlated disorder.

i

o

Since the adsorption times Atppp, and Atpg play a key role in the
implementation of the MNL-CL protocol, exploiting their interplay is
a method easier than preparing multiple colloidal solutions differing
for the screening length of Coulomb repulsion and/or concentration.
In practice, the presence of salt is the less controllable parameter
in terms of ordering and capillarity effects among the parameters
allowing to tune dyy-

The flexible tuning of coverage over a wide interval (we have demon-
strated coverage ranging from 9 to 33%) and ordering allowed by
the MNL-CL protocol is particularly suitable to point out changes
not only in the degree of correlated disorder but also in the local ge-
ometry coordination. Indeed, optimal conditions to retain correlated
ordering over a wide range of values of dyy enabled by the MNL-CL
protocol also demonstrated to be a powerful tool to disclose changes
in the geometry coordination of a short-range lattice and their im-
pact on the spectral response of metal nanohole arrangements [58].
From the conceptual standpoint, FFT of the autocorrelation function
has allowed us to discriminate the coverage threshold above which
ordering is lost when salt is added to the colloid suspension. Such
behavior has been demonstrated to be absent under salt-free condi-
tions resulting from the optimization process underlying the MNL-CL
protocol.

We demonstrated that while the MNL-CL protocol enables to ob-
tain correlated disorder for salt-free suspensions, the addition of salt
causes a rapid evolution of the colloid distribution towards a total

(=

ii

iii)
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loss of order even under short-time colloid adsorption conditions.
Using or ruling out salt-screening depends on the specific applica-
tion. For instance, salt addition to the colloidal suspension may be
undesirable in applications where dyy is not required to decrease be-
low a certain threshold, such as in the fabrication of nanohole arrays
[56,57].

Hence, practical guidelines result from our experiments that can be
useful in applications demanding a good level of correlated disorder and
stringent constraints on dyy.

Conclusions

In the framework of the colloidal lithography technique, supported
monolayers of charged colloids are obtained by electrostatic binding
to a counter-charged surface being usually a multilayer consisting of
alternating oppositely charged polyelectrolytes.

In this study, we have discussed a modified colloidal lithography pro-
tocol, briefly termed MNL-CL protocol, developed to efficiently simplify
and speed-up the conventional colloidal lithography deposition proce-
dure based on a properly deposited single, rather than multi-layered,
polyelectrolyte binding the colloidal mask. In detail, we have presented
negatively charged PS nanospheres, with nominal diameter Dpg= 80 nm
and 100 nm, electrostatically self-assembled onto a PDDA monolayer as
a function of: i) adsorption time of PDDA (Atppp,a) from a salt-free aque-
ous solution with low enough concentration to favor extended chain
conformation, ii) adsorption time of the PS nanospheres (Atpg) onto
PDDA from an aqueous solution, and iii) ionic strength of the colloidal
solution tuned by intentional addition of NaCl salt.

In order to investigate the conditions under which the presence of
the PDDA and its deposition conditions can impact on the characteristics
of the colloidal mask, we have developed and discussed a simple con-
ceptual model that, depending on the surface charge associated with
the colloidal diameter, predicts a threshold interparticle spacing (i.e.,
Ly, =Ly +Dpg where Ly=(e/2) Dpg) below which the impact of the PDDA
monolayer on the distribution of the colloids may be probed and, con-
sequently, exploited in fabricating colloidal lithography masks.

Short-time deposition of colloids has enabled to probe the adsorp-
tion efficiency of the PDDA layer and long-time deposition of colloids
has yielded stable rearrangement of the mask under the net electrostatic
interaction, stemming from substrate and colloid charges. From the fun-
damental standpoint, our experimental findings have been found to be
consistent with the predictions of the model.
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Among the convenience and practical issues of the MNL-CL proto-
col, i) it is an actual and low cost simplification of the conventional
colloidal lithography procedure using polyelectrolyte multilayers, ii) it
provides distributions with well separated colloids and good degree of
correlated disorder and iii) it points out the possibility to exploit the
degree of saturation of the polyelectrolyte surface to drive and/or tun-
ing the characteristics (coverage and ordering) of a short-range ordered
colloidal mask

Definitively, the MNL-CL protocol paves the way to wide spread of
colloidal lithography due to its: i) implementing colloidal lithography
more easily than varying salt-related electrostatic screening and/or col-
loidal concentration, ii) exploiting the adsorption time of the collector
surface as a further parameter for the optimization of colloidal lithogra-
phy mask arrangements. and iii) using salt-free rather than electrolyte
screened colloid suspensions combined with the advantages of the in-
terplay between the adsorption times of the polyelectrolyte monolayer
and colloids for controlling effectively the colloid distribution in terms
of order, homogeneity and geometrical coordination over a wide range
of fractional coverage.

As a further investigation, autocorrelation and Fast Fourier Trans-
form (FFT) tools have been applied to introduce and measure a very
short-range periodicity length-scale to be compared with the statistical
interparticle spacing and able to characterize rigorously the occurrence
of correlated disorder (i.e., short-range ordering) with respect to disor-
dered arrangements. Moreover, as a practical demonstration of promis-
ing performances, advantages and potentialities of the MNL-CL protocol,
we have fabricated nanohole distributions based on template colloidal
masks made by the MNL-CL protocol and characterized their transmit-
tance and refractive index sensing properties.
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