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Abstract

Dual-scale hierarchical structures with regular microscale patterns and varying degree of
nanoscale crystalline order are synthesized on physically and chemically homogeneous
substrates by evaporative self-assembly with a suspension of DNA-functionalized nanoparticles
(NPs) with a charged core shell. For a certain NP concentration range, periodic concentric rings
in a stripe-like micropattern are produced over macroscale surface areas by a NP monolayer
with hexagonal lattice structure at nanoscale. The stripe width, spacing and nanoparticle
ordering can be controlled by varying the NP concentration. Our results indicate that the
interplay between “stick-slip” motion of the droplet contact line and Coulombic and steric NP
interactions control the formation of the observed structures. A simple analytical model is
proposed to account for the experimental observations and guide the future design of different
nanostructure morphologies. This work demonstrates a simple cost-effective mask-free method
for fabricating large-area nanostructured 2D materials and metasurfaces for applications

ranging from energy conversion/storage to optoelectronics and nanophotonics.
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1. Introduction

The synthesis of nanoparticle (NP) films with ordered structures!”’” in general and stripe
patterns®!! in particular, has received substantial attention due to potential applications such as
photonic  crystal  formation'?'},  biochemical sensing'* surface plasmonics!'>'6,
microelectronics!’, or energy conversion and storage'®. Surface patterning through bottom up
self-assembly has emerged as a relatively simple and inexpensive technique for the fabrication
of large-scale ordered structures on solid and soft substrates'®?2. Solvent-evaporation based
fabrication of long-range ordered surface patterns of nanoscale building blocks, provides an
alternative to more complex methods such as mask-based lithography®, Langmuir-Blodgett

techniques®*?°, dip-pen writing?® and nanoimprinting;*” and has been used for example to create

free-standing nanoparticle superlattices.?®

The spontaneous pattern formation during evaporation of a sessile droplet of colloidal
suspensions has been extensively studied since the first observations of the “coffee ring” effect
that occurs due to deposition of solute particles around the three phase contact line (TCL)**-3!.
The combination of outward flow driven by enhanced solvent evaporation at the droplet
meniscus and the adhesion of solute particles to the substrate, results in the deposition of ring-
like structures rich in solute particles at the TCL. Controlled evaporative assembly on plane
substrates as well as systems with geometrical restrictions, has emerged as a novel method for

6, 19, 32

creating patterned surfaces with diverse structures such as concentric rings , parallel

8. 11.33-34 and other patterns®>’. The formation of concentric rings has been

lines/stripes
attributed to the well-studied “stick-slip” motion of the TCL** *-*!. During this dual mode of
evaporation, the TCL follows repetitive stick and slip stages of motion, which may result in

either random or peridoic patterm formation®” 3%, The slick-slip motion depends on several

factors including the droplet size, substrate wettability, solute particle size and concentration.
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These factors affect the microscale ordering and dimensions of resulting patterns (e.g.,

stripe/ring width and spacing).’!: 4?

The formation of concentric ring or stripe-like patterns via stick-slip motion has been reported

)34, 39

for dispersions of large NPs (>50 nm , patterned substrates,'! 3> polydispersed NPs (<25

37.40.43 "and in confined geometries.”!! Herein, we study

nm)*>, particle in polymer solutions
the synthesis of dual-scale (i.e., micro/nanoscale) hierarchical 2D structures built by a NP
monolyaer deposited by evaporative assembly of DNA-functionalized gold NPs (DNA-NPs) of
small diameter (15 nm) . The studied system allows us to control NP repulsive interactions and
thus the time scales for adhesion to the substrate, self-assembly, and crystallization. Multiscale
hierarchically ordered structures are produced when such scales become comparable to those
for stick-slip motion of the TCL. The morphologies obtained using the studied DNA-NPs at
different concentrations range from disordered deposition, to continuous stripes of monolayers,
to scalloped patterns; with different pseudo-crystalline structures at the nanoscale level. This
study focuses on the conditions that lead to formation of regular concentric rings (i.e., stripe
patterns), characterizing and predicting their structural morphology and evolution. The studied
dual-scale structures are produced by a one-step evaporative-assembly process without

chemical or physical templating and offers good tunability in ordering dimensions at different

length scales, such as stripe width at microscale and lattice spacing at nanoscale.

We note that related reports of dual-scale pattering of particles either employ particles that are
an order of magnitude or more larger than ours, or involve more complex processes for
patterning. Pioneering work by Colvin** demonstrated patterning of colloidal crystals using
larger 300 nm silica particles and repeated dip-coating of a vertical substrate. Ashurov et al.*’
reported formation of dual-scale stripe patterns of large 1.0 um poly(styrene) colloids. Previous

work by Watanabe et al.® utilized 60-100 nm Au colloids, 120-270 nm silica colloids, and 200

nm poly(styrene) colloids; and relied on a convective assembly process employing a vertical
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substrate with a liquid level that must be carefully controlled. Optical micrographs did show
stripes in a system of 10-15 nm silver particles; however, these systems did not show a regular
spacing between stripes nor nanoscale ordering of the particles within the stripes. This group
has also reported grid patterns of 10-15 nm silver nanoparticles over a large area;*® this is an
impressive result but also utilized a two-step convective assembly process with a vertical

substrate.

By contrast, our work focuses on nanometer-size particles and utilizes a single-step evaporative
process on a horizontal substrate. We accessing a different regime of particles, leading to
different physics than previous studies on micron and submicron particles. While
hydrodynamic and capillary forces largely dominate the evaporative or convective assembly of
microscale particles, short-range nanoscale interactions (e.g., steric and structural forces) and
thermal motion play a crucial role in the self-assembly of nanoparticles. For the nanoparticles
studied in our work, the timescales for self-assembly determined by such nanoscale interactions
are comparable to the period for microscale stick-slip motion governed by hydrodynamic and
capillary phenomena. This is a distinct and key aspect of the work. Undersatnding these
phenomena on the nanoscale is crucial in order to apply evaporative assembly to applications
involving nanoparticles; for example, for the assembly of quantum dots for bioanalysis, sensors,

and nanophotonics.

2. Results and Discussion

This work documents and characterizes the formation of surface nanostructures with regular
microscale patterns and nanoscale order produced from the evaporative deposition of DNA-
NPs on hydrophilic silicon substrates described in detail in the Supporting Information. The

employed DNA-NPs display negative zeta potentials (of the order of -10 mV) under the studied
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neutral pH and concentration conditions and thus experience repulsive Coulombic interactions.
Scanning Electron Microscopy (SEM) images in Fig. 1 show the deposited structures for DNA-
NP suspensions in deionized (DI) water (Fig. 1a) and in 5 mM NacCl solution (Fig. 1b). In both
cases the so-called “coffee-ring” effect is observed at the outer edge of the substrates where the
droplet TCL is initially pinned. The formation mechanism for the observed “coffee-ring” has
been extensively studied in previous works*: 42, High magnification SEM images of the
“coffee-ring” outer edge reveals multilayer nanoparticle deposition (Fig. S1, Supporting
Information). The piranha-cleaned silicon substrate with DNA-NP suspensions display low
contact angles, 8 = 12 + 3 deg for DI water and 8 = 7 + 3 deg for the NaCl salt solution in
water. We acknowledge that it is difficult to accurately measure such low contact angles;
however, we use the value of 8 = 12 deg as an esimate to obtain predictions from our analytical
model, described below. The contact angle for DI water on the studied silicon substrates was
found to be 41 + 5 deg. These contact angle measurements (Fig. S2, Supporting Information)
indicate that DNA-NP dispersed in the solvent at the studied concentrations produce the

observed strong hydrophilic character of the substrates employed in our experiments.
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Figure 1. Microscale pattern morphologies (SEM images). (a) Deposited stripe-like pattern from DNA-NP
suspension in DI water (NP concentration ¢ = 5 nM). (b) Disordered deposition from DNA-NP suspension in 5
mM NaCl buffer solution (¢ = 5 nM). Insets of (a) and (b) at higher magnification have been reoriented. (c)-(h)
Different microscale patterns produced with DNA-NP suspensions in DI water at indicated NP concentrations.
Dotted and continuous stripe patterns (c-f) and scalloped patterns (g-h) are produced as shown.

The inner area of the evaporated droplet shows strikingly different structures for water and
NaCl solutions. For surface samples produced by the evaporation of DNA-NP suspensions in
DI water the outer “coffee-ring” deposit is followed by periodic concentric rings in the inner
region of the substrate (Fig. 1a), whereas the DNA-NP dispersion in 5 mM NaCl solution results
in the deposition of a disordered NP film underneath a layer of salt crystals (Fig. 1b). The
presence of 5 mM NaCl in suspension effectively screens surface charges on the NPs and
electrostatic repulsion becomes weak at distances larger than the Debye length (1, =~ 4 nm),
which results in the observed absence of periodic concentric rings (Fig. 1b). Our experimental
observations thus indicate that long-range repulsive Coulombic interparticle interactions are
required to produce the studied dual-scale nanostructures.

2.1. Dual-Scale Nanostructures by Evaporative Assembly
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The microscale structure in the interior area of the evaporated droplets of DNA-NP suspensions
in DI water exhibits complex morphological changes with the NP concentration c. Periodic
microscale concentric rings resembling a stripe pattern are observed for concentrations ¢ = 0.5
to 15 nM (Figure lc-g). On increasing the concentration beyond 15 nM, the observed
microstructures evolve from striped to scalloped patterns (Figure 1g-h) having different length,

depth, and surface area fraction covered by NPs.

The main focus of this work is to study the self-assembled surface structures within the NP
concentration range (0.5 nM < ¢ < 15 nM) that leads to the formation of concentric periodic
rings of microscale dimensions in a stripe pattern. As shown in Fig. 2 for the case of NPs of 15
nm diameter, high magnification SEM images reveal NP ordering at micro- and nanoscale
levels and, hence, the formation of dual-scale hierarchically ordered 2D structures. The multiple
concentric NP rings observed at macroscale level (Fig. 2a) form a stripe pattern at microscale
level (Fig. 2b) with the deposited stripes composed of a hexagonally ordered NP monolayer at

nanoscale level (Fig. 2c).

It is worth noticing that a gradual variation of the width and spacing of the assembled stripe
pattern can be measured over lengths of several hundred microns as one moves toward the
center of the substrate. This morphology variation is expected given that changes in the droplet
contact radius and contact angle are known to affect the time scales of the stick-slip motion*”
4 However, at a fixed distance from the outer edge of the substrate, the stripe width and

spacing consistently show the reported dependence on NP concentration that is analyzed in the

following section.

An additional item of note is that the stripe edge corresponding to the outer side of the receding
droplet (the left edge in Figs. 2 and 3) tends to be more uniform than the opposite edge. This

suggests that after slip occurs, the TCL leads to a somewhat straighter edge as compared to the
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inner edge. We expect this may occur because the leading edge of the deposits can relax over
longer times under the “pull” of the receding of the contact line. However, the SEM images
themselves do not provide sufficient evidence for this mechanism; we will explore it further in

future studies.
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Figure 2. Dual-scale surface nanostructure morphology for a deposited DNA-NP suspension in DI water (¢ = 10
nM, NP diameter 15 nm). Figures are oriented such that the TCL moves from left to right. (a) Macroscale level
observation of the “coffee-ring” effect (i.e., multilayer NP outer ring assembly) and periodic concentric rings in a
stripe-like pattern within the enclosed inner surface (Region I). (b) Microscale level stripe pattern with uniform
stripe w width and distance d. (c) Nanoscale level observation of a NP monolayer organized into a hexagonal
close-packed 2D lattice (the dashed line in SEM image indicates the scanned direction for intensity profile).

2.2 Morphology Dependence on Nanoparticle Concentration

Here, we will focus on the analysis of the width and spacing of periodic concentric rings (i.e.,
stripe patterns) observed for the NP concentration range 0.5 to 15 nM (Fig. 3). The observed

microscale stripes typically extend over a substrate area measuring several square millimeters
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(SEM image Fig. 1a). The stripes align parallel to the receding TCL, which is consistent with
so-called “stick-slip” motion reported in previous literature® > 3% 39-40 Fyrthermore, high
magnification SEM images reveal that the deposited stripes are made of a crystalline NP
monolayer (cf. Fig. 3e-f); the degree of ordering is confirmed by the radial Fourier transform
of the SEM images within the stripes (Fig. 3i-1). Additional images are provided in the

Supporting Information.

Figure 3: Dual-scale hierarchical order for different DNA-NP concentration. Figures are oriented such that the
TCL moves from left to right. (a)-(d) SEM images showing microscale stripe patterns and nanoscale NP monolayer
structure inside the deposited stripes at 0.5 nM, 5 nM, 10 nM and 15 nM respectively. Above a critical
concentration (~5 nM) the deposited NP monolayer forms continuous stripes as shown in (b). (e)-(h) Increased
magnification of the deposited stripes corresponding to samples in (a)-(d), respectively. (i)-(I) Radial Fourier
transform of the SEM image within the deposited stripes, demonstrating that the NP monolayer structure
transitions from loosely packed to highly ordered hexagonal lattices for ¢ = 5 nM.

For low NP concentrations (¢ < 5 nM), we observe broken irregular stripes composed of
amorphous NP assemblies (see inset in Fig. 3a at ¢ = 0.5 nM). For larger NP concentrations
(c =5 to 15 nM), regular stripes are composed by nearly crystalline assemblies (see inset in
Fig. 3b) with a uniform spacing s = 34 + 3 nm. Fourier analysis of the SEM images (Fig. 3g)
confirms the assembly of nanoparticle in a hexagonal lattice within the stripes formed for ¢ >

5 nM. The degree of local ordering at nanoscale level varies with the NP concentration. At low
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concentration the hexagonal NP assembly is accompanied with minor defects, and evolves into
well-ordered hexagonal lattice with an increase in concentration. The NP crystallization and
spacing within the deposited microscale stripes is controlled by repulsive Coulombic and steric
interactions due to the negatively charged DNA chains grafted on the NP surface.

2.3. Analytical Model for the Stripe Morphology

For the concentration range 0.5 < ¢ < 15 nM and the substrate region where the deposited NP
concentric stripes have a radius R =~ 1 mm, the measured the distance between stripes varies
from 6 to 12 um (Figure 4a) and the stripe width varies between 0.5 and 3 um (Figure 4b). For
sufficiently large concentrations ¢ = 5 nM for which the formed stripes are continous and
regular, the distance between stripes (d =~ 6 um) depends weakly on the concentration and the
stripe width increases linearly with concentration. A simple model to account for these
observations and make quantitative predictions for the stripe pattern morphology is obtained by
considering that the TCL undergoes periodic “stick-slip” motion (Fig. 4c-¢) as a droplet of the
NP suspension evaporates. In accordance with our experimental observations, the model
assumes that only monolayers are formed. We expect that we do not observe multilayers due to
the hydrophilicity of the surface (i.e., very low receding contact angles) and the low volume
fractions employed in our experiments. We also note that Watanabe et al. have previously
proposed a model for convective assembly of larger particles®® that accounts for the impact of
a concavely curved meniscus. This mechanism is not able to account for the variation of stripe
width and spacing of the monolayer stripes observed in our experiments. It is probable that the
mechanism suggested by Watanabe et al. dominates the dynamics and morphology for the case
of multilayerd deposits and/or larger particles for which surface energy minimization and

associated capillary effects become largely dominant.
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Figure 4: Stripe pattern morphology and formation mechanism. (a) Stripe distance vs. molar concentration. (b)
Stripe width vs. molar concentration. Markers indicate experimental results (NP diameter 15 nm). Solid lines are
analytical fits via Equation 1 and 2 for TCL radius R = 1 mm, receding contact angle 8 = 12 deg, lattice spacing
s = 34 nm, minimum stripe distance d, = 6 um, NP adsorption energy E, = 0.7 kgT, and 15-nm NP diameter.
(c-e) Ilustration of the droplet and TCL configuration during stick-slip motion at: (c) the start of the slip stage; (d)
end of the slip stage (i.e., full TCL pinning); (e) the stick stage. Analytical predictions are based (see text) on the
illustrated mechanism and TCL relaxation process with cos @ ~ 1 and AR < R.

Immediately after detaching from a deposited NP assembly the droplet contact radius R
decreases and the contact angle 6 remains constant (Fig. 4c) over a finite slip time 7, during
which negligible number of NPs are able to reach the TCL and adsorb to the surface. The slip
time 7, is determined by dynamic effects, the particle concentration, and the adsorption free
energy E,, and prescribes the minimum distance d, observed between stripes. We further
assume that a critical number of particles Np must be transported to the TCL and adsorbed so
that the full contact line stops receding (Fig. 4d) and further droplet evaporation becomes

mediated by a decrease in the contact angle (Fig. 4¢) as the contact radius remains constant.
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There is a minimum number of adsorbed particles Np = f,, /f, that can fully stop a receding

liquid-vapor interface®!->?

, which for the case of highly hydrophilic substrate and particles is
determined by the wetting force magnitude f, = 2myR acting on the contact line and the
pinning force of a single particle f, = 2myR,sind; here, y is the water-vapor surface tension

and R, is the particle radius. During the slip stage of “stick-slip” motion (Fig. 4c) the droplet
is assumed to evaporate at a constant volumetric rate V = 3mR?f,(0) X dR/dt, where
fr(@) =1[(2/3) — (3/4)cosf + (1/12)cos30]/sin38 is the shape function for a spherical cap.
Hence, when the TCL recedes a small distance AR < R a number of particles N; =
3mR2ARf,(0) X cN, (here, N, is Avogadro’s number) are transported to the wedge region
near the droplet TCL?°. Accordingly, the TCL must become pinned after receding a distance

N, y 1 , )
3nR?f,(0) cN,

d=d,+

which in turn determines the observed spacing between stripes (Fig. 4a). For the studied
experimental conditions, we observe thatd =~ do =~ 6 um for 5 < ¢ < 10 nM (Fig. 4a), and

the slip time 7, seems to weakly depend on the NP concentration within that range.

After the TCL is pinned by the adsorbed NPs (Fig. 4c-d), the contact angle decreases
substantially, which prevents further transport of NPs to the TCL. The number of particles
Ns(d) = d x 3mR*f,(8) X cNy = N, transported to the contact line wedge in the slip stage,
continue to adsorb and assemble under near-equilibrium conditions during the stick stage when
the TCL is pinned at a nearly static position where a new stripe is formed. The number of
particles adsorbed N, = Ny(d) exp(—E,/kgT) on the surface under near-equilibrium
conditions during the stick stage is prescribed by the adsorption free energy E, ~ kgT (here,
kgT is the thermal energy). For sufficiently long pinning times, determined by the wetting

conditions, droplet and particle size, the studied DNA-NPs can assemble in a hexagonal lattice
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with constant spacing s, which results in surface area density ¢4, = 2/(v/35%). We can thus
estimate the stripe width

. SRfv(9)

w=d
2¢4

X cNA X exp(—E;/kgT) (2)

from the stripe spacing d given by Equation 1.

The observed stripe spacing and width (Fig. 4a-b) can be fitted by analytical predictions from
Equation 1 and 2 by employing the experimentally determined contact angle 8 = 12 deg, NP
lattice spacing s = 34 nm, and minimum stripe distance d, = 6 um, assuming a droplet
contact radius R = 1 mm and adsorption energy E, = 0.7 kzT. While the contact radius of 1
mm corresponds to that observed in the reported experiments, the adsorption energy of 0.7 kgT
is obtained by fitting the experimental data in Fig. 4b. The stripe distance (Fig. 4a) shows a
slight increase with concentration for ¢ > 10 nM, which can be attributed to a weak increase
of the slip time 74 with the NP concentration that indicates the transition from regular stripes to
complex scalloped patterns observed at ¢ > 15 nM (Fig. 1g-h). At low concentrations ¢ < 5
nM, for which the formed stripes are not continuous and the average NP spacing increases, the
measured width (Fig. 4b) is higher than predicted by Equation 1, which considers a hexagonal

NP lattice with constant spacing.

3. Conclusion

We have demonstrated the synthesis over large (cm?) areas of dual-scale (i.e., micro/nanoscale)
hierarchal surface structures comprising a monolayer of DNA-functionalized (15-nm) gold NPs
by a simple and cost-effective evaporative self-assembly method. The microscale morphology
exhibits good tunability with NP concentration and gradual structural transitions from dotted

and continuous stripes to scalloped patterns. On increasing the NP concentration, the nanoscale
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structure transitions from loosely packed to highly ordered hexagonal lattices. Above a critical
concentration (~5 nM) the deposited NP monolayer self-assembles into a hexagonal lattice
with uniform spacing prescribed by Coloumbic and steric interactions that can be tuned via NP
functionalization. An analytical model is proposed to account for experimetnal observations by
considering stick-slip motion due to TCL self-pinning and a finite NP adsorption energy (E,; ~
kgT). The derived analytical predictions can be employed to guide the fabrication and design
of nanostructured materials and metasurfaces where it is essential to control the period and

regularity of their micro- and nanoscale structures.

4. Experimental Section

Nanoparticle functionalization and dispersion: The gold NPs were purchased from Ted Pella
and their mean sizes as measured by small angle x-ray scattering are 15 nm. The nanoparticles
were functionalized with non-complementary single stranded thiolated DNA chains
(Integrated DNA technologies) using the protocol described elsewhere in detail. The sequence
details of the DNA chains used is given in the Supplementary Information (Table 1). Briefly,
the thiolated DNA was reduced using high concentration of DTT, the reduced DNA was
added to the nanoparticle solution in ratio of 100X for spherical particles. After few hours of
incubation, the salting process was done using stock solution of 3 M NaCl followed by
cleaning and re-dispersion in water. The cleaning process was repeated multiple times to
ensure no residue of salt in the final dispersion. The concentration of the DNA functionalized
nanoparticles was determined using a UV-vis absorption spectroscopy (Figure S1). DNA-NP
suspensions of concentration ~0.5-25 nM were prepared. Ultrapure water (Millipore, 18.2
MU-cm) was used throughout sample preparation. All other chemicals used in this study were

purchased from Sigma Aldrich. After functionalization, the measured zeta potential of the
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suspended NPs in water was negative (on the order of — 10mV at neutral pH and the

concentrations studied), which indicates repulsive interparticle interactions.

Droplet deposition and evaporation: Single-sided polished silicon wafers with <100>
orientation and a native oxide layer were employed as substrates after a thorough cleaning
process. The silicon wafers were washed with acetone (99.9%, Sigma Aldrich), ethanol and
ultrasonicated in deionized water bath for few seconds as a preliminary cleaning procedure.
After initial cleaning, the substrates were treated with Piranha solution (3:1 mixture of H2SO4
and H202) for 15 min at 70°C followed by washing with DI water. This process removes
contamination and oxides from the surface and renders the silicon substrates hydrophilic.
Immediately, before drop casting the DNA-NP solution, the substrates were blow-dried under
a high-pressure stream of nitrogen gas. Once air-dried the substrates were immediately used for
drop casting of the DNA-NP dispersion. Typically, 1 to 2 pL of solution were used for drop
casting on the freshly cleaned substrate (0.5 X 0.5 cm?) and the system was left undisturbed in
a clean environment. The DNA-NP solution spreads spontaneously to form a drop of low
contact angle ~12 deg that indicates a strong hydrophilic character of the silicon substrate.
Typically it takes ~ 8-10mins for the droplet to evaporate, however a drying time of ~12 hours
was employed before SEM characterization. The contact angle and optical measurements were
done in-situ under the same experimental conditions. The above evaporation process results in
self-assembly over a relatively large area (~cm?). Every experiment was repeated several times

in order to establish reproducibility.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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Figure S1: Outer edge of dried droplet, showing multilayer deposition of particles. By contrast, stripes in inner
rings (Fig 2b, ¢, main text) are monolayers.
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Figure S2: Images used to obtain contact angle estimates for water (41°C + 5°C), DNA-NP suspension (12°C +
3°C) and DNA-NP suspension with salt (7°C £3°C), at the initial stage immediately after a drop is cast.
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Figure S3: Increased magnification of nanoscale NP monolayer structure inside the deposited stripes at 5 nM

(conditions corresponding to images in Fig. 3b, f, and j).

Table. 1 : Sequence of DNA chains used for DNA-NP functionalization

5°-/5thioIMC6-D/TTT TTT TTT TTT CGT TGG CTG GAT AGC TGT GTT CTT AAC

CTA ACCTTC AT-3’
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