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Abstract

Assembly of nanoscale materials into arbitrary, organized structures remains a major
challenge in nanotechnology. Herein, we report a general method for creating 2D
structures by combining top-down lithography with bottom-up chemical assembly. Under
optimal conditions, assembly of gold nanoparticles was achieved in less than 30
minutes. Single gold nanoparticles, from 10 to 100 nm, can be placed in predetermined
patterns with high fidelity, and higher order structures can be generated consisting of
dimers or trimers. It is shown that the nanoparticle arrays can be transferred to, and
embedded within, polymer films. This provides a new method for the large-scale

fabrication of nanoparticle arrays onto diverse substrates using wet chemistry.



Introduction

Adsorbing solution-dispersed nanoparticles onto solid surfaces in specific patterns holds
great promise for the generation of functional materials and devices."? However,
nanoparticle motion is dominated by thermal fluctuations, which renders controlled
deposition at surfaces extremely challenging. While there have been remarkable
advances in bottom-up self-assembly using molecules such as DNA as templates,35
these methods cannot be easily translated to the assembly of spatially well-defined
structures on 2D surfaces. To accomplish this, top-down lithography tools are normally
utilized. These tools have advanced to the point where it is now possible to generate
sub-20 nm features on surfaces in a scalable and reproducible fashion,® enabling the
assembly of nanoparticles to form novel plasmonic surfaces,” sensing substrates,’ and
photovoltaics.2 However, while the lithographic fabrication of gold nanostructures via
direct evaporative processes appears simpler, solution-synthesized single crystal metal
nanoparticles exhibit reduced surface plasmon damping and superior optical
properties.> 0 Additionally, it is not possible to lithographically fabricate more complex
materials such as cubes or core-shell structures. Therefore, methods to assemble
complex nanoparticles directly from suspension remains an outstanding scientific

challenge.

To be adopted within the field of advanced printing technologies, an assembly method
must (a) work for single nanoscale objects, (b) yield nanometer spatial resolution, (c) be
compatible with a wide range of particles, (d) be scalable, and (e) work for different

substrates.

One common approach has used-been to employ nanolithography. Lithographic tools

have been utilized in several ways to direct the assembly of nanoparticles, via physical
or electrostatic/chemical interactions with patterned substrates. Drawing a colloidal
suspension over a solid patterned substrate can result in the deposition of nanoparticles
into the etched pattern due to capillary and convective forces at the receding contact
line (CFA).""'7 This has been successfully applied to the assembly of a wide variety of
materials, shapes, and sizes, ranging from inorganic nanoparticles to viruses.'®'9 While

CFA places no specific constraints on the nanoparticle material or surface charge, it



requires rigorous control over multiple variables, e.g. humidity, temperature, interfacial
contact angle, particle volume fraction, and substrate velocity.'® Additionally, any
pinning of the receding meniscus induced by surface roughness results in deposition of
large rafts of particles randomly on the substrate.?° Hence, CFA is very difficult to scale
up, although for small scale assembily it is a very practical method. An alternative, serial
approach is optical printing with focused laser light leading to deposition of metallic
nanoparticles with high accuracy, dependent on the overlap between wavelength of the
laser and the localized surface plasmon resonance of the nanoparticle.?’?? This
appears very promising for plasmonic materials but, being a serial method that requires
>1s per nanoparticle, the potential for high throughput assembly efwith this technology

is currently limited.

Electrostatic charges patterned onto surfaces in a xerography-like approach can also be
used to direct the assembly of charged nanoparticles.?>?% This is normally
accomplished in a serial manner by selective charging of the substrate with an atomic
force microscopy (AFM) tip. Alternatively, (di)electrophoresis and electrical nanoimprint
lithography both have the potential to achieve parallel electrostatic assembly of

nanomaterials, but scalable fabrication remains elusive.26-27

A second important aspect of any nanoscale chemical assembly process is the ability to
employ different substrates. In some cases, transfer of printed structures is possible.
For example, in the case of directed chemical assembly (DCA), the development of
silicones as p-contact printing elements has enabled stamping of molecules in
predetermined patterns onto surfaces, e.g. self-assembled monolayers of aminothiols
can be stamped onto gold surfaces.?®3 These can then be used to direct the assembly
of nanoparticles in a parallel manner via either electrostatically attracting nanoparticles
to the patterns or adsorbing them through shorter range chemical interactions upon
diffusion to the surface.®® This has been widely used to assemble carbon nanotubes
and graphite oxides due to their strong interaction with COOH terminated surfaces.3'-32
Combining electrostatically repulsive backgrounds with attractive templates can also



achieve the assembly of sub-100 nm nanoparticles with high spatial resolution.3® While
parallel, and rapid, significant obstacles remain for py-contact printing enabled DCA. The
spatial resolution, in roll-to-roll systems, is currently limited to around 300 nm,3* which is
surpassed by nanoimprint lithography tools,® and ink spreading is a problem for high
resolution nanostructures.®® Additionally, the majority of studies presenting high quality
y-contact printing have done so with self-assembled monolayers of thiols on gold
surfaces, limiting the choice of substrate.

Single nanoparticles can also be assembled, via DCA, onto films of block copolymers
where one block strongly interacts with the nanoparticle while the other repels it. This
has been used to assemble rows of aligned gold nanorods, hexagonally packed gold
nanospheres, or lines of clustered gold nanospheres.?’4° These assembly methods are
extremely attractive due to their scalability and rapid parallel assembly;; however,
ferming-the formation of arbitrary patterns cannot be achieved utilizing this bottom-up

method. For this, a combined DCA method that uses both top-down and button-up
techniques is needed.

DCA approaches, which avoid the use of p-contact stamps, have been demonstrated
previously where molecules are absorbed from solution, rather than stamped, onto
substrates which are patterned via other lithographic means. Gilles et al. described a
method where silicon templates were patterned via nanoimprint lithography followed by
silanization of the exposed substrate with amino-groups and resist lift-off.#' Citrate
coated gold nanoparticles were then adsorbed to the patterns in clusters or as single
nanoparticles with reasonable defect control. Reinhard and coworkers have also
generated clusters of gold nanoparticles in periodic arrays with patterned poly-lysine on
a PMMA background as a selective binding group.4?> However, clusters were assembled
over 12 hours and a lift-off step was necessary to remove non-specifically bound
particles. Chi and coworkers have also used a DCA method to assemble gold
nanoparticles over 8-12 hours.**** They functionalized a substrate with amine groups,
before coating with PMMA to enable the writing of a pattern with electron-beam
lithography (EBL). The gold nanoparticles adsorbed to the amine groups present at the
bottom of each cavity. This approach is incompatible with the more scalable nanoimprint



lithography tools, where a pattern transfer step via reactive ion etching is needed to
clean the bottom of each cavity to expose the substrate.*3

Of the—above-studiesNone of the above studies; nrone-could+apidlycould demonstrate
rapid assemble—assembly of single nanoparticles—ir the—range—of( 10-100 nm_in

diameter); over large {(=1-cm?)-areas_(>1 cm?)-.utilizing-methods-that-are-compatible-with
proven—scalable fabrication—toeols. Here, we show that a modified form of DCA that

combines simple dip-coating wet-chemistry with nanoimprint-compatible electron beam

lithography, can achieve high fidelity patterns of single or clustered gold nanoparticles in
a rapid and parallel manner. We employ gold nanoparticles for proof of principle, but the
method should be extendable to other colloidal systems.*¢4” We demonstrate that
single nanoparticles down to 10 nm in diameter can be deposited with nanometer
spatial control. The approach is comprised of two basic steps. Firstly, electron beam
lithography is used to fabricate nanometer sized wells in PMMA substrates. To localize
single nanoparticles in each well, we chemically modify the bottom of the wells with
molecular adhesives that bind any nanoparticles that diffuse into the well. The approach
is scalable and can be applied to a wide range of particle compositions, shapes and

sizes.

Experimental Section

All chemicals were ACS reagent grade, obtained from Sigma-Aldrich, and used as
supplied unless otherwise specified. Cetyltrimethylammonium bromide (CTAB) and
sodium oleate were supplied by TCI, and sodium citrate was from Chem-Supply. Silicon
and glass wafers were obtained from University Wafer. All glassware used to synthesize
nanoparticles was cleaned in freshly prepared aqua regia before extensive rinsing with
Milli-Q water.

Synthesis of nanoparticles. Gold nanospheres were synthesized via a kinetically-
controlled seeded growth method.*® Briefly, an aqueous solution of sodium citrate (150
mL, 2.2 mM) was refluxed in a round bottomed flask for 10 min under continuous stirring
before adding extra sodium citrate (2 mL, 60 mM) immediately followed by HAuCl4
(0.555 mL, 45 mM). After approximately 6-7 mins the solution turned a light red color.



Boiling was continued for a further 10 min before reducing the temperature to 85 °C.
Two more additions of HAuCls (0.555 mL, 45 mM) separated by 20 min were then
made. An aliquot (55 mL) was removed from the reaction flask, followed by the addition
of Milli-Q water preheated to 60 °C (52.3 mL). Once the temperature of the reaction
returned to 85 °C, sodium citrate was added (1 mL, 60 mM) followed by three additions
of HAuCl4 (0.555 mL, 45 mM) again separated by 20 min. The dilution and growth steps
were then repeated 10-12 times, with adjustments in the volume of sodium citrate (1-2

mL) to maintain pH 6-7.

Gold nanorods were synthesized following a modified mixed surfactant route using
sodium oleate and CTAB.%° Briefly, seed nanoparticles were synthesized by mixing
HAuCl4 (5 mL, 0.5 mM) and CTAB (5 mL, 0.2 M) followed by NaBH4 (0.3 mL, 20 mM)
under vigorous stirring. A growth solution was then prepared containing CTAB (9 g),
sodium oleate (1.543 g), AgNO3 (18 mL, 4 mM), HAuCls (4.739 mL, 51.9 mM), HCI (2.5
mL, 32 %), L-ascorbic acid (1.25 mL, 0.1 M), and seeds (0.4 mL) aged for 2 h.

Silver nanospheres were synthesized via a similar kinetically-controlled seeded growth

as the gold nanospheres.>°

Template preparation. Silicon or glass wafers (10 cm) were hydroxylated in piranha
solution over 1 h before extensive rinsing with Milli-Q water, acetone, and isopropyl
alcohol (IPA). The wafer was briefly dehydrated on a hot plate at 180 °C before spin-
coating PMMA (950PMMA, A2, MicroChem) at 3,000 rpom and baking on a hot plate at
170 °C for 5 min. A thin layer of chromium was then evaporated onto the PMMA coated
glass wafer using an Intlvac Nanochrome II. The wafers were then exposed on a Vistec
EBPG5000pluskES and the chromium removed with Transene Cr etchant for 25 seconds
followed by 5% H2SO4 for 20 seconds. Pattern development was in 1:3 MIBK:IPA for 1
min followed by an IPA rinse.

Assembly. The silanization of a developed template was carried out in a solution
containing ethanol (95%), Milli-Q water (3%), acetic acid (1%), and silane (1%, N-(3-
(trimethoxysilyl)propyl)ethylenediamine). The silane was added to the acidic ethanol
and allowed to hydrolyze for 10 min before submersion of the template in the solution
for 1-2 min. If the concentration of water increases above 3 % then further development



of the PMMA can damage the pattern therefore absolute ethanol is used in the

silanization solution.

The gold and silver nanospheres were functionalized with either bis(p-
sulfonatophenyl)phenylphosphine or tris(2-carboxyethyl)phosphine (2 mM) overnight,
followed by addition of sodium chloride to obtain the desired ionic strength.

Gold nanorods were functionalized with polyvinylpyrrolidone (1 mM) followed by transfer
to acidified methanol. Mercaptoundecanoic acid was then added and left to react over

48 h with purification by three rounds of centrifugation into Milli-Q water.

Gold nanosphere assembly was induced by dip-coating the silanized template in the
suspension for various times between 30 s and 30 min., depending on the well density.
Gold nanorod assembly necessitated a 24 h incubation in the suspension with the

template.

Array transfer. The arrays were transferred into PDMS through the curing of Sylgard®
184 on the substrate followed by lift-off. More specifically, after assembly the arrays
were extensively rinsed with Milli-Q water followed by a plasma etch to decrease the
thickness of the PMMA to 1-5 nm and left overnight at RT. Freshly prepared PDMS was
degassed under vacuum before casting over the array and curing for 4 h at 70 °C. The
cured film was then carefully peeled off the substrate and transferred to a glass slide for
characterization by AFM and light microscopy. A similar method was used to transfer
the array into a PVA film through casting of a degassed aqueous PVA solution over the
arrays and allowing the water to evaporate over 24 h at RT (10 mg.mL", 88%
hydrolyzed). The thin film could then be carefully peeled off the substrate and
transferred to a glass slide for characterization.

Results

Our approach to chemically direct the assembly of single nanoparticles is summarized
in Scheme 1. Wells of varying sizes are etched into a thin film of PMMA (typically 50nm
in depth), on either silicon or glass, by standard EBL methods. The base of the wells is

then cleaned of residual polymer via brief plasma cleaning under ozone. The hydroxyl



groups on the silicon dioxide surface at the bottom of these wells can then be
selectively functionalized to create patches, which specifically bind nanoparticles from
suspension. The adhesion can be electrostatic; for example, citrate capped gold

particles are negatively charged so a cationic surface could be employed.

30 s5-30 min

Scheme 1. (a) Wells are etched into a 50 nm thick PMMA layer using electron beam lithography
followed by aqueous phase silanization of the underlying hydroxylated substrate. While gold
particles do not adsorb to PMMA, the amine groups can chemically bind them. The amine
groups carry a positive charge below pH 9. (b) The substrate is dipped into a suspension of
negatively charged nanoparticles. (c) Well filling occurs via diffusion and leads to their assembly
in the wells as either single particles (as shown here), or as clusters depending on the ratio of

well size to nanoparticle size.

Alternatively, more sophisticated molecular adhesive approaches can be employed
such as: click chemistry, DNA based recognition, thiol-alkene chemistry or streptavidin-
biotin linkers. Here we have utilized the fact that amine moieties bind strongly to gold
surfaces displacing citrate or phosphine groups, aided by the wide variety of amine
terminated silanes that are readily available. As highlighted in Scheme 1, treatment with
silanes such as aminopropyl trimethoxysilane leads to a sharp chemical contrast
between the top of the PMMA and the underlying substrate. While alternative routes,
such as selective poly-lysine coatings*? or functionalization prior to applying the resist,%’

may give a similar result, we found them to result in high levels of non-specific



adsorption. Such pre-patterning is also incompatible with nanoimprint lithography, which
normally requires a plasma-etch pattern transfer step. This step removes the underlying
molecular adhesive layer. 4243 51 Conversely, our approach here can be used without
PMMA lift-off. Once the surface has been prepared, the glass substrate may be simply
dip-coated into the nanoparticle suspension. The PMMA surface is hydrophobic and the
tendency for adsorption of gold particles to the PMMA is low. To improve the quality of
the gold nanoparticle arrays, the effect of several parameters including the nanoparticle
concentration, pH, ionic strength, dip-coating period, the well chemistry, and the well

geometry were investigated.

Well Chemistry. We have found that the optimum assembly is obtained with (i) poly-
amine based silanes rather than aminopropyl triethoxysilane treatment, and (ii) a
conventional, aqueous hydrolysis-condensation silanization reaction (Supporting
Information, Figure S1). Thiolated templates, without attractive electrostatic particle-
substrate interactions, resulted in very low quantities of deposited nanoparticles.
Conversely, cationic quaternary ammonium silanes resulted in many deposited

nanoparticles, despite the lack of donating electron density.

Dip-coating of the amine-functionalized templates into a suspension of oppositely
charged nanoparticles results in their assembly into the wells over a matter of minutes
(Scheme 1), orders of magnitude faster than the 8-24 h previously required.4? 44 51
While longer times can be used to increase the filling ratios, non-specific adsorption of
nanoparticles to the background PMMA increases, thus necessitating resist lift-off,
which is only required if a pattern of high fidelity is required.

Well Dimension and lonic Strength. A key question is how to determine the optimal
well size given a certain particle size. Clearly it needs to be wide enough to
accommodate the adsorbing particle but if it is too large, then dimers may also infiltrate
the well. At the same time, a larger well increases the rate of filling. The challenge is to
maximize the filling rate while maintaining single nanoparticle occupancy within each

well.

In Figure 1a we present the percentage of filled wells and number of particles per well
for 46 nm and 117 nm diameter gold particles, as a function of the square well size. The



nanoparticles are bis(p-sulfonatophenyl)phenylphosphine (BSPP) capped with a zeta
potential of -41 mV, and concentrations of 300 pM and 21 pM respectively. The ionic
strength is maintained at 2 mM with phosphate buffer, and a pH of 7.4 to ensure the
amine groups of the silanes are mostly protonated. The templates were functionalized
with N-(3-(trimethoxysilyl)propyl)ethylenediamine. The occupancy was measured from
SEM images of 50 identical wells spaced 6 ym apart over 300 ym in triplicate. The well
dimensions were measured by SEM, with an associated random uncertainty of 4%
originating from the resolution of the SEM and the image analysis routine. The
measurements were consistent across arrays spaced 1 cm apart. Notably, we see that
for the 46 nm particles, there is only 1 particle per well, even up to well sizes of 140 nm,
which could potentially accommodate 3 particles in a row. Above 140 nm, we begin to
observe double occupancy. For the 117 nm nanoparticles, the situation is similar,
except the effects are displaced to larger well sizes. Single occupancy is observed up to
200 nm well sizes and then multiple occupancy becomes more likely. For both sizes,
there is an overlapping window where one observes single occupancy with low
vacancy: for 46 nm nanoparticles this is 160-180 nm, and for 117 nm nanoparticles this
is between 200-220 nm for an ionic strength of 2 mM.

In Figure 1b, an SEM micrograph is presented showing the clean deposition of single 13
nm particles into the wells — a scale that is extremely challenging to reach with
evaporative methods. Note that the change in concentration of suspended particles due
to adsorption is negligible and is effectively constant throughout the process.

Upon increasing the ionic strength of the colloidal suspension, we observed more
nanoparticles depositing into each well. This is shown in Figure 1c, where we vary the
ionic strength. Here, we observe the occupancy of 72 nm gold particles in wells of
different widths (the well depth is fixed at 50 nm), with pH fixed at 7.4 and the gold
nanoparticle concentration fixed at 78 pM. The occupancy is found to depend strongly
on the ionic strength, where increasing salt concentrations leads to higher occupancy

with very low vacancy values.

In Figure 1d we see the results of this surface coagulation in an SEM image, which
shows multiple 72 nm particles condensing into a 230 nm wide well due to an ionic

10



strength of 24.5 mM. Adding salt did not increase the non-specific adsorption to the
PMMA, which remains relatively unaffected. This is effectively a type of ordered surface
coagulation. Figure 2 shows higher magnification examples of this where 72 nm gold
spheres were assembled into a variety of trimers, hexamers, and other kinetically
trapped structures within 250 nm wide wells at high ionic strength.
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Figure 1. (a) The observed occupancy, defined as the number of particles per well, and the
vacancy, defined as the percentage of empty wells, of square wells as a function of the well
dimension and particle size for 46 and 117nm gold nanospheres in 2mM phosphate buffer at 21
°C after incubation for 30 min in a suspension with concentrations of 0.3 nM and 21 pM
respectively. The PMMA depth is 50nm, solution pH = 7.4, ionic strength is 2 mM, the templates
were functionalized with N-(3-(trimethoxysilyl)propyl)ethylenediamine. (b) SEM micrograph of
13 nm gold nanoparticles deposited in wells with an edge length of 150 nm without any PMMA
lift-off steps. Scale bar, I um and 150 nm (inset). (c) Filling efficiency as a function of the ionic
strength of a 72 nm gold nanoparticle suspension. lonic strength was varied by the addition of
NaCl, pH = 7.4, and the nanoparticle zeta potential was -41 mV. (d) SEM micrograph of 72 nm
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nanoparticles in 230 nm wells assembled at 24.5 mM ionic strength, as in (c). Scale bar, 2 um
and 230 nm (inset).

Figure 2. SEM micrograph of 72 nm gold nanoparticles assembled at 24.5 mM ionic strength, as

described and shown in Figure lc, into 250 nm wide wells etched in a 50 nm thick PMMA film

on silicon. Scale bar, 150 nm.

Well Filling Kinetics. Figure 3a presents the percentage of empty wells upon
incubation with BSPP-capped 72 nm gold nanoparticles in 150 nm wide wells at a fixed
ionic strength of 9.5 mM, pH 7.4, at three times: 30 s, 3 min, and 30 min. For each time
point and well spacing, the occupancy of 360 wells were determined over 4 repeats.
After a 30 min incubation, all wells spaced farther apart than 300 nm were filled,
irrespective of ionic strength, as shown in Figure 3b where the experiment was
replicated once more at four different ionic strengths. When the separation was less
than 200 nm, we observed greater clustering and non-specific adsorption to the inter-
well PMMA background. At this separation, the density of hydrophilic areas to
hydrophobic background is too high to form a smooth contact line. Notably, when the
substrate was removed from the suspension, meniscus pinning can also occur on highly
hydrophilic areas, as observed during capillary force assembly, leading to non-specific
adsorption.2°

12



In Figure 3c, we have expressed the data in Figure 3a as the percentage of wells filled
(100%-vacancy) for each spacing against time. After 3 min the wells furthest apart are
filled fastest. These data were fitted by a power law, which are shown as dashed lines in

Figure 3c.

In an ideal situation where there is only a hard-sphere repulsive interaction between
nanoparticles, the number of nanoparticles reaching and sticking to a finite macroscopic
surface due to diffusion decays as t'2, therefore we expect the exponent of the power fit
to be close to 0.5 in Figure 3c. In Figure 3d the exponents extracted from the fits of
Figure 3c are plotted as a function of well-spacing — note we are not fitting a function
here, simply comparing the fitted exponent of a power fit with what would be expected
from purely diffusion-limited assembly. The furthest apart wells, which can be
considered non-interacting, indeed have an exponent close to the theoretical value of
0.5, consistent with diffusion-limited filling. As the spacing is decreased, the exponent
increases, potentially reflecting a local increase in the gold particle concentration. For
wells separated by distances of 400 to 600 nm, near complete deposition was found

after 30 min leading to arrays of different colors due to diffractive effects (Figure S2).
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Figure 3. (a) Percentage of unfilled wells (vacancy) as a function of time and well spacing,
defined as the edge-to-edge distance between wells for 72 nm gold nanoparticles functionalized
with BSPP at 78 pM, pH 7.4, and 9.5 mM ionic strength. Error bars are standard deviation over 4
measurements of 360 wells per experimental condition. (b) Well vacancy as a function of ionic
strength after 3 min, where the conditions were the same as in (a) and the ionic strength was
varied by the addition of NaCl. (c) Power-law fit to the percentage of filled wells from (a), as a
function of time for various well spacings. Dashed lines correspond to the fits and error bars are
standard deviation over 4 measurements of 360 wells per experimental condition. (d) Exponents
of the power-law fits from (c) as a function of the well spacing. Error bars are standard error
from the fit.

Nanoparticle Surface Chemistry. In addition to tuning the substrate surface chemistry,
the stabilizing ligands present on the nanoparticle surface play a major role in
minimizing any non-specific binding to the PMMA mask — ideally 99.999% of the surface
is nanoparticle-free after any assembly procedure.$ The importance of capping ligands
can be seen in Figure S3 where arrays with a separation of 1 ym were assembled over
30 min at the same pH, buffer concentration, ionic strength, and nanoparticle
concentration as used in the experiments in Figure 1a, except that four different capping

SFor a 1% error rate (1 background nanoparticle for every 100 assembled nanoparticles) of 100
nm diameter nanoparticles on an array of 5 ym interparticle spacing.
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ligands were used: tris(2-carboxyethyl)phosphine (TCEP), BSPP, mercaptoundecanoic
acid (MUA), and sodium citrate. Nanoparticles assembled into the wells when the two
phosphine ligands were used; however, very little assembly occurred for the MUA case.
Sodium citrate capped nanoparticles also adsorbed non-specifically to the background

as well as in the arrays.

Gold nanorods and silver nanospheres. While spherical nanoparticles are commonly
deposited into arrays, other geometries such as rods are appealing due to their
polarization dependent optical properties as well as other physicochemical properties.
However, the surface chemistry of gold nanorods is more complex than that of spheres
due to the presence of strongly bound CTAB meaning ligand exchange is not
straightforward.®?-53 To address this issue, we developed a route to negatively charged
gold nanorods without the use of thiolated polymers such as mercapto-PEG. Firstly,
polyvinylpyrrolidone was used to stabilize the nanorods in organic solvents before
undergoing ligand exchange with mercaptoundecanoic acid over extended times
(Supporting Information). When rod-shaped functionalized PMMA templates were
exposed to a suspension of these nanorods, no assembly was observed at shorter
times due to the lack of interaction between the amine groups and the thiol-capped
nanorods. However, after 24 h and PMMA lift-off, assembled and partially aligned gold

nanorods were observed as shown in Figure S5.

Most studies of assembled arrays employ gold nanoparticles due to their colloid
stability, tunable optical properties and well-defined thiol chemistry. When DCA of silver
nanoparticles was attempted, the filling efficiency was considerably lower than for gold
nanoparticles, irrespective of ionic strength (Figure S6).

Transfer to Flexible Polymer Films. The key restriction for this application of DCA
concerns the need for a hydroxylated substrate, which restricts the general applicability
of this technique. However, as others have shown, it is possible to accurately and
quantitatively transfer nanostructures from one substrate to another using polymer films

as transfer stamps.54-%°

We found that these arrays can be easily transferred by casting a PVA film over the
array or by curing PDMS over the array, shown schematically in Figure 4a. In Figure 4b

15



we see the topographical map obtained using AFM of the polymer film after
encapsulating the arrays. A small fraction of the nanoparticles appear exposed, with
only a 12% variation in the measured vertical height: 14.2 £ 1.7 nm. The dark field light
microscopy images of the arrays on silicon, and embedded in the PVA films are shown
in Figure 4c. Near quantitative transfer is achieved with a perfect mirror image of the
array on silicon compared with the array in PVA.

(c)

¥

\0 PWPDMS\

Figure 4. (a) Schematic of the embedding of nanoparticles in PVA or PDMS films. Lifting off a
PVA film, via solvent casting, or a PDMS film, via curing, from the array generates an
embedded plasmonic array. Note a small fraction (ca. 28% of the total nanoparticle surface area)
is exposed. (b) Topographic image of an embedded array in PVA via AFM (above) and a
topographic cross-section (below) showing the exposed nanoparticle surface. The gold
nanoparticles were BSPP-capped, 72 nm in diameter, assembled on silicon at 78 pM, pH 7.4, and
9.5 mM ionic strength over 10 min. (c) Dark field light microscopy image of an array of 72 nm
gold nanoparticles on a silicon wafer (left) and the same array embedded in a 4 pum thick PVA
film (right). Scale bar, 12 um.

On Si In PVA

Discussion

Through the approach described above, one can assemble either single or multiple gold
nanoparticles into periodic arrays. While the amine groups drive the binding of the initial
nanoparticle into the well, it is not a lack of attraction that prevents further gold particles
from adsorbing, rather it is the double layer repulsion between adjacent nanoparticles.
Indeed, we observe conditions where a single nanoparticle deposits in a well more than

10x its size. Upon addition of salt, however, the electrostatic double layer around each
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nanoparticle is compressed meaning the gold nanoparticles can approach closer and
pack more densely within each square well.

Interestingly, the nanoparticles are rarely in a close packed formation within each well,
even after immersing the substrate for long times in the suspension, implying that the
nanoparticle is relatively static upon adsorbing to the substrate. This leads to unusual
kinetically-trapped cluster geometries, such as L-shapes and pyramids, which would be
otherwise challenging to form in bulk solution (Figure 2).

These kinetically trapped states highlight the strength of the bond formed between the
functional groups on the substrate and the surface of the nanoparticle. Regarding the
gold-amine interaction, when the nanoparticles were capped with thiols there was very
litle assembly despite the electrostatic attraction between substrate and particle.
Conversely, when sodium citrate was used as a ligand significant non-specific binding
occurred due to the easy displacement by residual amine, phosphine, or thiol molecules
adsorbed on the background, necessitating a PMMA template liftoff. Utilizing the
optimized silane and ligand chemistries, along with 30 min deposition times, a 105x105
array of 72 nm gold nanoparticles could be generated in a parallel manner with almost
no non-specific adsorption (Figure S4).

It is worth highlighting that successful assembly was consistently observed across
experiments with other nanoparticle sizes and at different times compared with the data
presented in Figures 1 and 3. However, the fact that only three times (excluding t=0)
were studied, as presented in Figure 3, means the accuracy of the extracted exponents
may suffer some systematic error, despite the goodness of fit at large well separations.
Therefore, we cannot decisively conclude that filling is diffusion-limited. From the data
presented, it appears that this CDA method suffers from lower filling efficiencies of high
density patterns, i.e. when the functionalized pattern comprises more than ca. 20% of
the substrate or when the inter-well spacing is below 400 nm. Upon increasing the well-
spacing, however, highly efficient and rapid assembly was found.

Contrasting with the success of gold nanoparticle deposition, assembling silver
nanoparticles was more challenging. We propose two reasons for this observation:
Firstly, the amine-silver interaction is weaker, meaning the sticking probability of silver
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nanoparticles to an aminated surface is less than that for gold. Secondly, a thin silver
oxide passivating layer would reduce the ligand density on the surface, thus reducing
the attractive interactions between the positively charged surface and the anionic

nanoparticles in suspension.

Despite the initial apparent non-generality of this approach, where hydroxylated
substrates were needed, we found the arrays transferred easily via polymer lift-off
techniques. These routes to embedded arrays of nanoparticles are of interest for
reactions which are particularly surface dependent, such as plasmonic biosensors and
catalysis, as well as mechanochromic plasmonic materials. Alternatively, the
nanoparticle arrays can be embedded within the existing hydrophobic PMMA layer
through heating the substrate to 140 °C, above the glass transition temperature of the
polymer (Figure S7). Rather than lifting the nanoparticle off the surface, the PMMA
reflowed around the particle arrays, again demonstrating the strong particle-substrate
bonds.

Conclusions: We have demonstrated a method for placing single nanoparticles onto
surfaces with nanometre spatial resolution using EBL to generate nanowells, which can
be chemically functionalised. This technique brings together the high-resolution
localization of particles using a top-down fabrication approach with high quality single-
crystal nanoparticle synthesis. In principle, any arbitrary nanoparticle pattern can be
produced, with the primary limitation being the resolution of the EBL writing beam.
Assembly involves diffusion of the nanoparticles into the wells and binding to a
molecular adhesive to prevent desorption. Double layer interactions play a key role and
determine the ease of penetration into the wells. While the approach is complementary
to other techniques, such as capillary force assembly and electrophoretic deposition,
the rapid assembly method presented here is extremely efficient for nanoparticles in the
range of 20-200+ nm and can be scaled up using existing nanoimprint lithography tools.
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