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he growing need for miniaturization

in diverse technological applica-

tions, such as biosensor arrays and
biointerfaces, calls for rapid and cost-
effective processing methods for the fabri-
cation of regular structures controlled at the
nanometer level over large areas. Particle
lithography can respond to these needs’
but traditional approaches lead to the for-
mation of dense monolayers of colloidal
spheres resulting in minimal separation be-
tween the fabricated features.2”* In optical
and electrochemical sensing applications
nanoscale features must be separated by
many multiples of their size to avoid inter-
fering responses, which presents a signifi-
cant challenge. We demonstrate how colloi-
dal self-assembly at liquid—liquid interfaces
(SALI) can be used to deposit regular, open
particle lithography masks which fulfill the
requirements put forth above in a single-
step process. We show that separations
from 3 to 10 particle diameters for colloids
ranging from 40 to 500 nm in diameter can
be reproducibly achieved and applied to
fabrication of diverse biosensor structures.

Particle lithography exploits the ability

of colloidal particles to self-assemble into
large-scale complex structures. Large-area,
defect-free, close-packed crystalline assem-
blies of colloidal spheres have been suc-
cessfully produced directly on solid sub-
strates by means of controlled evaporation,?
convective assembly,® spin-coating,” and
electrophoretic deposition,5” and have
been used as lithography masks (positively,
using the particles,® or negatively, using the
interstitial spaces®). To achieve non-closed-
packed assemblies one can follow several
routes.’ Colloids can be deposited directly
from solution, either on plain or templated
substrates. The former yields nonordered
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ABSTRACT Particle lithography has been extensively used as a robust and cost-effective method to produce
large-area, close-packed arrays of nanometer scale features. Many technological applications, including
biosensing, require instead non-close-packed patterns in order to avoid cross-talk between the features. We
present a simple, scalable, single-step particle lithography process that employs colloidal self-assembly at
liquid—liquid interfaces (SALI) to fabricate regular, open particle lithography masks, where the size of the features
(40 to 500 nm) and their separation can be independently controlled between 3 and 10 particle diameters. Finally

we show how the process can be practically employed to produce diverse biosensing structures.

KEYWORDS: self-assembly - liquid interfaces - particle lithography - biosensing -
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patterns and limited control on the particle

separation,*'® while the latter offers accu-

rate control on the final assembly but still

requires expensive e-beam lithography to

define the deposition template.'"'? Alterna-

tively, additional postprocessing steps of

close-packed particle masks, e.g. etching,

make it possible to achieve larger interfea-

ture distances, albeit limited in choice of

feature size-to-separation.’>'* In contrast,

oil—water interfaces are uniquely suited for

the assembly of two-dimensional colloidal

patterns unattainable by direct self-assembly

at solid—liquid interfaces.” This is due to the

combination of three key elements: (i) colloi-

dal particles are strongly trapped at the inter-

face yielding inherently two-dimensional

structures;'® (ii) particles retain lateral mobil-

ity within the interface despite the strong ver-

tical trapping'”'® and can therefore typically

self-assemble into the minimum free energy

configuration; and (iii) specific interactions *Address correspondence to
arise between particles at the interface be- lucio.isa@mat.ethz.ch.
tween polar and nonpolar immiscible fluids.  geceived for review June 4, 2010

In particular long-ranged electrostatic repul- ~ and accepted September 27, 2010.
sion, stemming from charge imbalance at the

o 9 . .g . Published online October 8, 2010.
interface, acts as the driving force to obtain 10.1021/nn101260f

the open crystalline structures we demon-

strate in this paper.19'2° © 2010 American Chemical Society
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Figure 1. Schematics of the SALI particle deposition procedure: (1)
substrate insertion and creation of the liquid—liquid interface, (2) par-
ticle injection at the interface, (3) equilibration, and (4) substrate extrac-
tion and pattern transfer.

In practical terms, forming a homogeneous pattern
at the liquid interface is a crucial issue. This becomes in-
creasingly challenging for smaller particles as electro-
static interactions become weaker. Homogenization is
driven by diffusion and can be facilitated by injecting
energy into the system, e.g. by subjecting the interface
to compression/expansion cycles;?' alternatively homo-
geneous patterns can be obtained by applying exter-
nal electric fields.?? After SALI, the particle pattern can
be transferred onto a solid substrate and dried for fur-
ther processing. The latter is often the most critical step
in colloidal lithography during which an initially well-
defined pattern can be disrupted. A first requirement to
preserve the pattern upon transfer is to have strong ad-
hesion between the particles and the substrate. This
can be achieved, e.g., by creating an attractive electro-
static potential between colloids and substrates of op-
posite charge onto which the particles can be strongly
bound by van der Waals forces upon adhesion. A sec-
ond requirement is to ensure that capillary forces dur-
ing drying of the fluid do not disrupt the pattern; this is
more critical for larger (micrometer-sized) colloids due
to greater drag. Capillary forces can also be reduced,
e.g., by solvent exchange prior to drying.?®

RESULTS AND DISCUSSION

We describe a general procedure to use SALI to cre-
ate non-close-packed patterns on the true nanometer
scale with unprecedented control on the feature spac-
ing. Moreover, compared to previous demonstrations,
our method does not require delicate solvent exchange
procedures,?® it minimizes the requirements for sub-
strate modification and does not necessitate external
action (e.g., compression cycles).2! Our approach is
demonstrated at water/hexane interfaces for positively
charged amidine latex particles of diameters (D) rang-
ing from 40 to 500 nm, with subsequent transfer to a va-
riety of silicon-based solid substrates. Moreover, we
show through quantitative analysis of microscopy im-
ages that the interparticle separation, or nearest neigh-
bor distance (d) can be tuned by controlling the con-
centration of particles at the interface and that the
obtained results follow a simple prediction for regular
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particle arrangements. These advances turn SALI into a
versatile, low-cost, parallel lithographic technique for
creation of regular patterns over the large areas and
parameter space of nanoscale feature sizes and separa-
tions necessary in many sensor and biointerface
applications.

The processing steps for SALI lithography are the fol-
lowing (see Figure 1). A clean, hydrophilic (water con-
tact angle 20—30°), negatively charged silicon oxide or
nitride substrate is positioned horizontally onto a
holder with a tilt angle of ~10° and then inserted into
the water phase. The nonpolar phase (n-hexane, 10 mL)
is poured on top of the water to create the
liquid—liquid interface. A suspension of positively
charged particles (amidine polystyrene beads) is in-
jected directly at the interface with a needle connected
to a high precision peristaltic pump. The particles are
suspended in a mixture of water and isopropanol,
which acts as spreading solvent;?* after injection, the
particles are irreversibly trapped at the interface.'® By
construction of the liquid cell, the fluid interface has a
fixed cross-sectional area. The area density of the par-
ticles and therefore their separation is thus controlled
by the amount of particles injected at the interface N,
leading to smaller d for more crowded interfaces. We
point out that curvature effects of the interface do not
play a major role given that typical substrates are sig-
nificantly smaller (1 cm?) than the liquid—liquid interfa-
cial area (4.5 cm?) and that they are placed in the cen-
ter of the cell where the meniscus is practically flat.
However, we emphasize that the cross-sectional area
of the cell and hence the area of substrate that can be
patterned are scalable with no inherent limitations. The
particles are positively charged and hydrophobic (we
measured directly a contact angle of 110(=3)° for the
500 nm particles and assume hydrophobic character for
all particle sizes; see the Supporting Information for fur-
ther details); the former is required to provide adhe-
sion onto the substrate and the latter ensures that they
protrude into the oil phase through which the long-
range electrostatic repulsion required for the forma-
tion of open ordered arrangements is mainly
mediated.?>? The system is left equilibrating for a par-
ticle size-dependent time (see the Supporting Informa-
tion for details) followed by the extraction of the sub-
strate using a linear motion driver at a speed of 25 um/s
to collect the colloids by sweeping through the inter-
face. A hydrophilic substrate ensures that the wetting
by the oil happens slowly and only through a well-
defined meniscus when going from the aqueous to
the nonpolar phase. The substrate dries as it emerges
from the oil phase into the air and, as mentioned previ-
ously, this last drying step is crucial for the pattern
transfer as even the strong adhesion of the positively
charged particles to the substrate can be overcome by
capillary forces and viscous drag. We believe that the
choice of the right solvent has been one of the hinder-
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Figure 2. SEM images of (a) 500, (b) 200, (c) 100, and (d) 40 nm in average diameter amidine latex polystyrene particles de-
posited on SiO,. (b) Superimposed to the particles, we show the outcome of the locating algorithm, with Delaunay particle tri-
angulation (green) and Voronoi areas (blue) highlighted in the upper left corner. In the bottom right corner we see how a
larger particle distorts the lattice. Inset upper right: FFT of the image demonstrating the long-range spatial order.

ing points in previous attempts to use SALI for particle
depositions and we found that hexane offers the right
characteristics in terms of low viscosity and high volatil-
ity to allow for seamless transfer. Investigations on the
use of different alkane solvents are reported in the Sup-
porting Information; however, we point out that the re-
quirement becomes less stringent for smaller particles
for which the viscous drag of the drying solvent is lower.

The method is also very flexible in terms of the use
of different substrates, with the sole requirements that
they are oppositely charged compared to the particles
and hydrophilic. Our approach can thus also be applied
with negatively charged nanoparticles by reversing the
charge of the substrate through coating with a poly-
electrolyte layer (e.g., PDDA, ACH, etc.) as already shown
for random sequential colloid adsorption.*°

Examples of the outcome of the SALI deposition
are reported in Figure 2. An example of the quantita-
tive image analysis is reported in Figure 2b. Each of
the particles in the image is identified (as shown by
the cross hair) via an image analysis algorithm. The
original SEM image is overlaid in the top left corner with
a triangulation that connects all the particle centers
(Delaunay triangulation) and with the Voronoi polygon
construction that highlights the available area per par-
ticle.?s By reducing the particle size from 500 to 40 nm
we observe that the regularity of the arrangement de-
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creases (see Figure 2c/d). This can be attributed to sev-
eral reasons, including the fact that the smaller latex
particles have larger polydispersity and the fact that
Brownian motion has for smaller sizes a stronger effect
in displacing the particles from the minimum of the
electrostatic potential well. This, on average, larger rela-
tive displacement will be frozen in at the moment of
transfer. For 500 and 200 nm particles we obtained
polycrystalline monolayers, with a typical domain size
of tens of wm? within which long-range order is found.
The main advantage of SALI as opposed to direct depo-
sition of particles from solution is that, even in the ab-
sence of long-range order, as for the smallest colloids,
short-range order is always present over a large concen-
tration range; this means that particles are never aggre-
gated and that we are always able to define a pre-
ferred nearest neighbor distance d. From the particle
location algorithm?”2¢ we extract particle coordinates
with high accuracy (typically <5 (SEM) and <20 nm
(optical)) (see the Supporting Information). The coordi-
nates were used to compute the radial distribution
function (g(r)) and from it extract d, as the position of
the first peak. Figure 3a shows three examples of the ra-
dial distribution functions. The first case (red curve)
shows optimal SALI deposition; long-range order is no-
ticeable from the presence of several well-defined
peaks in g(r) corresponding to the preferred nearest,
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Figure 3. (a) Examples of radial distribution functions: long-range order SALI (red), short-range order SALI (green), and ran-
dom sequential deposition (blue). The vertical dashed line highlights the distance for particle aggregation; in both SALI cases
we report complete absence of aggregation. (b) Normalized nearest neighbor distance d as a function of the local particle
area fraction ¢peas. Inset: Schematics of the modeling for calculating the prediction on the functional dependence of the d
versus local area fraction. A completely random assembly yields no scaling. (c) “Calibration curves” which show local mea-
sured area fraction versus the deposited number of particles N,. Error bars have the same size of the symbols and indicate
variation in dmeas Over the entire substrate (1 cm?). (d) Order parameter @5 versus local area fraction. We observe an increase
for higher concentrations. @ is 1 for a perfect hexagonal crystal. In all graphs: (A) 500 nm, (H) 200 nm, (®) 150 nm, (V)

100 nm, and (¢) 40 nm.

second, third, etc. neighbor distances. We then high-
light a second case of non-optimal SALI (green curve),
where long-range order is absent, but short-range or-
der is still present with a well-defined d. Moreover, we
notice how in both cases, g(r) drops sharply to zero well
before r = D, which corresponds to undesired particle
contacts in the deposited pattern. A completely differ-
ent outcome is depicted by the blue curve, which re-
lates to the case of random sequential adsorption di-
rectly on the solid substrate. In this case, we note both
the absence of a well-defined d and the occurrence of
particle aggregation (see the Supporting Information
for details).

Assuming an ordered array, the images can be tes-
sellated by square tiles whose size corresponds to the
center-to-center distance. Under this assumption the in-
terparticle distance scales with local area fraction ® e,
following d/D = [m/(4® ca5)]’2. Figure 3b shows that
the experimental data are in strong agreement with this
prediction and that separations can be well controlled
at least in the interval from 3 up to 10 particle diam-
eters. The observed scaling is not trivial; it is the conse-
guence of well-defined short-range order. Completely
random particle patterns and the presence of aggrega-
tion will void such description. The local particle den-
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sity, and thus d, can be controlled externally by tuning
the number of particles added to the interface (Figure
3¢); the error bars in the graph and the spread of the
data points estimate the long spatial wavelength varia-
tions in the local density across cm? sized substrates,
which could be due to slow convection at the liquid in-
terface prior and during transfer. The only exception
are the 40 nm particle samples for which the local rela-
tion between ®,..s and d still holds but for which larger
inhomogeneities over the substrate are present mak-
ing it more difficult to achieve predictive control over
d. Finally, we observe that the degree of long-range or-
der depends on the particle concentration at the inter-
face. Figure 3d shows the values of the order parameter
@ as a function of ®yc.s; this parameter is 1 for a per-
fect hexagonal lattice. Increasing particle concentration
increases order due to that stronger interactions occur
between particles at shorter distances.

In biosensing the inherent statistical nature of data
collected by addressing single structures and the sam-
pling of a large number of structures by near- or far-field
probes requires both regular positioning and large
separations. The advantages of SALI for lithographic
patterning are thus particularly clear for applications
in, e.g., optical, nanoplasmonic, and electrochemical

www.acsnano.org
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Figure 4. (a) SEM image of nanoplasmonic 200 nm hole array in a 40 nm thick Ti/Au film. (b) Focused ion beam (FIB)-SEM

side view of 200 nm wide nanopores in a 300 nm thick silicon nitride on a silicon wafer. We note that the side walls are etched
straight throughout the nitride layer and that the etching stops at the silicon surface. (c) FIB-SEM side view of a gold nano-
cone inside a 100 nm diameter pore etched into a 240 nm thick silicon nitride film. (d) SEM view of nanocone array with as-
pect ratio 1:1 deposited into 100 nm pores. We note the presence of a gold nanocone in each nanopore grown from the bot-

tom of the pore and extending to the outer surface.

biosensing. Three such sensor substrate examples pro-
duced by SALI are shown in Figure 4 for ordered nano-
plasmonic hole arrays, non-cross-talking electrochemi-
cal nanopore electrodes, and arrays of SERS-active Au
nanocones embedded in a silicon nitride film. To pro-
duce these structures SALI patterns of latex par-
ticles were deposited as a lift-off mask for evapora-
tion of a Ti/Au film for structure in Figure 4a® and for
evaporating a Cr etch mask for subsequent reactive
ion etching (RIE) for the structures in Figure 4b and
¢/d."° Lift-off of the particles by tape stripping after
the Ti/Au film evaporation results in the plasmonic
sensor substrate in Figure 4a. The nanopore sub-
strate in Figure 4b is obtained by wet removal of
the Cr mask after RIE. Finally, the nanocone SERS ac-
tive substrate in Figure 4c/d is obtained after an ad-
ditional evaporation of a thick Au film onto the pore
structure in Figure 4b before Cr mask removal.® Lift-
off of the Cr layer results in the pore-localized Au
cones with a height determined by the thickness of
the evaporated Au layer.

In summary, we have reported a general method
for the deposition of non-close-packed regular arrays
of colloidal nanoparticles through self-assembly at

METHODS

Materials. We used amidine polystyrene particles from
Invitrogen/Interfacial Dynamics Corporation (see the Support-
ing Information for more details). Prior to injection at the inter-
face, the batch particle solutions (4% w/v) were diluted appropri-
ately in a 6:4 Milli-Q water (R = 18.2 ), TAC < 6 ppb):isopropanol
(gradient grade for liquid chromatography, Merck, Germany) so-
lution. The interfaces were created between Milli-Q water and
n-hexane (UV spectroscopy grade, Sigma-Aldrich, USA) in
polypropylene 50 mL centrifuge tubes (TPP, Switzerland). The
particle patterns were deposited on silicon substrates, either un-
treated or coated with layers of silicon oxide or nitride. The
coated chips were either fabricated in house with Plasma En-
hanced Chemical Vapor Deposition or obtained as a gift from
Leister Process Technologies (Switzerland). Prior to use, the sub-
strates were cleaned via successive ultrasonication in toluene
(HPLC grade, Acros Organic, USA), isopropanol, and Milli-Q wa-
ter (each step for 30 min). Static water contact angles were mea-
sured on each substrate batch prior to use.

Imaging. Images of deposited patterns have been obtained
both via optical and scanning electron microscopy. In the former
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liquid—liquid interfaces, allowing both feature (par-
ticle) size and spacing to be controlled independently
within a large range. The interparticle distance was con-
trolled by changing the area fraction of the particles in-
jected at the interface. Importantly, we showed that
by deposition through a low-viscosity, high-volatility
solvent the particle pattern could be transferred unper-
turbed to the solid substrate. The simple control of par-
ticle order and spacing by the electrostatic interaction
of particles inserted at the interface at a controlled den-
sity suggests interesting extensions of the work in terms
of depositing higher order patterns. As can be seen in
Figure 2b larger colloids change the local spacing and
this effect is predicted to lead to a large number of dif-
ferent nontrivial patterns for binary size mixtures.?*3

While demonstrated here for colloidal lithography
using amidine polystyrene particles to produce pat-
terns of interest for ongoing biosensor projects within
our group, we emphasize the generality of the method
in terms of particle and substrate materials, substrate
size, and even nonplanar shapes, and finally we point
out that SALI is applicable to any of the many process
variations which use particle masks described in the
literature.'®

we used an upright microscope (model Nikon Eclipse L200) in re-
flection mode with magnifications of x50 and X100— X150 for
500 and 200 nm particles respectively, allowing for the imaging
of areas ranging from 50000 to 5000 um?2. SEM (Zeiss Ultra 55)
was used for the 40, 100, and 150 nm particles and for high-
resolution images of 200 and 500 nm colloids. Prior to imaging,
the samples were sputter-coated with 3—5 nm of platinum to
avoid charging. Details of the quantitative image analysis are
given in the Supporting Information. The side view of the nano-
pores was obtained with a SEM-FIB Zeiss NVision 40.

Fabrication of the Nanoporous Substrates and the SERS Nanocones.
After deposition of the particles, 20—30 nm of metallic Cr was
evaporated onto the surfaces at a rate of 2 A s (Univex 500,
Oerlikon Leybold Systems). All metals for evaporation (Au, Ti, Cr)
were obtained from Unaxis (Switzerland). Particles were then
stripped with scotch tape and subsequently sonicated in pure
acetone and Milli-Q water, using the Neytech Ultrasonik Cleaner
104H-W, for at least 30 min each. Using the metallic Cr as an etch
mask, straight-walled pores were anisotropically etched in a Plas-
malab 80+ RIE Il etcher (Oxford Instruments), using a gas mix-
ture of 50 sccm CHF; and 5 sccm O, for 20 min at nominal power
of 70 W and a chamber pressure of 10 mTorr. To fabricate the
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nanocones we subsequently evaporated 2 nm Tiat 2 A s~ ' and
120 nm Au at 2 A s77 onto the etched substrates. The shadow-
ing effect of buildup of Au at the top of the pores, decreasing the
effective pore size with increased Au thickness, yields the ob-
served conical structures. Finally, the Cr mask, and thereby the
Au covering the top surface, was removed by using a Balzers lig-
uid chrome etch. Pores with diameters ranging between 40 nm
and 5 pum with depths of up to 1 um were reproducibly
achieved. Nanocones with base diameters ranging between
100 and 200 nm and heights between 100 and 300 nm were
also achieved with this technique.
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mation relative to the materials (particles, contact angle meas-
urements) and processes (effects of equilibration times and sol-
vents, comparison with random sequential deposition, and
details on the quantitative image analysis) described in the pa-
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