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H
ierarchical nanopatterns display at-
tractive properties arising out of
multiple length scale structuring

and added functionalities. Lotus leaves,1

butterfly wings,2 moths' eyes,3 and numer-
ous other biological surfaces display special
properties traceable to their hierarchically
nanostructured surfaces. Hierarchy allows
one to add multiple functionalities, one on
top of another, thus enabling a precise
control over the extent of functionality of
each type. Ordered multilevel hierarchies
have been realized through fabrication
employing colloids,4 supramolecules,4,5 or
lithography,6,7 but those presenting beyond
a second level of hierarchy in the submi-
crometer or nanoscale are rarely encoun-
tered. We demonstrate here an entirely
self-assembly-driven approach to two-
dimensional arrays of binary or ternary
superstructures of ABx and (ACy)(BCz)x type,
where C∈ B, A and A, B, C are nanostructures

with dimensions of <100 nm. Each level of
hierarchy in the superstructure can be en-
gineered to present a different material and
its degrees of hierarchy (x, y, z) tuned to
control its composition. The assemblies pre-
sent a branched hierarchy in binary super-
structures and a mixture of branched and
nested hierarchies in ternary superstruc-
tures. The degree of branching (x) in binary
assemblies is controlled by tuning the sep-
aration between features in the parent hier-
archy (A) in relation to the size of branched
component (B). The degree of nesting (y, z) in
the ternary superstructures is determined
by the size of the nested component (C) in
relation to that of parent components, A
and B, respectively. Generic design principles
that we extracted from the investigation of
these assemblies can be extended to de-
sign new multifunctional systems with tai-
lored geometric attributes. Such entirely self-
assembly-derived hybrid material hierarchies
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ABSTRACT Hierarchical assemblies are repeatedly encoun-

tered in nature, and when replicated in synthetic patterns and

materials, can enhance their functionality or impart multifunc-

tionality. In order to assemble a hierarchical superstructure that

consists of components made up of multiple nanostructures,

control over placement and stoichiometry is desirable. Macroscopic

arrays that present up to three levels of hierarchy are demon-

strated here and are achieved using the self-assembly of soft,

collapsible block copolymer nanospheres for the first two levels,

followed by directed self-assembly of metal nanospheres for the third. The fabrication approach combines advantages of soft sphere self-assembly to

yield non-close-packed and variable array pitch values, with the inherent chemical functionality presented by the polymer-based soft spheres; these

assemblies can then be transformed into a range of different materials, including metal or semiconductor nanostructures, or further tailored with an

additional level of complexity. Structural investigation shows the superstructure formation to be governed by generic design rules that can be extended

across different material combinations.
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with rich flexibility in the choice of material type and
stoichiometries are unprecedented and have high
implications for photonic, optoelectronic, and biode-
vice applications.8�15

By virtue of employing a combination of hard
and soft spheres for assembly formation, our super-
structures differ from 3D nanoparticle superlattices,
e.g., binary (BNSL)16�20 and ternary superlattices
(TNSL),21,22 2D lattices of submicrometer spheres,23

or the confined organization of micro-24,25 or nano-
spheres,26�28 in the driving force behind the self-
assembly of components and in the realizable config-
urations. These assemblies predominantly rely on the
space-filling factors of close-packed spheres or direct-
ed assembly onto pre-existing lithographic templates
as driving forces for assembly formation. Both these
approaches are generic and successful in yielding
hierarchical assemblies, except when encountered
with strenuous demands of scalability and ease of
controlling relative arrangements of nanoscale com-
ponents. Hierarchical construction has also been car-
ried out in the solution phase through preparation of
nanoparticle clusters with a well-defined number of
particles per cluster through careful engineering of the

nanoparticle's surface using molecular linkers.29�35

Such clusters are especially interesting in the context
of optical phenomena arising from the close proximity
between metal nanostructures.30,31 The approach how-
ever is limited when larger clusters are desired or when
the clusters have to be organized on the surface with
well-defined feature separations and densities suitable
for on-chip devices. In this direction, the generic
approaches demonstrated in our work enable the
realization of binary and ternary hetero-supercluster
arrays with tailorable geometries and profound flex-
ibility in the choice of material combinations. This is
achieved through a hierarchical construction exploit-
ing the capillary force driven assembly of soft, func-
tional polymer spheres at the first two levels of
hierarchy and directed electrostatic attachment of
preformed nanoparticles at the third level (Figure 1).
The use of non-close-packed and collapsible soft
polymeric spheres at the first two levels is the key
to attaining these superstructure arrays with high
structural tunability and with easy scalability to arbi-
trarily large areas. The composite functionality of the
polymeric spheres enables further independent rami-
fications in the attainable material nanostructures,

Figure 1. Schematic illustration of binary and ternary superstructures demonstrating the flexibility in the choice of material
combinations realized in this work. Dotted lines are intended as visual guides. x denotes the number of B organized around each A
feature; y and z denote the average number of C features organized onto each A and B feature, respectively.
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thereby allowing realization of superstructures with a
range of material combinations.
The first level or the highest ranking hierarchy (A)

consists of an inorganic metal or semiconductor nano-
particle array achieved by in situ synthesis within
self-organized copolymer reverse micelles on the
surface.36,37 The reverse micelles are soft nanospheres
that form non-close-packed arrays on the surface with
opportunities for systematically variable pitch, simply
by varying spin-coating speeds.37,38 The second level is
attained by exploiting features in the first level as nodes
to drive self-organization of diblock copolymer reverse
micelles (B) of smaller dimensions through capillary
forces. The separation between A features is on the order
of the size of B and thus provides a confining influence
and determines the number of B features organized
around each A. The ratio (δ) of separation (sA) between
A features to the diameter (dB) of B allows fine control
over the degree of branching x, and it also governs the
transition from branching to overlapping hierarchies in
the resulting ABx superstructures. The composite func-
tionality of B permits its further independent translation
into other metal or semiconductor materials of inter-
est (Figure 1, step IIA) or toward adding a third level
of hierarchy (Figure 1, step IIB). The third level of
hierarchy is attained through the attachment of
smaller nanoparticles to the surface of A and B

through electrostatic interactions. This results in a
nested hierarchy with a degree of nesting, y or z, in
(ACy)(BCz)x determined by the surface area of A or B in
relation to the size of C.

RESULTS AND DISCUSSION

Fabrication of ABx Superstructures with x Determined
by Edge Separations in A Arrays. Binary superstructures

of ABx type, with A corresponding to Au and B

corresponding to PS-b-P2VP reverse micelles, with
systematic variation in x are shown in Figure 2. The
fabrication of the Au(PS-b-P2VP)x superstructures
starts with the preparation of Au nanoarrays that
constitute the first level of hierarchy. The Au arrays
are realized by in-situ synthesis39 within the P2VP
core of self-organized PS-b-P2VP (380 kDa, fPS ∼0.5)
reverse micelle arrays, in two consequent steps: the
micelle array coated chip is immersed into an aqu-
eous solution of HAuCl4 to enable loading the
gold salt within the core of PS-b-P2VP reverse
micelles; the polymer template is subsequently
removed by subjecting the salt-loaded reverse mi-
celles to oxygen plasma exposure (see methods for
experimental details). This results in Au nanoarrays
with periodic arrangement of Au nanoparticles, exhibit-
ing feature heights of 50 ( 5 nm. The centre-to-centre
distance (periodicity) of the array can be systematically
varied between 150�225 nm by varying the spin-coat-
ing speeds employed for deposition of PS-b-P2VP
reverse micelles on surface. Spin speeds of 1000,
2000, 4000, and 6000 rpm result in periodicity of 154,
167, 200, and 222nm, respectively. The fine tunability in
periodicity of the reverse micelle arrays translates into
an ability to fine-tune edge-to-edge separations be-
tween the Au features (sA) to 85, 103, 134, and 144 nm,
respectively.26,38 The second level hierarchy consists of
reverse micelles of PS-b-P2VP (114 kDa, fPS ≈ 0.5)
coated onto pre-existing Au particle arrays. The reverse
micelles used in this step are of a smaller size in relation
to those used to generate the first level of hierarchy
(refer to Figure S2 for dynamic light scattering
measurements). These micelles organize themselves
along the periphery of the Au nanoparticle features

Figure 2. Tapping mode AFM images of binary superclusters of ABx type, with A corresponding to Au and B to PS-b-P2VP,
prepared at high (55%) and low (<10%) relative humidity (RH%), with an increasing value of x from left to right. Scale bar
indicates 200 nm. The images are shown in false color, with z-scale chosen to provide adequate lateral contrast. The pink
pixels represent greater topography than blue pixels (refer to Figure S1 in the SI for z-scale information).
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by capillary forces, yielding well-defined binary super-
structures with degree of hierarchy (x) determined by
the ratio (δ) of the separation (sA) between Au features
(A) to the diameter (dB) of reverse micelle features (B)
(Figure 3). The degree of hierarchy (x) is defined by the
peak value of Gaussian fit to the histogram of xN. xN is
defined as the number for B features present around
theA feature in theNth superstructure. Thehistogramof
xN is generated from a tabulation of the number of B
features in each superstructure fromAFM images of the
ABx arrays shown in Figure 2. The systematic variation in
x as a function of δ can be seen as a progressive shift
in the mean value of the histograms as shown in
Figure 3. As sA decreases, there is an increasing overlap
between adjacent superstructures, thereby resulting in

an overlapping hierarchy (Figure 4). The value of xN in
case of overlapping superstructures was obtained by
counting the number of B features weighted by their
occupancy in the superstructure (equation a). Each B

feature surrounding the A features is assigned an
occupancy of 1, (1/2) or (1/3) depending on whether
it remains unshared, or if it is shared by 2 or 3 adjacentA
features, respectively. This avoids double counting of
the features and presents the real scenario of the
density in B features in relation to that of A. The value
of x systematically decreaseswith an increase in overlap
between the adjacent superstructures. In the depen-
dence of x on δ, the branching hierarchy is observed for
values of δ > 2 and overlapping hierarchy for values
below. This is expected, as illustrated in Figure 4, since
δ = 2 represents a value for separation between the
A features that is twice the diameter of B, and thus for δ
< 2 there is insufficient space to support independent
superstructures. Even at the lowest feature separations,
the maximum sharing is observed to be only 80% (as
estimated by equation b) due to the presence of
some B features that remain unshared. The presence
of unshared B features is a consequence of greater
distance between some A features compared to
others as a result of standard deviation in separa-
tions. The influence of standard deviation is also
seen in the case of branching hierarchies (δ > 2) to
result in few isolated B features occupying the space
between superstructures.

xN ¼ ∑
i¼ 1, 1=2, 1=3

(ni � i) where,

i ¼ 1
Number of A features that share the B feature

,

and ni indicates the number of B features with an occupancy of i

(a)

Figure 3. Binary superstructures of ABx type, with x determined by the ratio (δ) of separation between A features (sA) to the
diameter of B features (dB). The histogram of the number of B (reverse micelles) present around each A (Au nanoparticle)
shows systematic control in x with variation in δ. Insets show pictures of corresponding Si chips (1 cm � 1 cm), with ABx
superstructure arrays uniformly spanning the entire area.

Figure 4. Dependence of x and '% shared' on δ and the for-
mation of branching and overlapping hierarchy above and
below δ = 2, respectively.
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% shared ¼ Occupancy of shared features
Total occupancy per superstructure

� 100

¼
∑

i¼ 1=2, 1=3
(ni � i)

∑
i¼ 1, 1=2, 1=3

(ni � i)

0
BB@

1
CCA� 100 (b)

Influence of Relative Humidity on the Composition of Binary
Superstructures. In addition to the influence of δ on x,
there is an additional influence noticed due to the
relative humidity of the medium. The values of x were
higher when the reverse micelles (B) were coated on to
the Aunanoarrays at a relative humidity (RH%) of <10%
as compared to the ambient value of 55%. It is im-
portant to note that the influence due to relative
humidity is felt only at the time of the film formation,
since a postexposure of the coatings has no effect on
the resulting assemblies. The influence is difficult to
predict given that the coatings are deposited from an
apolar medium, and thus, the presence of moisture in
the environment is not expected to influence the
evaporation rate, as it would for aqueous counterparts.
There are, however, other ways in which the humidity
can indirectly influence the quantity of material de-
posited on the surface, which is through a significant
increase in adlayers of water on the surface with an
increase in relative humidity.40�44 Such adlayers can
potentially decrease wettability of the surface toward
apolar solutions, causing an increase in outflow rates
during spin-coating and resulting in a lower film thick-
ness at high relative humidity.45 This premise agrees
with the correlation between film thickness and sur-
face wettability observed in literature, for polystyrene
thin films spin-coated from toluene solutions onto
topographically patterned substrates.46 Other related
instances of the influence of humidity reported in the
literature include, increase in volume of meniscus
formed at the interface of a nanoscale probe and
surface by capillary condensation47 increase in trans-
port rates for apolar inks in dip-pen lithography,47 and
drastic decrease in the nanoscopic sliding friction
experienced by the tip on rough and hydrophilic
surfaces.44,48

To gain better insight into the potential influence of
relative humidity on the outflow rates during spin-
coating, a control experiment was set up to determine
sliding contact angles of amineral oil on the substrates
consisting of the Au nanoparticle arrays (the first level
of hierarchy, or theA features as in Figure 1). The sliding
angles reflect the adhesive forces between the droplet
and the surface, which in turn has an indirect influence
over the outflow rates during spin-coating. A mineral
oil (Vaccubrand B-oil) with low vapor pressure was
chosen for the experiment to ensure no evolution in
droplet size occurred during the measurements. The
surface tension of the oil (31.2 ( 0.03 mN/m), mea-
sured using the Wilhelmy ring method, is close to that

ofm-xylene (28.9mN/m),49 thus allowing an extrapola-
tion of its behavior to that of m-xylene solutions
of reverse micelles. A tiny quantity of the mineral oil
(∼15 μL) was pipetted on a horizontally placed chip,
and the chip slowly tilted (custom-designed setup)
until the oil rolled off. A sliding angle of 22.9 ((2�)
was observed at high RH% (∼55%) and 30.2 ((2�) for
low RH% (<10%) environments, ascertaining a greater
ease of roll-off for the oil droplet at higher humidity.
This was found to be also true for bare Si chips, yielding
24.1 ((2�) and 29.0 ((2�) at high and low RH%,
respectively, although with a slightly lower contrast
between the roll-off angles as compared to the case of
Au nanoparticle arrays. The greater ease of roll-off of
the oil droplet at a high RH% environment shows a
lower adhesion and supports arguments that water
adlayers acting as a lubricating layer facilitates greater
outflow of the apolar reverse micelle solution during
spin-coating. Additional control experiments were run
to ascertain the densities of PS-b-P2VP reversemicelles
(0.5% w/w in m-xylene spin-coated at 3000 rpm, the
same as employed forABx superstructure experiments)
on bare Si substrates, at high and low RH%. The
arrays coated at RH < 10% show a greater quantity of
deposition (refer to Figure S3 in the SI for AFM
images), as manifested through a higher value for
the density (154 ( 9/μm2) of the micelles as com-
pared to coatings done at high RH% (113 ( 6/μm2).
We say “quantity” rather than “thickness” because, in
the case of reverse micelles, within the window of
conditions we operate (for solution concentra-
tions of 0.5�1.0% w/w and spin-coating speeds of
1000�6000 rpm) an increase in polymer quantity on
the surface is manifested as an increase in density of
features rather than an increase in film thickness.
Thus, our observation of the influence of humidity on
the thickness of the spin-coated film is generic and
not specific to reverse micelles used in the study. The
control over humidity allows the process to fine-tune
as well as maximize values for x in the binary
hierarchies.

Influence of Feature Size of A over x in ABx Superstructures.
Besides the dependence of x on δ, it is interesting to
extend the understanding further to decipher its de-
pendence on the feature size of A in relation to that
of B. The AFM measurements show a standard devia-
tion of 10% in the size of A features, which in turn
contributes to a standard deviation in the degree of
branching of B features in the resulting ABx super-
structures (Figure 3 histograms). Thus, by tabulating
the degree of branching (xN) against the ratio of
diameters of B to A (dB/DA) for each of the individual
superstructures appearing in the AFM image of an
nonoverlapping ABx hierarchy (e.g., AB5.7 or AB6.9),
the dependence of xN versus dB/DA can be deduced.
The comparison of xN versus dB/DA (shown for AB6.9
superstructures in Figure 5) shows a systematic

A
RTIC

LE



SURESH ET AL . VOL. 7 ’ NO. 9 ’ 7513–7523 ’ 2013

www.acsnano.org

7518

increase of xNwith DA, which is expected, based on the
increasing peripheral space around the A features.
However, a rather subtle and unexpected influence
of DA is noticed on the density of micelles (or how
closely the micelles are packed) within the superstruc-
ture. This influence is best demonstrated through an
estimation of feature separations (gcurved) of micelles
within each superstructure using values for DA, dB, and
xN obtained from AFM in the equation c (derived
from simple geometric considerations, as shown in
Figure S4, in the SI). dB is taken as a constant, with a
value of 55 nm.

gcurved ¼ π(DA þ dB) � xNdB
xN

(c)

A systematic increase in gcurved with dB/DA ratio for
AB6.9 superstructures of 3 < xN < 8 is shown in Figure 5.
The plot of xN versus DA reveals that a specific value
of xN is exhibited by a range of DA values (refer to
Figure S5 in the SI for a plot of xN versus DA/dB). The x-
error bars in Figure 5 take this coexistence into ac-
count; in addition, they include errors due to tip
convolution effects in the determination of DA and
dB. Although these error bars seem large (mainly due to
coexistent DA values per xN), the trends noticed in the
decrease in gcurved with an increase inDA or decrease in
dB/DA ratios are unmistakable. One way to account for
this trend is by considering a greater meniscus volume
of the polymer solution associated with larger sized
A features, which as a consequence results in a higher

density of micelles at its periphery. However, our
estimation of the equivalent volumes of the polymer
solution that would carry asmanymicelles as xN reveals
∼164�437 attoliters for xN values of 3�8 (an explana-
tion of the estimation is provided in the Methods
section). These volumes are 3 orders of magnitude
higher in comparison to those of the A features
(estimated to be 0.09�0.48 attoliters for A features
with DA in the range of 68�122 nm considered in
Figure 5) and equates to solution films that are much
thicker than the A features. Thus, we rule out meniscus
volumes around the template as a contributor to the
observed dependence of xN on the dB/DA ratios. The
onset of meniscus contribution is expected when the
thickness of the drying film approaches the height of
A features.50 However, by then, the xN values have
already been decided by the system, thus requiring an
alternative explanation to the above dependence.
We expect this dependence to arise because of a
higher rate of evaporation on smaller A features due
to their larger surface to volume ratio. The range of
DA values in Figure 5 represents an enhancement in
surface to volume ratio of∼79%going from the largest
to the smallest particles. During the evaporation of
the solvent, the meniscus forces drive the micelles
from both above and surrounding the A features to
its periphery (Figure S6 in the SI for schematic
illustration). The periphery of larger features would
experience a relatively higher inflowof reversemicelles
due to longer residence durations of the polymer

Figure 5. Systematic increase in gcurved with dB/DA ratio for 3 < xN < 8 in AB6.9 superstructures is found to match the trend of
increase in gflat with an increase in the evaporation rate (represented as

√
ω, whereω represents spin-coating speeds in rpm)

on flat substrates. The x-axis errors shown for dB/DA include the contribution due to the coexistence of DA values per xN.
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solution resulting from a lower evaporation rate. Such
influence of the evaporation rate on the density of
micelles is known for coatings obtained on flat
substrates,38 where micelle arrays formed at higher
spin speeds (higher evaporation rates) result in lower
feature densities. The data obtained from flat chips is
overlaid in Figure 5, with the evaporation rate repre-
sented as a square root of spin-coating speeds (

√
ω) as

known from the theoretical treatment of the spin-
coating process.51,52 The similarity in trends for gcurved
versus dB/DA to gflat versus

√
ω strongly favors attribut-

ing the former dependence to the size-dependent
evaporation rate on A features. Establishing clarity on
this influence allows the formulation of rational design
rules to tailor-make superstructures with desired gcurved,
dB, andDA even if the A features were to be fabricated by
other means, e.g., nanoimprint lithography or e-beam
lithography.

The results establish separations between features
in the first level as a convenient handle to tune the
stoichiometries of the superstructures and to draw
insights on the influence of the density of B features
on the size of A and influence due to relative humidity.
The ability to extend the understanding drawn from
these results to realize ABx arrays of different material
types is presented in Figure 6. The results convin-
cingly support the versatility of the approach in
yielding patterns of desired material combinations
with stoichiometries that can be predicted before-
hand. Since both the first and the second levels of
hierarchy employ reverse micelles, the attainable
combinations for A and B are fairly large, since solu-
tion-phase as well as vapor-phase precursors can be
used to synthesizematerialswithin the functional core of
the reverse micelles.

Fabrication of Ternary Superstructures. The ternary
superstructures of type (ACy)(BCz)x (Figure 7) were
realized upon immersion of the binary superstructures
of ABx into an aqueous suspension of citrate-stabilized
Au nanoparticles (C) of ∼11.7 nm diameter (refer to
Figure S8 in the SI for TEM of Au nanoparticles
employed). Since the B features constitute PS-b-P2VP
reversemicelles, the citrate-stabilized Au nanoparticles

attach themselves selectively to the surface of the
B features due to electrostatic attraction and form
Au nanoparticle clusters (BCz type).26 The size of these
clusters (as defined by the number of nanoparticles
adhering to each micelle) is determined by the sur-
face area of the template feature, which we demon-
strated in our earlier study to be ∼18 particles/cluster
(thus, z ≈ 18).26 In the present case, the citrate-Au
nanoparticles were found to attach not only on the
micelles but also onto the central Au nanoparticle
(A features). The latter is unexpected and is likely a
consequence of the presence of a thin PS-b-P2VP
layer53 formed instantaneously on the surface of the
A features, during the coating of the reverse micelle
solution. When present, the PS-b-P2VP molecules
would render the A features positively charged at the
pH of 6.5 (corresponding to the citrate-Au nanoparticle
suspension) and consequently direct attachment of
negatively charged citrate-Au nanoparticles from the
solution in a manner similar to that of the reverse
micelles. The number of citrate-Au nanoparticles ad-
hering to the A features can be estimated26 based on
the surface area of the A features to be 67 particles.
However, the number of citrate-Au nanoparticles was
observed to be far less in comparison,∼17( 4 particle
per A feature (thus, y ≈ 17) based on SEM measure-
ments at high magnification. The significant drop in
density of citrate-Au nanoparticles is likely due to the
lower electrostatic attraction on the A features, pre-
sumably due to the low density of PS-b-PVP molecules
on its surface. An additional contribution is likely due to
the electrostatic repulsive forces from the citrate-Au
nanoparticles on the neighboring micelle features,
thereby excluding adsorption on the periphery of A
features. Under such conditions, the number of citrate-
Au nanoparticles attached to the A features, although
dictated by the surface area, needs to be arrived at
empirically. On the basis of the number of particles per
A feature, the surface coverage of citrate-Au nano-
particles equates to ∼11%. If the A features can be
rendered strongly positive, e.g., by the selective
growth of PVP brushes, deposition of amino thiol self-
assembled monolayers, or use of polyelectrolyte

Figure 6. Arrays of hetero-superstructures of ABx type across a rich variety of A- or B-type materials can be readily achieved.
From left to right are Au(PS-b-P2VP)x, TiO2(PS-b-P2VP)x, TiO2(Au)x, and Au(ZnO)x, respectively. Scale bars are 100 nm. Refer to
Figure S7 in the SI for measurements across 2 μm � 2 μm and z-scale information.
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multilayers, the density of citrate-Au features can be
significantly increased close to the jamming limit of
54.7%.54 The generality in the attainment of ternary
superstructures is seen from the similar arrangement
obtained even when TiO2 nanoparticles were em-
ployed as the A features (Figure 8), thus precluding
any chemical specificity of the process to Au as
material. In addition, the polymeric template can
be removed to yield superstructures consisting of
entirely gold or semiconductor�gold combinations
(Figure S9 in the SI for SEM images). In principle, a
selectivity in the attachment of C features to either A
or B features (thereby resulting in hierarchies with y

or z = 0) can be achieved through appropriate sur-
face functionalization of A or B in relation to C

features employing established protocols in surface
chemistry.

The approaches in this work can thus be seen as
carrying fewer restrictions on the attainable material
combinations by exploiting the options available at
each step. The resulting arrays can pack high functional
diversity per superstructure. We therefore envisage the
utility of the assemblies in research areas that exploit
interactions between nanostructures, e.g., plasmon�
plasmon, plasmon�exciton phenomena or placement

of biological receptors that require high control over
the lateral resolutions and composition. The realization
of the assemblies on macroscopic substrate areas will

Figure 7. (a) Schematic illustration showing relative positions of the A, B, and C components within (ACy)(BCz)x ternary
superstructures, followed by (b) tapping mode AFM (brighter pixels are taller; refer to Figure S10, SI, for measurements with
z-scale information) and (c) FESEM images of (Au 3 cAuy)(PS-b-P2VP 3 cAuz)x at low and high RH% and increasing x from left
to right.

Figure 8. Tapping mode AFM image of (TiO2 3 cAuy)(PS-b-
P2VP 3 cAuz)x superstructure arrays consisting of TiO2 nano-
particle arrays (A) surrounded by PS-b-P2VP reverse mi-
celles (B), with citrate-Au nanoparticles (cAu) (C) adsorbed
onto A and B features (as illustrated in the schematic). The
green arrows point to areas where the TiO2 3 cAuy features
do not show up prominently due to the smaller size of TiO2

particles, representing a population at the tail end of the
size distribution curve.
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enable probing such interactions using less demand-
ing techniques with macroscopic analysis footprints.
The stability of the assemblies especially toward ad-
herence of the nanoparticles at each level of hierarchy
is promising for the application of the bare assemblies.
The binary and ternary assemblies that consist of the
polymer template are stable in aqueous media even at
high ionic strength and to temperatures until the glass
transition temperature (Tg ∼100 �C). The polymeric
features change morphology (height, shape) upon
exposure to solvents that swell the core or coronal
blocks of the reverse micelles. This may be overcome
upon cross-linking one or both of the blocks.55,56 The
assemblies where the polymers have been removed
exhibit higher stability, as can be expected from the
presence of purely inorganic materials. In any case, the
assemblies are not resistant to mechanical scratches
nor to ultrasonication, as can be expected for nano-
particulate films in general. For applications that do not
require the use of bare assemblies, overlayer coatings
of inorganic materials such as SiO2 can be applied to
significantly enhance thermal, mechanical, and chemi-
cal stability of the assemblies. The approaches in this
work present the first layer of development that can be
extended to adapt to a desired application, through
suitable engineering and customization.

CONCLUSIONS

In summary, we have demonstrated an entirely self-
assembly-driven hierarchical approach to fabricating
binary and ternary superstructures exhibiting a high
degree of flexibility in material type and composition.
The approach takes advantage of the self-assembly of
reverse micelles of block copolymers to produce arrays
with a controlled periodicity (centre-to-centre dis-
tance), which enables fine-tuning the composition of
the binary superstructures. Further advantage is drawn
from the functionality of the core of the reverse
micelles that allows both in situ synthesis of materials
and directed electrostatic self-assembly of nanoparti-
cles from the solution phase. The generic nature of the
process used to create material nanostructures at each
level of hierarchy allows significant flexibility in the
choice of material types. This was demonstrated by the
fabrication of superstructures consisting of Au, ZnO,
TiO2, and functional polymer nanostructures with dif-
ferent combinations. The approach is attractive for its
simplicity and ease with which it can produce macro-
scopic arrays of superstructures, using processing that
is quick to implement. The approach thus provides an
excellent platform to realize multilevel hierarchy and
multifunctionality, with control over the degree of
hierarchy or functionality, respectively.

METHODS

Fabrication of A Arrays. The silicon substrates were diced and
cleaned by ultrasonicating in acetone followed by 2-propanol
and finally exposed to UV/ozone (UV-1, SAMCO Inc., Kyoto,
Japan) for 10 min. Reverse micelles from a 0.5% (w/w) solution
of the PS-b-PVP, 380 kDa, fPS≈ 0.5, PDI 1.1, fromm-xylene were
spin-coated (CEEmodel 100CB spinner, Brewer Science Inc., MO,
USA) at 1000, 2000, 4000, or 6000 rpm on Si substrates at high
(RH≈ 55%) or low humidity (RH < 10%). The reverse micelles in
solutions were characterized using dynamic light scattering
(90Plus particle size analyzer, Brookhaven Instruments Corpora-
tion, NY, USA). For controlling humidity during the spin-coating
step, the spin-coater was placed within a custom-built chamber
fromElectro-Tech Systems, Inc. (ETS, PA, USA) thatwas designed
to offer a closed-feedback humidity control in an operating
range of 1�100% RH. For the preparation of A arrays consisting
of gold features, the spin-coated substrates were immersed in
an aqueous solution of 5 mg/mL of HAuCl4 for 15 min, rinsed
with deionized (DI) water, and blown dry using nitrogen. The
polymer template was subsequently removed by O2 plasma RIE
(20 sccmO2, 65mTorr, 30W for 15min) to form Au nanoparticle
arrays. A features consisting of TiO2 nanoarrays were prepared
by subjecting the reverse micelle arrays to TiCl4 precursors
within atomic layer deposition equipment, as reported
elsewhere.37 Briefly, TiCl4 and H2O were introduced into the
atomic layer deposition chamber in pulses (100 cycles). N2 gas
was used as both a carrier gas and purge gas. The number of
cycles precisely determines the amount of precursor impreg-
nated into the hydrophilic PVP core. The polymer template was
removed by subjecting it to O2 plasma RIE to result in TiO2

arrays. AFM (Nanoscope IV Multimode AFM, Veeco Instruments
Inc., NY, USA) in the tapping mode and FESEM (JEOL 6700F,
Tokyo, Japan) were used to characterize the nanopatterns
during each step of fabrication.

Fabrication of ABx Arrays. The second level hierarchy was
obtained by spin-coating reverse micelles of PS-b-P2VP
(114 kDa, fPS ≈ 0.5) (B) onto pre-existing A arrays (with either
Au or TiO2 arrays) at 3000 rpm for 45 s to result inAu(PS-b-P2VP)x
and TiO2(PS-b-P2VP)x assemblies (Figure 6). TiO2(Au)x were
obtained by incubating TiO2(PS-b-P2VP)x in an aqueous solution
of 5 mg/mL HAuCl4 for 15 min, rinsing with DI water, and
blowing dry using nitrogen followed by an exposure to oxygen
plasma RIE as before to remove the polymer. Au(ZnO)x arrays
were prepared by incubating Au(PS-b-P2VP)x arrays in a solution
of 1M zinc chloride in water for 15min, rinsing, and blowing dry
using nitrogen, followed by exposure to oxygen plasma.

Fabrication of (ACy)(BCz)x Arrays. Ternary superstructure arrays
of the type (Au 3 cAuy)(PS-b-P2VP 3 cAuz)x (Figure 7) with A = Au,
B = PS-b-P2VP, C = citrate-Au nanoparticles (cAu) were obtained
by immersing Au(PS-b-P2VP)x into a citrate-stabilized gold
nanoparticle suspension for 2 h. Similarly, (TiO2 3 cAuy)(PS-b-
P2VP 3 cAuz)x (Figure 8) with A = TiO2, B = PS-b-P2VP, and
C = citrate-Au nanoparticles were obtained by incubating TiO2-
(PS-b-P2VP)x in a suspension of citrate-Au nanoparticles for a
duration of 2 h. The citrate-stabilized colloidal Au nanoparticles
were produced using the method described elsewhere.57

Estimation of Volume of the Solution Consisting of xN Micelles. The
hydrodynamic size (2 � Rh) of PS-b-P2VP 114 kDa, fPS ≈ 0.5
reverse micelles as measured using DLS was found to be
104 nm. From the Rg/Rh ratio values commonly encountered
for spherical micelles of ∼0.75,38,58 Rg can be estimated to be
∼39 nm. This can be taken as the dry-state radius of themicelle.
From the volume of an equivalent sphere (of radius Rg) and
assuming a density of 1.1 g/cm3, the mass of a single micelle
can be estimated to be 2.7 � 10�16 g. From the concentration
of the polymer solution (0.005 g/mL), this would represent
∼1.8� 1013 micelles per cm3 of the solution. This would equate
to 1micelle per 5.5� 10�14 cm3 (or 55 attoliters (aL)) of solution,
based on which the volume of the solution containing 3�8
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micelles (corresponding to the values of xN in Figure 5) can be
calculated to be ∼164�437 aL. A minor deviation from this
estimation is expected to arise based on the actual experimen-
tal value for Rg/Rh. Nevertheless, the estimation adequately
serves to delineate the relative orders of magnitude for the
volume of the micelle solution consisting of xN micelles in
relation to that of the Au features. The mean volume of the A
features can be estimated by approximating them as hemi-
spheres, as supported by height and diameter values measured
by AFM and SEM. For the Au nanoparticles shown in Figure 5,
the feature width varies between 68 and 122 nm, and their
resulting volumes can be estimated to be ∼0.09�0.48 aL.
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