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Hierarchical self-assembly

of metal nanostructures

on diblock copolymer scaffolds
Ward A. Lopes*t & Heinrich M. Jaeger*
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Self-assembly is emerging as an elegant, ‘bottom-up’ method for
fabricating nanostructured materials'®. This approach becomes
particularly powerful when the ease and control offered by the
self-assembly of organic components is combined with the
electronic, magnetic or photonic properties of inorganic
components>>’, Here we demonstrate a versatile hierarchical
approach for the assembly of organic—inorganic, copolymer—
metal nanostructures in which one level of self-assembly guides
the next. In a first step, ultrathin diblock copolymer films form a
regular scaffold of highly anisotropic, stripe-like domains'*"2.
During a second assembly step, differential wetting guides diffus-
ing metal atoms to aggregate selectively along the scaffold,
producing highly organized metal nanostructures. We find that,
in contrast to the usual requirement of near-equilibrium condi-
tions for ordering”>", the metal arranged on the copolymer
scaffold produces the most highly ordered configurations when
the system is far from equilibrium. We delineate two distinct
assembly modes of the metal component—chains of separate
nanoparticles and continuous wires—each characterized by dif-
ferent ordering kinetics and strikingly different current—voltage
characteristics. These results therefore demonstrate the possibi-
lity of guided, large-scale assembly of laterally nanostructured
systems.

Two important, competing, issues for the assembly of inorganic
materials on organic scaffolds are high density and selectivity. In the
case of scaffolds formed by copolymer domains (Fig. 1), preferential
wetting of one of the copolymer blocks by metal will selectively
aggregate the metal inside the corresponding domain'*'>. However,
simple coalescence of dense metal nanoparticle aggregates into the
overall shape given by the boundaries of the selected copolymer
domain—similar to that observed for water droplets filling out a
narrow hydrophilic strip’—has not been achieved so far. This is
because of the large surface energies of metals, exceeding those of
copolymers by orders of magnitude. Consequently, metal-metal
bonds will overwhelm metal-polymer bonds and, except for very
small metal concentrations, the final configuration will be a large,
spherical metal aggregate that completely ignores the polymer

T Present address: Arryx Inc., 316 N. Michigan Avenue, Suite CL20, Chicago, Illinois 60601, USA.
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scaffold and mitigates selectivity. Thus, under equilibrium condi-
tions even highly elongated, anisotropic polymer scaffolds may not
be able to guide self-assembling metal particles into wire-like
nanostructures. But here we show how non-equilibrium processes
can induce, and stabilize, recognition of complex patterns provided
by a nanoscale scaffold.

The particular, asymmetric polystyrene-block-poly(methyl-
methacrylate) (PS-b-PMMA) diblock copolymer that we used
forms parallel cylindrical domains of PMMA, with a repeat spacing
of 50 nm, surrounded by PS. Sample fabrication followed a two-
level self-assembly process. First, spin-casting of the copolymer
from solution to a thickness equivalent to one repeat spacing, and
subsequent annealing, produced a thin film consisting of laterally
alternating domains'"'* (Fig. 1). Control over the domain curvature
and orientation is possible, for example by applied in-plane electric
fields'™'%, but was not the focus of the work described here. Instead,
we consider the copolymer domain pattern as a given scaffold, and
focus on the second assembly step, in which a small amount of metal
(of nominal thickness 0.5-12 nm) was thermally evaporated onto
the copolymer film, and the metal atoms were allowed to diffuse'”".
During this second step, the template morphology does not change
as long as the molecular mass is sufficiently high that the order—
disorder temperature is not reached".

For a wide range of metals and small deposited amounts (film
thickness typically <0.6nm, depending on the metal and the
deposition rate), selective decoration of one of the two copolymer
domains is already apparent immediately after metal deposition
(Fig. 2a). We observed this behaviour for Au, Ag, In, Pb, Sn and Bj,
with Au and Ag preferring the PS domain, and In, Pb, Sn and Bi the
PMMA domain. In each of these cases, the preferred domain
becomes the scaffold. Selectivity of nearly 100% is achieved by
warming the system in an inert gas atmosphere to a temperature
that is above the copolymer glass temperature, but below the point
at which the template pattern disintegrates (< 300°C for PS-b-
PMMA) (Fig. 2b). Inside the preferred domain, this leads to a
coarsening that increases both the size and the separation of the
nanoparticles while the metal also diffuses into the domains,
perpendicular to the film plane''. With the exception of Ag,
depositing larger amounts of metal does not fill out the domains.
Rather than coalescing into continuous, elongated structures of
high aspect ratio, the material ignores the template and ‘jumps the

PS (dark)

I 50nm

PMMA
(light)

Figure 1 Transmission electron microscopy (TEM) image of ultrathin diblock copolymer
film. The PS-b-PMMA copolymer (total molecular mass, 84,000; PS molecular mass,
60,000; polydispersity, 1.08; Soxhlet-extracted with cyclohexane to remove excess
homopolymer PS in the diblock copolymer as obtained from Polysciences, Inc.) was spin-
cast from solution to obtain a film thickness corresponding to the bulk repeat spacing, L.
Spin-casting onto amorphous SisN, membrane substrates® allowed direct investigation
by TEM without sample removal. The sketch shows a cross-section of the resulting film
morphology. The striped domain pattern spontaneously forms as a consequence of phase
separation between the two copolymer blocks, and provides the first level in a hierarchy of
self-assembly levels. Image contrast results from electron-beam irradiation-thinning of
the PMMA domains, which therefore appear lighter.
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gap’ between neighbouring domains. Subsequent annealing only
reduces the aspect ratio and leads to particles that are more like
spheres, but does not reinstate selectivity. These results make it clear
that high-density, selective metal decoration cannot result from
equilibrium states of the metal—copolymer system.

One path to increased metal density is to use repeated deposition
and short-time annealing of small amounts of metal. This is
equivalent to generating a large number of nucleation sites for
metal droplet formation inside the preferred domains, while limit-
ing nanoparticle coalescence by keeping the coarsening far from the
final, equilibrium state. This approach produces dense nanochains
(Fig. 2¢) of fairly narrow particle size distribution. A second
possibility utilizing non-equilibrium behaviour involves tailoring
the metal—polymer interactions such that, at least over some time
window, the metal effectively wets one of the two copolymer
domains but de-wets the other. This requires a very high mobility
contrast between the two copolymer domains, allowing the metal to
clear one domain and aggregate at high volume fraction in the other
before surface tension drives the aggregate into its final, spherical
shape. However, under a wide range of conditions (deposition of
films up to 15nm thick at rates from 0.01 to 1 nms™"), we never
found Au, In, Pb, Sn or Bi to fully wet their preferred domain during
any part of the self-assembly process. At best, we observed ellipsoids
with aspect ratios of no more than 4-5 for Au.

The exception is silver, which exhibits behaviour very different
from all the other metals that we investigated and, at coverages
> 10 nm, easily forms continuous nanowires along the PS domains
(Fig. 2d and e). The extremely high surface mobility of Ag on

Figure 2 Metal nanochain and nanowire formation on PS-b-PMMA at different stages
during the second self-assembly level. a, Aggregation of Au metal, vapour-deposited onto
copolymer film (3 nm nominal metal film thickness), into nanometre-sized islands. Before
annealing, the difference in wetting properties between the two copolymer domains is
already apparent. b, Annealing at 180 °C for 1 min in an Ar atmosphere produces highly
selective Au decoration of the PS domains. Inside the preferred domains (the scaffold), the
metal forms chains of nanoparticles. ¢, Repeated deposition and short-time annealing
(3x2nm/180°C) leads to densely packed nanochains. With this procedure, PS domains
can be loaded with metal nanoparticles to volume fractions exceeding 30% without
incurring more than 10 metal bridges per square micrometre between neighbouring PS
regions. Qualitatively similar results are obtained for In, Sn, Pb or Bi. d, Large-scale TEM
micrograph, and e, close-up view of self-assembled Ag nanowires. Nominally 12-nm Ag
was deposited onto the copolymer film without subsequent annealing. Note the extreme
mobility and selectivity of Ag. Ag prefers the PS domains (see also Fig. 3b). Smaller
deposited amounts of Ag (<3 nm) show the same high selectivity, but assemble into
nanochains as in b. Individual nanocrystallites inside the wires exhibit varying grey levels
owing to Bragg scattering from differently oriented lattice planes. All metal depositions
were performed at base pressures of (1—2)x 10~ torr and rates of 0.005-0.1 nms™".
Scale bars: 200 nm in a—¢, and 100nm in d and e.

736

%4 © 2001 Macmillan Magazines Ltd

PMMA is apparent from the fact that no annealing is required to
produce essentially 100% selectivity (Fig. 2e). Changes in the rate of
metal deposition did not qualitatively affect wire formation or
selectivity. Note that these wires can follow the 25-nm-wide poly-
mer scaffolds over distances of micrometres without breaks. Once
formed, the wires were stable for at least 9months at room
temperature. Yet with a surface tension for Ag of around 1.2-
1.4 m™ (ref. 20), three orders of magnitude higher than that for the
polymers®, and with the silver—silver interaction known to dom-

red ¥ J{ i
f , - w
| L.
N ‘
Y.
Y X
Figure 3 Comparison of Monte Carlo simulation (left column) and experimental results
(right column) for Ag nanowire formation. The simulation results shown were obtained for
mobility ratio m<< 1 and sticking coefficient 0.8 < S<1. a, b, Early stages of metal
diffusion and aggregation after 20 out of a total of 128 random walkers have been started
in the simulation, or about 2 nm of Ag has been deposited in the experiment. The
simulation considers diffusion and aggregation on a lattice consisting of a high- and a low-
mobility side, coloured light and dark grey, respectively. The aggregation of Ag atoms into
well separated nanoparticles with typical diameters around 10 nm inside the polystyrene
domains, corresponding to the darker regions in the TEM micrograph, is seen in b and
replicated in a. ¢, d, Once all 128 walkers have been randomly added to the simulation,
highly domain-selective aggregation into continuous wire-like nanostructures completely
fills the low-mobility side of the lattice. In the experiment, this corresponds to deposition of
>12nm Ag. e, f, At later stages in the simulation (e), the highly anisotropic, elongated
wires in ¢ deform. This is mediated by a strong metal—metal interaction that allows for a
high mobility of walkers along the perimeter of aggregates, negating the low mobility for
diffusion on the underlying polymer and favouring rounded overall shapes. Qualitatively,
the same tendency toward more spherical, equilibrium shapes is seen in the experiments
if the system is warmed to >80 °C (f). Removal of the Ag by a suitable etch shows that
only the metal deforms, while the underlying template retains its original morphology as in

Fig. 1 (in the TEM micrograph (f), the comparatively low-contrast polymer domains are not
discernible).
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inate over the Ag—PS interaction”, the wires are clearly non-
equilibrium structures: the equilibrium state for Ag on the diblock
is of spherical shape, as for the other metals.

To elucidate the kinetic mechanism responsible for wire forma-
tion, we performed two-dimensional Monte Carlo simulations.
Figure 3 compares snapshots from one such simulation with
experimental results. The simulation involved 16 X 16 lattice sites
with periodic boundary conditions to represent a 50 nm x 50 nm
‘unit cell’ of the sample, containing one PMMA domain (light grey)
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Figure 4 Electronic transport measurements on self-assembled nanochains (a) and
nanowires (b). The samples were prepared on silicon nitride membrane substrates®
which allowed for all self-assembly steps, as well as in-plane electrode fabrication, low-
temperature transport measurements, and finally direct TEM observation to be performed
on the same sample without removal from the substrate. The inset to a shows a scanning
electron micrograph of the central region of the substrate (@ membrane 100 nm thick,
transparent to electrons and thus appearing dark) with 17-nm-thick Cr electrodes that
were used both for copolymer domain alignment'® during the first assembly level, and
later to interface the nanochain array to external circuitry. a, The self-assembled
copolymer scaffold, not yet decorated with Au nanoparticles, exhibits current levels

< 50fA across the in-plane electrodes (gap spacing 4 .m). After Au decoration

(see Fig. 2c for a close-up of the sample), highly nonlinear current—voltage characteristics
(~Vcurves) are observed. The nonlinearity arises from large charging energies that at low
bias voltages prevent electron tunnelling between nanoparticles embedded in the
surrounding polystyrene matrix. The spread in nanoparticle sizes and spacings along the
current paths inside each copolymer domain translates into a range of single-electron
charging energies and tunnel resistances. At higher temperatures, additional paths
involving smaller islands—that is, larger charging energies—become accessible and
lead to an increased conductance, particularly at small bias voltages®. b, Metallically
continuous Ag nanowires, by contrast, exhibit highly linear /—V/ curves. The inset shows
that this ohmic behaviour extends down to the smallest voltage levels measured. This
sample, shown close up in Fig. 2d and e, had 2-mm-wide in-plane electrodes, resulting in
an array of ~10* parallel nanowires of which about 10% were continuous across the
electrode gap (12 pm).
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and one PS domain (dark grey). Occupied sites on the lattice
(‘random walkers’, black squares) representing Ag atoms or small
Ag clusters were allowed to diffuse and aggregate over time.
Approximating the way that the atoms land on the diblock template
during metal deposition and the time that small clusters take to
form, the simulation added individual walkers to the lattice gradu-
ally, but spatially randomly, until 50% of all available lattice sites
were occupied. The ratio of the mobilities on the two halves of the
lattice is m = Dps/Dpyma, where D; is the metal diffusion constant
for motion in copolymer domain i. The metal-metal interaction
was modelled by an attractive interaction mediated by a sticking
coefficient, S, and a hard-core repulsion to avoid particle overlap.
The mobility of metal aggregates containing N > 1 neighbouring
walkers was taken to vary as 1/N. Because the metal prefers one of
the copolymer domains (PS in the case of Ag or Au) over the other,
even under equilibrium conditions, a small energy difference
between the two halves of the lattice was included. This difference
is insignificant, however, when compared to the attractive metal—
metal interaction.

By a suitable choice of the two parameters 7 and S, we achieved a
good correspondence between experiment and simulation (Fig. 3),
including the early stages at very low metal coverage and the
formation of continuous wires at intermediate times. Also apparent
is the disintegration of these wires as the system comes closer to
equilibrium. Experimentally, the self-assembled wire structures can
be stabilized by quenching the sample after metal deposition (to
room temperature in the case of Ag). Moderate warming to > 80 °C
changes the Ag wires into rounded shapes (Fig. 3f), which corre-
spond well with the bulbous structures seen in the simulation at late
stages (Fig. 3e). Close inspection by transmission electron micro-
scopy (TEM) and diffraction measurements show that the Ag wires
immediately after metal deposition (Fig. 3d) are highly polycrystal-
line, while a slight anneal induces a rapid growth of larger (tens of
nanometres) single-crystalline regions before the wires disintegrate.
This again demonstrates a very large surface mobility of Ag atoms,
not only on PMMA but also on the Ag nanocrystallites.

Although a more quantitative comparison with experiment may
require a more realistic model, the present simulation demonstrates
the possibility of tailoring the copolymer + metal system to opti-
mize wire formation. Exploration of the (m,S) parameter space
shows” that this requires m— 0 and S— 1. As metal-metal bond
energies E, are large compared to the thermal energy, kg7, near
room temperature, the parameter S = 1—exp[—Ep/(kgT)] cannot
deviate much from unity. However, m is affected by the choice of
both copolymer and metal. From control experimentss> with Ag on
homopolymer PS and PMMA of the same molecular masses as in
the copolymer we estimate™ 0.005 < m < 0.03. Although we found
such a value only for Ag, suitable metal alloys and different
copolymers should provide a straightforward means for tuning m.

To demonstrate the versatility of this hierarchical route for self-
assembly of functional, laterally nanostructured systems, we now
discuss the distinctly different behaviour produced by the nano-
chains and nanowires shown in Fig. 2. At high metal-loading
fractions, the particles come close enough to provide electrically
conducting paths. Figure 4 shows electronic transport measure-
ments obtained for fully self-assembled conductors of this type.
Nanochains exhibit highly nonlinear current—voltage (I-V) curves
(Fig. 4a), characteristic of single-electron tunnelling between nano-
metre-sized metal islands in the presence of strong charging
(Coulomb blockade) effects*. The large overall threshold voltage
for current onset results from the series combination of many such
tunnel junctions along the current path. At low voltage bias, the
structures are essentially insulating but switch over to conducting
behaviour beyond the threshold. By contrast, the I-V curves for the
nanowires are linear (Fig. 4b). Such ohmic response is indicative of
continuous, metallic connections across the sample. The resistivity
of a few pQcm (using TEM on the same sample to estimate the
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number and geometry of fully connected paths) is in line with the
notion of grain-boundary-dominated transport in a polycrystalline
metal, as is the observation of only a small decrease of the resistance
with decreasing temperature. Thus, for a given overall geometry
of conduction paths, controlled by the self-assembly of the copoly-
mer scaffold, the ability to tune the metal-polymer kinetics of
the second assembly level provides the flexibility to tailor the
transport behaviour independently—and over the whole range
from insulating or semiconducting to metallic.

This ability to separate, by hierarchical self-assembly, the forma-
tion of the organic scaffold from the processes functionalizing it
with an inorganic component, in our case metal, opens up possi-
bilities of assembling nanostructures with large anisotropy and very
high local dielectric contrast, suitable for nanogratings, intercon-
nects or sensor applications. Finally, although we have described a
prototype hierarchical assembly process with two levels, additional
levels are clearly possible. For example, the structures shown in Fig. 2
might form the basis for electroless plating steps or for the attach-
ment of suitable biomolecules. O
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Himalayan tectonics explained by
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Recent interpretations of Himalayan—Tibetan tectonics have
proposed that channel flow in the middle to lower crust can
explain outward growth of the Tibetan plateau'~, and that ductile
extrusion of high-grade metamorphic rocks between coeval
normal- and thrust-sense shear zones can explain exhumation
of the Greater Himalayan sequence*”’. Here we use coupled
thermal-mechanical numerical models to show that these two
processes—channel flow and ductile extrusion—may be dynami-
cally linked through the effects of surface denudation focused at
the edge of a plateau that is underlain by low-viscosity material.
Our models provide an internally self-consistent explanation for
many observed features of the Himalayan—Tibetan system®’.

Figure 1 shows a general cross-section, highlighting features of
the orogen (numbers 1-9) requiring explanation in any quantita-
tive model'’. These include contemporaneous north—south short-
ening on the Main Central thrust (MCT) system (1) and extension
along the South Tibetan detachment (STD) system (2), the creation
of gneiss domes (3) in the southern Tibetan plateau, the style and
timing of metamorphism in the Greater Himalayan (GHS, 5) and
Lesser Himalayan (LHS, 6) sequences, and the juxtaposition of
contrasting protoliths (8) across the MCT zone. We show below that
these disparate observations can all be interpreted to result from
coupling between channel flow originating in partially molten crust
beneath Tibet (4) and rapid denudation of the south flank of the
Himalaya (7).

We first present the behaviour of a reference model (model 1;
Fig. 2), and demonstrate a similar tectonic style with boundary
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Figure 1 General tectonic features of the Himalaya and southern Tibet>®01516,

Numbers 1-9 correspond to important features requiring explanation'®; see Figs 2—4 for
corresponding features of models. Inset shows southern flank of Tibetan plateau (not to
scale) with geological features discussed in text. LHS, Lesser Himalayan sequence; GHS,
Greater Himalayan sequence; TS, Tethyan sequence; MCT, Main Central thrust; STD,
South Tibetan detachment; MHT, Main Himalayan thrust; MBT, Main Boundary thrust;
FTB, fold-thrust belt (Siwaliks). Colours (all figures): blue, weak upper crust; yellow,
medium-strength middle crust; grey, strong lower crust; pink, melt-weakened middle
crust (includes migmatite and plutons).
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