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his Account explores nanofabricated pyramids, a new class of nanoparticles with tunable optical properties at visible

and near-infrared wavelengths. This system is ideally suited for designing multifunctional plasmonic materials for use
in diagnostics, imaging, sensing, and therapeutics. The nanofabrication scheme that we developed (called PEEL) for these
asymmetric metal particles is extremely versatile and offers several advantages over synthetic methodologies.

The PEEL approach yields pyramids with variable sizes, thicknesses, and multimetal compositions, as well as blunt or
ultrasharp tips or no tips. In addition, we have prepared pyramids with site-specific chemical and biological functionality
on different portions of the pyramids. This is an important design feature for biological applications, as suggested by the
generation of amphiphilic gold pyramids functionalized with alkanethiols on the hydrophabic portions and DNA on the hydro-
philic portions.

The optical characteristics of these pyramids depend on particle orientation, wavevector direction, and polarization direc-
tion and can be tuned. Using the multipolar surface plasmon resonances of large (>250 nm) pyramids, imaging and spec-
tral identification of pyramid orientation in condensed media was possible. We were also able to direct pyramids to assemble
into one- and two-dimensional arrays with interesting optical properties. Furthermore, modification of the PEEL fabrication
scheme allowed the production of multimaterial pyramidal structures with complex attributes, highlighting the power of this
platform for exacting nanometer-scale control over particle structure and composition.

Site-specific
functionalization

Spatially distinct

Design flexibility Sl miatartile

Introduction resonances, which can be tuned by controlling
particle size, shape, and materials composition

Plasmonics, the science and application of noble ) ) ) )
and surrounding dielectric environment.?~* The

metal structures interacting with light, has received
significant attention recently because of three
cooperative effects to make, measure, and mod-

first plasmonic NPs to be synthesized and charac-
terized were gold and silver colloids.> The optical

el." Advances in nanoparticle (NP) synthesis and
fabrication, innovations in novel analytical tools
and measurements, and clever theoretical model-
ing have been drivers for new discoveries. Noble
metal NPs support localized surface plasmon (LSP)
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properties of plasmonic particles are determined
by relative contributions of absorption and scat-
tering of light (extinction = absorption + scatter-
ing). Small metal particles (overall sizes <50 nm)
are dominated by the former process, while larger
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particles (> 100 nm) are dominated by the latter.%” Further-
more, small spherical particles support single LSP resonances
that are dipolar in character, and their optical response can be
described well by the lowest order term in Mie theory.® Par-
ticle sizes of several hundred nanometers exhibit multiple LSP
resonances®® that correspond to higher order plasmon
modes. 0"

Because plasmonic NPs exhibit intense localized electric
fields, they have been exploited for enhancing and detecting
weak processes. Examples include chemical and biological
detection'2~'® and surface-enhanced Raman spectroscopy
(SERS)."”"'® Besides these diagnostic applications, plasmonic
particles are becoming increasingly important in biomedical
imaging and therapeutics because (1) they have large extinc-
tion cross-sections (10*—10° times for 30-nm gold or silver
NPs compared with fluorescent dyes’) and do not pho-
tobleach,'® (2) they exhibit plasmon resonances at near-infra-
red (NIR) wavelengths (800—1300 nm), which is the biological
window where tissue is relatively transparent,?%2" (3) gold and
silver NPs are not cytotoxic (up to a few micromolar),?*23 and
(4) the light absorbed and scattered by metal NPs can be con-
verted to heat.>*?>

Preparation of Anisotropic Metal
Nanoparticles

Typically, plasmonic nanoparticles are synthesized using solu-
tion techniques that involve the reduction of metal salts in the
presence of surfactants. An extensive overview of the different
conditions and outcomes has been published elsewhere 2627
Particles with anisotropic shapes, including rods,®2" cubes,*® cag-
es,?? shells,?° prisms,3° stars,®>' and octahedra,®* have been
made; such shapes usually have a high degree of symmetry.
Solution synthesis offers a straightforward and relatively inex-
pensive way to scale the production of anisotropic metal parti-
cles. There are several challenges, however, in synthesizing
multifunctional plasmonic NPs. First, to prepare patticles consist-
ing of two or more metals, elaborate synthetic schemes are
necessary.*33 Second, because particle surfaces are stabilized
with surfactant molecules, ligand displacement reactions are
required to achieve desirable functionalities. Third, although spe-
cific locations of NPs can be differentially modified, the proce-
dures typically require the use of solid-phase templates®*3> or
assemblies of mixed ligands,® which adds additional steps to the
process. To access metal NPs with anisotropic as well as asym-
metric shapes and to create them from a wider variety of mate-
rials more readily, alternative strategies are critical.
Nanofabrication offers a top-down approach for preparing
highly anisotropic and asymmetric metal nanostructures with
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a high level of control over size and shape. Fabrication tech-
niques are especially suited to generate particles with overall
sizes that exceed 100 nm. Serial patterning techniques such
as electron beam lithography can generate two-dimensional
(2D) structures with arbitrary sizes and shapes,”-3® although
the throughput is very low. Besides direct-write methods, tem-
plates have been the primary method to produce particles
with anisotropic shapes. Isolated submicrometer spheres and
close-packed sphere arrays have acted as templates onto
which metals were deposited to obtain particles with crescent-
like shapes34° and truncated triangular prisms.*' Anodized
aluminum oxide membranes are another widely used tem-
plate for producing nanorods as long as 10 um.*? Etched sil-
icon templates and nanohole masks have been used to create
pyramidal shells.*344

In addition, fabrication methods offer several general
advantages over chemical ones. First, different materials com-
positions can easily be prepared in particles using sequential
deposition steps. Second, because the surfaces of as-prepared
NPs are surfactant-free, they can be directly functionalized with
thiolated biological and chemical moieties. Third, NPs can be
organized into periodic arrays with well-defined interparticle
orientations. In this Account, we review a new class of asym-
metric metal particles, nanofabricated pyramids, that are an
ideal platform for designing multifunctional plasmonic mate-
rials. The fabrication method is versatile and can generate pyr-
amids with different sizes and thicknesses, with blunt,
ultrasharp, or no tips, and with different materials combina-
tions. Because of their relatively large sizes (> 150 nm) and
anisotropic shape, the pyramids exhibit tunable optical prop-
erties at visible and NIR wavelengths that depend on particle
orientation, wavevector direction, and polarization direction.
Such unique geometrical and optical characteristics make pos-
sible new applications in imaging and sensing.

A New Plasmonic Platform: Pyramidal
Particles

Size, Shape, and Materials Control. We have developed a
nanofabrication approach, PEEL (a procedure consisting of
phase-shifting photolithography (PSP), etching, E-beam depo-
sition, and lift-off), which can generate free-standing pyrami-
dal structures with diameters ranging from 80 to 500 nm and
tips with radii of curvature as small as 2 nm.*? The nanofab-
ricated pyramids are highly uniform in size and shape because
they are formed by templating against an etched single-crys-
tal Si(100) wafer.> Figure 1 outlines how different steps in the
PEEL process can result in a wide range of tunability regard-
ing the size, shape, and materials of the pyramids. First, PSP
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FIGURE 1. Scheme representing the broad tunability range of
structural, materials, and chemical parameters of the
nanofabricated pyramid system.

is used to generate arrays of circular posts in positive-tone
photoresist (step A); the diameters (d) determine the size of the
base of the pyramids. A thin film of Cr is then deposited onto
the substrate and lifted-off to produce small, circular holes.
Depending on how long the Cr/Si substrate is anisotropically
etched (step B), the pyramids will either have sharp tips or flat
(and blunt) tips. Different materials can then be deposited into
the etched pyramidal pits (step C); here is where the thick-
ness (f), materials composition, and multilayered structure of
the pyramids are determined. Next, the Cr layer is etched to
reveal pyramids embedded in the Si substrate, which is then
partially etched so that the inner and outer surfaces can be dif-
ferentially modified with molecules having different function-
alities (step D). The pyramids can be dispersed into solution by
sonication.

Selective Functionalization of Pyramid Faces. The abil-
ity to differentially modify specific portions of NPs is impor-
tant for designing hierarchical, multifunctional structures for
therapeutic and diagnostic applications. PEEL provides two

colloids

200
FIGURE 2. (A) Procedure for selective functionalization of gold
pyramids patterned on a silicon template and SEM images of
pyramids selectively functionalized with DNA and hybridized with
DNA-modified 13 nm Au colloids on their (B) inner and (C) outer
surfaces. Reproduced with permission from ref 45. Copyright 2007
American Chemical Society.

complementary routes to control the placement of molecules
on the pyramid faces: (1) selective functionalization of single-
material pyramids on the patterned silicon template or (2)
functionalization of multimaterial pyramids in solution. In the
first approach, as part of their fabrication procedure (Figure 1,
step B), the pyramids are embedded in the Si substrate with
only their inner surface exposed. Here the inner surfaces of
the pyramids can be decorated with thiolated molecules. Fur-
ther etching of the substrate exposes the outer faces of the
pyramids, and modification with another type of thiolated
molecule can result in differentially functionalized particles.
Figure 2 shows how gold pyramids with amphiphilic charac-
ter can be prepared, where the hydrophilic portions were sin-
gle-stranded DNA (visualized by gold colloids modified with
the ¢DNA strand) and the hydrophobic portions were
alkanethiols.** In the second approach, after multimaterial
pyramids are dispersed in solution, differential modification
can be achieved using ligands with affinity to only one of the
metals. As shown in Figure 3, pyramids whose outer shell was
gold and inner shell was nickel (Au/Ni pyramids) and whose
outer shell was nickel and inner shell was gold (Ni/Au) only
had thiolated DNA attached to the gold surfaces.*®

Imaging Capabilities and Spectroscopic
Properties of Single Pyramids

We have used dark field (DF) microscopy and spectroscopy to
study the optical properties of the individual pyramids. White
light incident from a DF condenser at high angles (ca.
53°-71°) is scattered by pyramids supported on a substrate,
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FIGURE 3. Schemes and SEM images of bimaterial pyramids
selectively functionalized in solution: (A) Au/Ni pyramids; (B) Ni/Au
pyramids with gold colloids attached to the gold faces by DNA
molecules. Reproduced from ref 46.
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FIGURE 4. (A) lllustration of the DF microscopy and spectroscopy
setup and the two different orientations of pyramids and (B) DF
image of 300 nm gold pyramids, 150 nm gold pyramids, and 100
nm gold colloids on ITO/glass substrates.

collected by an objective lens, and then projected onto a CCD
imaging detector or analyzed using a grating spectrometer
(Figure 4A). To correlate the orientation and structure (size,
shape) of the pyramidal particles with their scattering spec-
tra, we used gold alignment markers on ITO-coated glass sub-
strates. In this way, we carried out single-particle spectroscopy.
When randomly dispersed on a flat substrate, pyramids adopt
two orientations: (1) with their tips pointing away from the sur-
face (tip-up) or (2) with their tips touching the surface (tip-
down). Spectral analysis of the scattered light revealed
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FIGURE 5. Single-particle scattering spectra of 60-nm thick gold
pyramids with base diameters of (A) 150, (B) 200, and (C) 300 nm.
interesting and complex spectral features characteristic of pyr-
amids with different diameters, orientations, and thicknesses.
Effects of Pyramid Size on Optical Properties. Figure 4B
demonstrates how light scattered by gold pyramids can be
imaged with high contrast compared with the optically flat
substrate. Larger pyramids (d = 300 nm) scattered white light
more strongly than smaller particles (d = 150 nm); in com-
parison, spherical 100-nm gold particles scattered red light
strongly, while pyramids scattered a broader range of wave-
lengths. Previously, we found that 100-nm gold pyramids only
supported a single dipolar resonance that occurred around
720 nm when t = 50 nm. The shape and location of the LSP
resonance was in good agreement with discrete dipole
approximation (DDA) calculations.'” As their diameters
increased from 150 to 300 nm (¢t = 60 nm), the pyramids
began to develop structure in their scattering spectra that
depended on both size and orientation (Figure 5). First, as the
diameter of the pyramid base increased, the dipolar resonance
shifted to longer wavelengths, and peaks and other struc-
ture started to emerge around 600 nm (Figure 5B,C). Second,
the spectral features that are now blue-shifted relative to the
dipolar resonance are more pronounced for 300 nm pyra-
mids. Figure 5C indicates that the spectrum of tip-up pyra-
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FIGURE 6. (A) DF image of individual 300 nm gold pyramids on ITO, (B) single-particle scattering spectra of pyramids indicated in panel A,
(Q) ratio of intensities at 600 and 850 nm of the pyramids, and (D) SEM images confirming the orientation of pyramids predicted by their
spectra in panel B. Reproduced with permission from ref 45. Copyright 2007 American Chemical Society.

mids is dominated by the resonance around 600 nm, while
tip-down pyramids exhibit a 600-nm peak with reduced inten-
sity but an additional one at NIR wavelengths.

In submicrometer particles, such as triangular and rectan-
gular prisms,®'%47 cylinders,*® spherical shells,*? and pyra-
midal shells,'" multipolar excitations depend on the direction
of the wavevector and the polarization vector.>® When the
particles have sizes comparable to the wavelength of incident
light, their optical resonances are sensitive to the direction of
excitation, and certain excitation angles can make selected
resonances more pronounced.*” For example, depending on
the direction of incident light, the phase of the excitation field
in asymmetric gold pyramids can vary significantly,'' which
can result in the excitation of different superpositions of mul-
tipolar resonances.”' These effects can also be observed when
the pyramids are in different orientations (i.e., the incident
wavevectors are fixed but the base plane of the pyramid is at
an angle), as described below.

Effects of Pyramid Orientation on Optical Properties.
Large (d > 250 nm) pyramids in different orientations (tip-up
and tip-down) should exhibit distinct scattering spectra. This
unique characteristic of our asymmetric particles, in the
absence of polarization, enables their orientation to be deter-
mined in condensed media without the need for direct and
destructive imaging tools. We have demonstrated this capa-
bility in Figure 6A, a typical DF image of individual pyramids
on a substrate. After randomly selecting and measuring the
spectra of six bright spots (Figure 6B), we found that their spec-
tra fell into two categories: (1) those with 600 nm peaks of rel-
atively high intensity and (2) those with peaks at 600 and 850

nm with comparable intensities. Indeed, when the ratio of scat-
tering intensities at 600 and 850 nm was calculated, two dis-
tinct bands emerged (Figure 6C), and SEM images of the
pyramids revealed that pyramids with high Igq0/lgs50 ratios
were tip-up and those with low /gq0/lg50 ratios were tip-down
(Figure 6D).

Effects of Pyramid Shell Thickness on Optical Proper-
ties. To determine how the optical properties changed with
the thickness (¢) of the pyramidal shells, we measured scatter-
ing spectra of pyramids with a fixed diameter (d = 300 nm)
with ¢ ranging from 15 to 80 nm (Figure 7). Notably, the tip-up
and tip-down orientations of thicker pyramids exhibited more
pronounced spectral differences than thinner pyramids of the
two orientations. For tip-up pyramids, the intensity of the 600
nm peak increased as the thickness of the pyramids increased
but seemed to disappear or shift to longer wavelengths, when
the thickness decreased. Also, as the thickness of the pyrami-
dal shell approached t = 15 nm, all of the resonances shifted
to wavelengths greater than 650 nm (Figure 7D). Thus,
besides their ability to support multipolar modes because of
size, our pyramidal system can be tuned to exhibit multiple
visible and NIR plasmon resonances simply by controlling the
thickness of the metal deposition (Figure 1, step C).

In order to investigate the optical properties of gold pyra-
mids at wavelengths longer than 950 nm, we dispersed 300
nm gold particles in D,O and measured the extinction spec-
tra. Both 60 nm and 110 nm thick pyramids exhibited sev-
eral resonances between 600 and 1400 nm. In agreement
with calculations, as the thickness of the gold pyramid
increased, the central resonance was suppressed, and the
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FIGURE 7. Scattering spectra of 300 nm gold pyramids with
thicknesses of (A) 80, (B) 40, (C) 25, and (D) 15 nm and with two
orientations (tips up (m) and tips down (O)).

other resonances were shifted to shorter wavelengths (Figure
8).>' Simulations revealed that the first peak (not the shoul-
der) was an electric quadrupole resonance and that the third
peak was an electric dipole resonance. The most interesting
plasmon mode was the one around 1000 nm, which had
transverse electric (TE)-like character because of oscillation of
the polarization perpendicular to both the incident polariza-
tion and wavevector directions. Theory and experiment agree
reasonably well on the position of the plasmon mode, but
there are some discrepancies in the intensities. This result is
expected considering the slight variations in the nanofabri-
cated particles and the extreme sensitivity of extinction with
shell thickness. In general, the calculations appear to overes-
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FIGURE 8. (A) Measured and (B) calculated extinction spectra of 60
nm thick (solid line) and 110 nm thick (dashed line) pyramids in
D,0. Modified with permission from ref 51. Copyright 2008
American Chemical Society.

timate the intensity of some resonances, which could be due
to factors such as the assumed particle morphology or the
chosen dielectric constant at those wavelengths. Overall, how-
ever, experiment and theory showed the same trends. In par-
ticular, measurements confirmed the three-peak resonance
structure that theory predicted for t = 60 nm and verified that
the central TE-like resonance could be suppressed by increas-
ing the thickness of the pyramids.

Spectroscopic Properties of Arrays of
Pyramids

Besides characterizing the optical properties of single pyra-
mids, we were interested in how the SP resonances would
evolve as the particles were manipulated into arrays. Studies
involving pairs of NPs showed that when the particles are in
close proximity, new resonances emerge from plasmon
coupling.>#>3 Large field enhancements can also occur
between closely spaced particles, which enhances the capa-
bility to detect weak interactions such as SERS.>*

Patterned Two-Dimensional Arrays of Pyramids. The
fabrication scheme in Figure 1 allows us to obtain perfectly
aligned arrays of gold pyramids that can be encapsulated in
an optically transparent polymer. After step C, the anisotro-
pic etching conditions can be controlled such that the pyra-
mids are situated on silicon pedestals. The arrays of pyramids
can then be encased in a poly(dimethylsiloxane) (PDMS)
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FIGURE 9. (A) Measured and (B) calculated scattering spectra of
250 nm gold pyramid arrays under polarized incident light.
Reproduced from ref 11.

matrix to yield a free-standing PDMS membrane. In contrast
to pyramids dispersed on a flat substrate, whose orientations
are limited to either being tip-up or tip-down (that is, touch-
ing the substrate), the PDMS/pyramid film can be placed at an
arbitrary angle with respect to the incident light. Because the
interparticle distance was too large (ca. 2 um) for SP coupling
between pyramids, the array displayed optical properties sim-
ilar to that of single pyramids.*> To investigate the effects of
polarization direction, however, we needed to test pyramids
in specific, well-defined orientations relative to the DF micro-
scope optical axis; hence, we used aligned 2D arrays.

Not surprisingly, when the base planes of the pyramids
were perpendicular to optical axis, the scattering spectra did
not show any polarization dependence because the orienta-
tion of the pyramids was symmetric with respect to the inci-
dent light. When the base planes were oriented parallel to the
optical axis, the scattering spectra did exhibit polarization
dependence (Figure 9). Rotation of the polarization direction
from parallel to perpendicular relative to the pyramid base
resulted in a color change from deep-red to light red. Calcu-
lations indicated that the plasmon resonance peak under par-
allel polarization was a quadrupole mode localized in the base
plane at 750 nm."" Under perpendicular polarization, sev-
eral resonances emerged with an overall envelope qualita-
tively similar to the measured result (Figure 9A) except that the
intensity of the peak at ca. 880 nm was too weak (Figure 9B).

Assembled One-Dimensional Arrays of Pyramids. Pyr-
amids composed of multiple layers can be easily generated by
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FIGURE 10. (A) SEM image of Au/Ni pyramid chains, (B) scattering
spectra of individual Au/Ni pyramids in two orientations, and (C)
polarization-dependent scattering spectra of a single Au/Ni chain.
Reproduced from ref 46.

layer-by-layer deposition of materials (Figure 1, step Q). To cre-
ate bifunctional nanoparticles, we combined the optical prop-
erties of gold with the magnetic properties of nickel (Au/Ni
pyramids). The ferromagnetism of nickel provides a straight-
forward means to assemble and manipulate pyramids. Under
a static magnetic field (0.5 T), Au/Ni pyramids could be assem-
bled into one-dimensional chains with lengths up to 200 um
(Figure 10A).%® Orientations of individual nanopyramids within
a single chain, however, did not align parallel to the mag-
netic field lines. As the direction of the magnetic field was
rotated, the pyramidal chains also rotated to maintain align-
ment along field lines.

In chains of Au/Ni pyramids, individual particles were sit-
uated very close to each other (less than half of the particle
size), which suggests that the plasmon resonances of the pyr-
amids should couple.>> We measured the scattering spectra of
individual 300 nm Au/Ni pyramids and found that (1) there
was very little orientation dependence on the optical proper-
ties since the peaks at longer wavelengths were suppressed
(Figure 10B) and (2) the overall scattering intensities were
weaker compared with gold pyramids because nickel damp-
ens the SP resonance of gold.>® Hence, the different orienta-
tions of the pyramids within a chain should not affect the
effective properties of the array. Scattering spectra of single
Au/Ni pyramid chains depended strongly on polarization of
the incident light. Under polarization parallel to the long axis,
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FIGURE 11. (A) Scheme illustrating how the Cr hole/Si etched
template can be rotated and tilted at different angles to generate
pyramids without tips and with square bases, (B—D) SEM images of
tipless gold pyramids deposited at tilt angles of 40°, 45°, and 50°,
and SEM images of (E) Ti/Ta pyramidal structure (Ti deposited first
at an angle of 45°/Ta deposited at 0°), (F) Pd/Au bimetal pyramidal
structure (Pd at 45°/Au at 0°), and (G) Au/Ti/Pd trimetal pyramidal
structure (Au at 55°/Ti deposited at 45°/Pd at 0°).

an additional feature at 750 nm was observed, which can be
attributed to interparticle SP coupling (Figure 100Q).

Expansion of the Platform: Tipless
Pyramids

In an effort to address the pressing need for new classes of
tunable plasmonic materials, we have developed a method
that enables control over particle shape by a creative adapta-
tion of shadow masking techniques. E-beam evaporation of
material at a fixed angle relative to a planar template (e.g.,
photoresist patterns or microspheres94°>7) followed by
removal of the template produces a portion or edge of the
template but with reduced feature sizes. We have modified
our PEEL fabrication scheme to create variations on the pyra-
midal shape by (1) orienting the Cr hole film/etched Si sub-
strate (after step B) at a range of angles prior to deposition and
(2) rotating the sample stage. Figure 11A depicts how the tem-
plate substrate can be tilted and rotated to generate pyramids
without tips and with square bases. Figure 11B—D demon-
strates how the angle of the stage can control the size of
opening or amount of truncation of the tip. The creation of
pyramids with and without tips is particularly interesting for
tuning the multipolar plasmon resonances of pyramids; the-
ory has predicted that truncated pyramids should suppress the
TE-like resonance mode observed in 300 nm gold pyramids.>"
There are also potential implications for localizing electromag-
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netic fields at specific locations in tipless pyramids since cal-
culations have already predicted enhancements at the tips and
sharp edges of the nanostructures.''>®

Multimaterial pyramidal shells whose outer faces are com-
posed of different materials can be obtained by first creating
tipless pyramids out of one metal and then depositing a sec-
ond metal line-of-sight through the Cr hole mask onto the tip-
less pyramids still embedded in the template. Figure 11E—G
highlights a range of pyramidal structures with two or three
different metals on the outer faces. This materials tunability is
truly unique to the pyramidal system and will enable further
opportunities for site-selective chemistry as well as hybrid-
ized optical properties of noble metal pyramids.

Conclusions and Outlook

In this Account, we have highlighted how nanofabricated pyr-
amids are a unique platform for designing multifunctional
plasmonic particles. Although most research has focused on
synthetic methods to create nanoparticles, we believe there
are distinct advantages to this optically tunable system: spa-
tial control of chemical and biological moieties; spectral iden-
tification of orientation; spatially distinct multimaterial
compositions; perfect particle alignment in 2D periodic arrays.
In addition, the structure of the pyramidal shells has resulted
in unanticipated spectral features, such as TE-like plasmon
modes, or has enabled exquisite control over having
ultrasharp tips or no tips. Taking into account all capabilities,
this class of materials can be considered a leading candidate
for biological diagnostics and therapeutic applications.

Besides these applications based on nanopatrticles that cur-
rently exist, other applications of our pyramidal system that
could exist include multifunctional scanning probe micros-
copy tips for improved spatial resolution as well as magnet-
ic>® and chemical imaging,®° inert scaffolds for assembling
organic drug particles for delivery applications,® and local
enhancers of optical absorption in photovoltaic devices.®* Fur-
thermore, beyond expanding the phase diagram of structure—
function relationships for plasmonic particles, we anticipate
that our toolkit will offer novel solutions for problems that
demand exacting control over structure and composition at
the nanometer scale.
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