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Self-assembly for electronics

Cherie R Kagan, Taeghwan Hyeon, Dae-Hyeong Kim,
Ricardo Ruiz,* Maryann C. Tung,and H.S. Philip Wong

Self-assembly, a process in which molecules, polymers, and particles are driven by local interactions to organize into
patterns and functional structures, is being exploited in advancing silicon electronics and in emerging, unconventional
electronics. Silicon electronics has relied on lithographic patterning of polymer resists at progressively smaller lengths to scale
down device dimensions. Yet, this has become increasingly diffi cult and costly. Assembly of block copolymers and colloidal
nanoparticles allows resolution enhancement and the defi nition of essential shapes to pattern circuits and memory devices. As we
look to a future in which electronics are integrated at large numbers and in new forms for the Internet of Things and wearable and
implantable technologies, we also explore a broader material set. Semiconductor nanoparticles and biomolecules are prized for
their size-, shape-, and composition-dependent properties and for their solution-based assembly and integration into devices that
is enabling unconventional manufacturing and new device functions.

Introduction

Electronics are pervasive as sensing, communication, and
computation devices, with continued growth in demand for
“conventional” consumer electronic goods (e.g., cameras,
computers, and tablets) and “unconventional” applications to
support the Internet of Things, mobile, wearable, and implant-
able technologies. Conventional and unconventional electron-
ics often require patterning to scale down device size and
enhance performance; on the other hand, processing over large
areas and the introduction and integration of a broader range
of materials are also required to realize both function and
form. Fabrication techniques are typically “top-down” pro-
cesses in the electronics industry. However, the demands for
small-scale, large-area, more functional, and flexible forms
for devices are motivating research and commercial adoption
of “bottom-up” synthesis and assembly methods for materials
and devices.

Here, we describe through examples, the self- and directed
self-assembly of molecules, polymers, and nanoparticles
(NPs) being exploited for their structure and function to
advance electronic devices.

Block copolymers and their assembly
Self-assembly of block copolymers (BCPs) has been exten-
sively researched for lithographic applications due to its ability
to form uniform features at the nanometer scale. BCPs con-
sist of chemically distinct, covalently bonded homopolymers.
Provided sufficient thermal energy, free-energy minimization
drives BCPs to self-assemble into a myriad of morphologies
depending on the relative volume fractions of the constitu-
ent homopolymers.! Of particular interest to chipmakers are
lamellar and cylindrical phase diblock copolymers that can
be used to pattern lines and holes, respectively. The size and
pitch of the self-assembled lamellae and cylinders can be set
by varying the polymer length, allowing BCP lithography
to reach sub-10nm resolutions.” Integration with lithogra-
phy additionally provides guiding features for directed self-
assembly (DSA) to achieve domain registration and placement
control.

For semiconductor technology
Directed self-assembly was initially envisioned as a method to
extend the resolution of 193-nm immersion (1931) lithography.
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But with the recent introduction of extreme ultraviolet (EUV)
lithography and the maturity of multiple patterning, current
patterning challenges have moved from resolution to stochas-
tics, defects, edge placement, overlay error, and cost. Here, we
review applications of DSA in microelectronics, noting that
the shifting landscape will impact future DSA applications.

In one implementation of DSA, called chemoepitaxy,’
sparse chemical guides with affinity to one of the two blocks
are spaced at a pitch multiple of the BCP domain periodicity
(Ly). The chemical guides anchor the BCP domains perpendic-
ularly to the substrate and align them linearly or hexagonally
for lamellar* and cylindrical BCPs,> respectively (Figure 1a
top-left and bottom-left). The large-scale periodicity of these
chemoepitaxy films make them ideal for bit-patterned media
(BPM).

For applications requiring aperiodic patterning, graphoepi-
taxy is more suitable’”® (Figure 1a top-right and bottom-right).
In this process, topographical guides isolate small clusters of
cylinders or lamellae, breaking the natural periodicity of the
BCP. The number of domains in the cluster is flexible accord-
ing to the chemical affinity and lateral dimensions of the guide.
The ability to selectively place BCP domains has been criti-
cal to making BCP lithography compatible with the aperiodic
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Figure 1. (a) Scanning electron microscope images for chemo-
and graphoepitaxy with cylinder- and lamellae-forming block
copolymers. Adapted with permission from Reference 4. © 2008
Wiley. Adapted with permission from Reference 7. © 2016 SPIE.
Adapted with permission from Reference 6. © 2009 American
Chemical Society. Adapted with permission from Reference 8.

© 2015 American Vacuum Society. (b) Directed self-assembly
(DSA) with cylindrical BCP (L, =30nm) in extreme ultraviolet
-patterned guides. Adapted with permission from Reference 11.
© 2016 SPIE. (c) Fins patterned by DSA for FinFET logic circuits.
Adapted with permission from Reference 10. © 2014 American
Chemical Society. (d, ) Finished magnetic bit patterned media
at 1.2 and 1.6 Tdot/in? fabricated by block copolymer and
nanoimprint lithography (d) in a 27.3-nm pitch hexagonal array,
and (e) in a rectangular cell of 18.5nm x 22 nm full pitch. Adapted
with permission from Reference 19. © 2015 IEEE Magnetics
Society. (f) Lamellae with 21.3-nm pitch produced by poly(2-vinyl
pyridine)-b-polystyrene-b-poly(2-vinyl pyridine), a high-y BCP,
and transferred into Si. Adapted with permission from Reference
23. © 2016 IOP Publishing.

layouts of ICs. Applications of graphoepitaxy include pattern-
ing contacts and vias for logic and memory devices,’ as well
as fins for FinFETs (Figure 1¢)."°

One use case of DSA is for the reduction of multiple-pat-
terning steps in 1931 and EUV through density multiplication.
While BCPs are attractive for accessing sublithographic reso-
lutions, implementation has been hampered by self-assembly
defects. For cylindrical BCPs, high variability in the critical
dimension (CD) of the domains and their placement has ruled
out guides containing more than two to three cylinders and
any nonlinear cylinder packing.!" Similarly, the line rough-
ness (LER) of lamellar domains deteriorates as the number
of lamellae in the guide increases. These types of restrictions
have diminished the viable density multiplication with DSA
and lowered the potential reduction in patterning steps. Even
so, DSA may still be a powerful method to extend the resolu-
tion of 193i and EUV, especially with DSA-aware design.'?

In addition to density multiplication, DSA also has been
shown to heal imperfect prepatterns, including LER and CD
uniformity.'® This feature rectification property is especially
attractive for assisting EUV lithography, where sensitivity,
roughness, and resolution are mutually exclusive.'* Recent
work has proposed using DSA as a complement to EUV to
heal poor LER and resolution in EUV prepatterns.’ This
would allow chipmakers to use more sensitive EUV resists,
or lower doses, thereby raising the throughput, and without
sacrificing roughness and resolution.

Looking ahead to the 3-nm node and beyond, it is antici-
pated that sub-10nm features will be required. However,
BCPs with short L, can suffer from low segregation strength,
self-assembling into morphologies with poor roughness,
alignment, and other defects. Segregation strength is mea-
sured by N, where Y is the Flory—Huggins parameter and N
is the overall degree of polymerization. PS-b—PMMA, due to
its relatively low ¥, can only achieve reasonable segregation
strength at L, > 22nm.'® For this reason, new higher-y BCP
chemistries are required for sub-10nm patterning. These new
chemistries show promise, enabling domains as small as 3 nm,
but they have not reached maturity."”

While the current lithography ecosystem differs signifi-
cantly from when BCP lithography was first introduced in the
roadmap, DSA research has evolved to solve some of today’s
challenges in roughness, uniformity, edge placement error,
and cost, by exploiting its small feature sizes, high feature
uniformity, and self-repair property. Additionally, emerging
applications of BCPs make use of the built-in chemical con-
trast of BCPs for novel etching and deposition processes, such
as selective-area growth, selective-area etching, and sequen-
tial infiltration synthesis.'® As the dimensions of ICs continue
to shrink, the ability of BCPs to scale to sub-10nm resolutions
or even in three dimensions will only become more valuable.

For magnetic recording devices
The most aggressive quest for the smallest features in DSA
lithography comes from the magnetic recording industry. In



magnetic BPM" the path to stable, denser media consists of
replacing the clusters of randomly grouped grains in conven-
tional media with lithographically defined magnetic islands
(Figure 1d—e). For BPM to reach areal densities >2 Tdot/in?
the critical dimensions need to be in the single-digit nanome-
ter range. The unique geometrical design and the stringent
requirements for BPM exemplify the extraordinary flexibil-
ity and value that DSA can bring to patterning applications.
Beyond the sublithographic dimensions, BPM calls for dense,
stitch-free patterns on circular tracks at constant angular pitch.

The pursuit of these goals has led to innovations in self-
assembly and nanofabrication. A key breakthrough to reach
sublithographic patterning came with feature density multipli-
cation enabled by DSA from sparse patterning.’ The flexibility
of the BCP chains accommodates the slight distortions needed
to direct the patterns onto circular tracks with constant angular
pitch. The synergies between nanoimprint and BCP lithogra-
phy® also enable a fast path to generate guiding patterns and a
way to realize rectangular features from the striped lamellae-
forming BCPs.?! The push for small dimensions resulted in
demonstrations of self-aligned double patterning from the
BCP films* in combination with ALD infiltration' to increase
feature densities by another factor of two. Significant progress
in higher-y BCP has led to pattern transfer demonstrations
from 11 nm* (Figure 1f) down to 5nm.* Finally, innovation
in surface functionalization® and interfacial energy engineer-
ing? lead to clever two- and three-tone,”” as well as sidewall
chemical patterning® that is likely to find applications in many
other fields.

While critical feasibility milestones were demonstrated
such as integration with aperiodic servo patterns® and mag-
netic recording demonstrations'* at densities ranging from
1-2 Tdot/in* (Figure ld—e), other challenges loomed large
for BPM technology. Ultimately, the lithographic difficul-
ties to fabricate skinnier, longer bit cells with higher aspect
ratios' to boost drive performance, integration challenges,
cost pressures, a shifting market landscape, and the advent of
other technologies such as three-dimensional flash and heat-
assisted magnetic recording’' all contributed to deprioritiza-
tion of BPM. Nonetheless, the many contributions from BPM
to block copolymer lithography will permeate as bottom-up
patterning continues to evolve to other applications.

Colloidal nanocrystals and their assembly

Colloidal NPs are fragments of inorganic solids, having at least
one dimension that is <100 nm in scale, with organic or inor-
ganic ligands at their surfaces that enable their electrostatic or
steric stabilization as dispersions in solvents. Gas-phase and
wet-chemical synthetic techniques have been advanced to pre-
pare colloidal NPs with exquisite control of their size, typically
ranging from 2 to 100 nm; shape, such as spheres, rods, cubes,
platelets, wires, and sheets; composition, including amor-
phous or crystalline elemental, binary, ternary, and quaternary
compounds and alloys; and internal structure, in particular to
form core—shell or Janus heterostructures.’> This library of

NPs includes metals, semiconductors, insulators, magnets,
luminophores, and phase-change materials, among others
and are often prized for their size-dependent physical proper-
ties such as tailorable localized surface plasmon resonances,
absorption and luminescence, and superparamagnetism.

The library of established NP surface chemistries is also
considerable, and includes inorganic ions, organic small- and
biomolecules, and polymers.** These ligands allow the dis-
persion of NPs in solvents; their solution-based assembly via
coating, casting, and printing techniques to form NP super-
crystals and thin-film solids; and serve as “molecular rulers”
to mediate the physical property interactions between NPs.
The ligands may also add recognition, redox, and light absorp-
tion functions.

NP assemblies can adopt amorphous or crystalline archi-
tectures like those, and yet with observations of additional
packing motifs, as atomic solids.** The organization depends
on the balance of van der Waals, electrostatic, and/or magnetic
interactions between the NPs, that are mediated by the ligand
chemistry and solvent selection; and the time scale of solvent
evaporation and freedom for NPs to reorganize on a solid or
liquid surface, with methods of slow evaporation and depo-
sition on liquid subphases favoring more ordered structures.
Assemblies can be composed of a “mix and match” of NPs
from the now vast library of building blocks to allow com-
binations of functions, even those that are “orthogonal” and
typically not found in atomic solids. Solution-based assembly
allows the low-cost, large-area integration of NPs and their
solids in devices, which we describe here by their use in pat-
terning conventional, and in constructing unconventional,
electronic devices, including transistors and circuits, memory
devices, light-emitting diodes (LEDs), biosensors, and electri-
cal stimulators.*3

For lithography and templating

The exquisite control over NP composition and uniformity
make large-area superlattice assemblies also attractive for
lithographic patterning, especially at <10 nm where traditional
methods are prohibitively expensive or simply not accessible.
Challenges include ligand removal,”’ high-contrast pattern
transfer,*® achieving uniform deposition of (sub-)monolayer
NP assemblies over wafer scale, DSA3 for orientation control,
and feature registration and integration.’!

Control over the self-assembly of colloidal NCs is highly
intertwined with the type of capping ligand used.* The ligands
used in synthesis leave an interparticle spacing too small for
lithographic applications. Polymer-grafted NPs,* with a dense
polymeric ligand shell (concentrated polymer brush regime)
completely screen core—core interactions and provide a rich
phase diagram in concentrated dispersions.*'*? They are com-
patible with flow coating,* spin coating,* and dip coating* for
large-area uniform deposition. The opportunity to vary chain
length and grafting density opens several possibilities for rich
structural diversity in particle blends.* Furthermore, solvent
annealing may impart mobility to the polymer chains enabling



a thermodynamically driven self-assembly process toward
equilibrium as opposed to the most commonly employed,
kinetically driven, evaporation-controlled methods. This is a
powerful method to achieve not only wafer-scale monolayer
assemblies, but also integration with top-down templates for
DSA.* The ability to tune the interparticle space by the poly-
mer chain length opens the process window for pattern trans-
fer. An additional layer of information content can be added if
the polymeric ligand is a block copolymer chain.*’

Functional building blocks for electronics
Colloidal metallic, semiconducting, and insulating NPs are
used as the building blocks of device layers in unconventional
electronic and optoelectronic devices. Ligands at the NP sur-
faces mediate charge transport and thus are often modified for
use in devices. To create high conductivity metallic and high
mobility semiconducting NP layers, the ligands introduced
in synthesis, which often establish a ~2nm interparticle dis-
tance, are exchanged for more compact moieties or stripped
to decrease the distance and increase electronic coupling
between NPs. For example, metal NP assemblies traverse an
insulator-to-metal transition, seen by a 10'° change in conduc-
tivity, as ligand exchange reduces interparticle spacing from
2nm to where the NPs touch and fuse.*® Similarly, carrier
mobility in semiconductor NP layers increases by ~10° upon
ligand exchange and/or stripping.*' In the case of semic-
onductor NP layers, surface modification with atoms, ions,
or ligands are used in bandgap engineering of conduction-
and valence-band states and to provide n- and p-doping. In
contrast, insulating NPs may be supported by ligand selection
to reduce device leakage and modify the dielectric constant of
their layers.

As an example, ligand-engineered,

structural stability, and physical cooperation to realize high-
performance NP devices. Figure 2g shows the gate-voltage
modulated source-drain current-voltage characteristics for a
representative all-NP, flexible, transistor.

High-mobility NP transistors, albeit where only the semi-
conducting channel was comprised of NPs and other device
layers were fabricated using conventional techniques, have
been used as building blocks to demonstrate integrated circuits
(Figure 2h).>* Vertical interconnect access holes are defined to
construct circuit topologies and demonstrate NP amplifiers,
ring oscillators, and NAND and NOR logic gates. These NP
semiconductor channels form solution-processable ring oscil-
lators with fast switching speeds at low voltages establishing
NPs as a competitive materials class for large-area, flexible,
high-speed circuits.

In these examples, long-studied CdSe NPs were used. Cd-
and Pb-free NP compositions are similarly being developed
to construct electronic devices and circuits.*** Also in these
examples, the chemical and thermal processes were selected
to be compatible with device fabrication on flexible plastics,*
as needed for wearable and implantable devices.

Wearable and implantable electronics

NP assemblies offer new physical, mechanical, and biomedical
performance characteristics that cannot be achieved in devices
based on conventional bulk materials.’” One notable feature of
such devices is their soft mechanical nature.’® The nanoscale
dimension of the materials dramatically reduces their flexural
rigidity.” The resultant devices can be seamlessly integrated
with soft curvilinear human bodies to monitor biosignals, to
store the recorded data, to display the processed data, and
to apply feedback stimulations. Example devices include

metallic Ag, semiconducting CdSe,

and insulating ALLO; NPs were used
as building blocks to realize the elec-
trodes, channel, and gate dielectric
layers, respectively, of all-NP solution-
processable, low-voltage, high-mobility,
field-effect transistors (Figure 2a—f).>
Metallic In NPs are co-dispersed with
Ag NPs to form the source and drain

electrodes and provide a reservoir of
indium, that upon annealing diffuses
and thus passivates and n-dopes the
CdSe NP channel layer. Integration of
the different NP layers in the device
stack requires the use of orthogonal
solution-based processing and pattern-
ing methods—in this example photoli-
thography is used—that do not alter the
physical properties of the constituent
NP layers. Interface engineering using
surface modification methods are also
used to ensure chemical compatibility,

Figure 2. (a) Solution-processable, field-effect transistor assembled from colloidal
nanoparticles (NPs) of (b) semiconducting CdSe, to form the channel, (c) metallic Ag

and In, to create the source and drain electrodes, (d) metallic Ag, to define the gate, and
(e) insulating AlLO; NPs to form the gate dielectric layer. (f) All-NP transistor fabricated on
flexible Kapton and its (g) output characteristics of drain—-current /, versus source-drain
voltage, Vs, as a function of the applied gate voltage, V;. (h) Photograph of CdSe NP
integrated circuits fabricated across a 4” diameter flexible Kapton substrate, and inset,

a photograph and output characteristics of a five-stage ring oscillator with a sixth-stage
buffer. (a-g) Reprinted with permission from Reference 52. © 2016 AAAS. (h) Adapted with
permission from Reference 53. © 2015 American Chemical Society.
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Figure 3. (a) Nanoparticle (NP) monolayer assembled on a flexible substrate. (b) Photograph of a wearable system comprised of a strain
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and (f) wearable QDLED. Inset, a cross-sectional scanning electron microscope image of the QDLED. (g) Photograph of a wearable passive
matrix QDLED on skin, (inset) green, blue, and red QDLEDs. Reprinted with permission from Reference 64. © 2017 Wiley. (h) Transparent
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(bottom). (1) Schematic and photograph of an epicardial mesh. Reprinted with permission from Reference 69. © 2020 Wiley.

wearable electronic devices, quantum-dot-based wearable
LEDs, and nanowire-composite-based wearable and implant-
able devices.

The assembly of metal NPs, as a monolayer or a few layers,
and their integration inside electronics brings distinctive
enhancement in device performance (Figure 3a). For exam-
ple, Figure 3b shows a wearable biosensing and data storage
device, which consists of an array of strain sensors and resis-
tive random-access memory (RRAM).® The ultrathin and
stretchable nature of the device enables its conformal integra-
tion on the human skin. Therefore, the strain sensor based on
Si nanomembranes can measure muscular tremors precisely
without motion artefacts, and the recorded signals can be
stored in the RRAM array. Note that Au NPs are assembled by
the Langmuir-Blodgett assembly method inside TiO, nano-
membranes of the RRAM, and thereby the performance of the
memory device can be dramatically increased. These wear-
able devices are considered as a promising solution to acquire,
store, and process a large set of biomedical data toward next-
generation digital healthcare. The device performance can be
improved further by utilizing other combinations of nano-
materials and devices, such as Au NPs on Si nanomembranes
for the charge trap floating gate memory (Figure 3c)®' or

molybdenum disulfide (MoS,) nanosheets with molybdenum
oxide nanomembranes for the RRAM (Figure 3d).%

Another important type of nanomaterial-based electron-
ics is wearable quantum dot light-emitting diodes (QDLEDs)
(Figure 3e). Among various light-emitting devices, ultrathin
QDLEDs are highlighted due to their unique characteristics,
including high brightness, color purity, superb printability, and
soft form factors. A high-resolution form of wearable QDLEDs
was developed by using the intaglio transfer-printing technique
(Figure 31).% In this process, a stamp fully-inked with QDs is
contacted on an intaglio trench in a silicon wafer, the stamp
with QDs is detached from the silicon wafer, and the remain-
ing QDs on the stamp are transfer-printed to a receiver sub-
strate. This novel QD patterning method enables full-color QD
arrays with a resolution of 2460 pixels per inch. The ultrathin
QDLEDs can be laminated on various curvilinear surfaces,
including the human skin, and display the recorded signals
from the sensors in real-time when integrated with wearable
biosensors. For example, the wearable system can monitor
temperature changes and body motions, and visualize them on
the subject’s skin (Figure 3g).* Further improvements in terms
of user friendliness can be achieved by developing a transpar-
ent form of the wearable QDLEDs. The transparent wearable



QDLED:s feature an extremely high luminance (~73,000 c¢d m™?
at 9V) and transmittance (90% at 550nm, 84% over visible
range), achieving invisibility on the human skin, which pro-
vides aesthetic advantages (Figure 3h).%

Meanwhile, stretchable conductive nanocomposites have
been considered as a feasible alternative to conventional rigid
metal electrodes in soft electronics (Figure 3i). Nanoscale
metallic materials form a percolation network inside an elasto-
meric media, offering high conductivity and stretchability. The
soft mechanical nature of the nanocomposite minimizes side
effects from long-term biointegration of the devices, while the
high conductivity maximizes the efficiency of the electrophys-
iological recording and feedback stimulation.

Previous approaches for the nanocomposites were typi-
cally to mix Ag nanowires with a rubber (Figure 3j).6%¢” But
this method has shown limitations in terms of biocompat-
ibility, oxidation resistance, conductivity, and stretchability.
Recently, a nanocomposite based on ultralong core—shell
nanowires with an Ag core and an Au shell was developed
(Figure 3k).*® The high aspect ratio of the core Ag nanowire
conferred high conductivity in the nanocomposite, while the
inert Au sheath achieved both biocompatibility and oxidation
resistance. Phase separation inside the elastomeric block-co-
polymer matrix induces microscale assembly of nanowires
and improves both stretchability and conductivity. The nano-
composite was applied to soft bioelectronics, which recorded
electrocardiography (ECG) signals and applied stimulations
for feedback modulations. The addition of Pt microparticles
enhances the performance further by decreasing the imped-
ance (Figure 31).

NP-based soft electronics dramatically improve device per-
formance as well as provide novel device functions. Despite
such progress, numerous issues still remain toward the com-
mercialization of the NP-based electronics, with regard to
the long-term reliability of the materials and devices, the
biocompatibilty in vivo for human-friendly applications, and
the integration with other device units to build standalone sys-
tems. NPs and their assemblies, those with organic surface
ligands in particular, morph inside the device under electron
and hole flows, which can cause the migration of material and
the formation of electrical defects. Although most materials
are stable in their bulk state, new biological, chemical, and
physical instabilities, including toxicity issues, arise in their
nanoscale dimension. Novel NP synthesis methods and device
design approaches are thereby required to secure long-term
biocompatibility.”®”" To build an integrated system including
standalone type personalized wearable mobile electronics, the
NP-based electronic devices should be connected with other
device units, including power supply and wireless commu-
nication modules,”>”® which often requires modification of
material compositions and device designs of the NP-based
electronics. Despite these remaining issues, the potential of
the NP-based soft bioelectronics is so great that overarching
clinical challenges are expected to be solved while many novel
industrial opportunities are to be created.

Biomolecules (semiconductor synthetic
biology)

For decades, progress in semiconductor technology was fueled
by the scalability of lithographic patterning, enabling a contin-
uous growth of faster, smaller, and less expensive transistors.
Today, with escalating fabrication costs and increasing chal-
lenges to reach dimensions <10nm, it is clear that the future
of semiconductor scaling is shifting, presenting opportunities
for disruption. The nascent field of semiconductor synthetic
biology (SemiSynBio) is exploring pathways to exploit the
advantages of biomolecular systems to advance semiconduc-
tor technology.” In this context, self-assembly of sequence-
defined, synthetic biomolecules, including DNA, RNA,
polypeptoids, and proteins may provide the necessary break-
throughs to next-generation nanomanufacturing for micro-
electronics. Some notable examples include directed assembly
of DNA origami,” biotin-labelled DNA nanogrids,’® directed
assembly of fibrinogen proteins on PS-b-PMMA block copo-
lymers”” and NP superlattices via template-confined DNA-
mediated assembly” (Figure 4a—d). While this field is still
in its infancy and several challenges need to be addressed in
terms of stability, throughput, error rates, and compatibility,
biomolecular assemblies may provide the solutions needed in
terms of dimensions, information content, functionality, and
modularity to extend semiconductor device fabrication.

Summary and outlook
Self-assembly of molecules, polymers, and NPs is enabling
exquisite control of materials structure and function that arises

Figure 4. (a) Directed assembly of DNA origami. Adapted with
permission from Reference 75. © 2014 American Chemical
Society. (b) Biotin-labelled nanogrids. Reprinted with permission
from Reference 76. © 2003 AAAS. (c) Fibrinogen proteins
directed assembly on PS-b-PMMA block copolymer film.
Adapted with permission from Reference 77. © 2016 American
Chemical Society. (d) Cube-cube-sphere nanoparticle
superlattices via template-confined DNA-mediated assembly.
Adapted with permission from Reference 78. © 2018 AAAS.




for length scales at and below the ~10nm scale. Even as the
challenges in state-of-the-art lithography evolve, BCPs and
biomolecules continue to be an attractive solution for pat-
terning semiconductor and magnetic recording devices. DSA
promises not only high resolution and good feature uniformity,
but also self-repair and unique chemical contrast that can act
as a powerful complement to optical and EUV lithography.
Colloidal NP assemblies open up the synthesis of materials
with “designer,” single and multiple properties, not typically
found in bulk materials, that exploit the size-dependent prop-
erties of and coupling of many similar and dissimilar NPs. As
colloids, NPs allow for (hetero-)integration of materials with
conventional and increasingly unconventional devices to meet
the growing demand for flexible, wearable, and implantable
electronics.
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