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! Reduce physical size
! Reduce power consumption
! Improve operation through interface 

control

Doing More with the Same?

Integration of materials with new
and/or increased functionality

! Any material, any substrate
! Arbitrary, addressable features/patterns
! Platform for size/interface effects 

studies, device development, etc.

! Demonstrate broad applicability
! Study fundamental lateral size and 

aspect ratio effects
! Ultrahigh density NVRAM

Why Ferroelectrics?

Target Demo Application
Information Storage (NVRAM)

Whither Oxide Electronics?
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Figure 2. Schematic of the architecture of a 4-Mb ferroelectric random access memory
device (from Texas Instruments/Ramtron).

and Araujo showed the possibility of using
an alternative ferroelectric, SrBi2Ta2O9,
with Pt electrodes without any significant
fatigue.39 Thus, the electrode/ferroelectric
interface is important, but the domain
dynamics within the framework of defect
interactions is also critical.

Translating these basic materials science
discoveries into a manufacturable, com-
mercial technology requires several steps
and materials innovations. For example,
these ferroelectric oxide capacitor stacks
have to be integrated with a conducting
plug directly on top of the pass transis tor in
the one-transistor–one-capacitor (1T–1C)
cell of advanced ferroelectric memories.40

Such a cell, which is currently being manu-
factured by Texas Instru ments,40 is shown
in the image in Figure 2. The ferroelectric
capacitor stack must be deposited by a scal-
able process suited to manufacturing, such
as chemical vapor deposition or sputtering.

The capacitors also have to be defined
through a dry etch process, another critical
step. After the process is completed, the
memory cell must be treated with forming
gas (H2/N2 mixture) to clean up traps at
the transistor interface. This step can
destroy the ferroelectric oxide, and there-
fore, a robust passivation layer is needed.
It is satisfying to note that the field has suc-
cessfully solved all of these integration and
reliability problems, thus paving the way
to real, high-density memories. Several
companies (such as Texas Instruments,
Fujitsu, Toshiba, Pan asonic, and Sony) are
in the advanced stages of product devel-
opment of high-density, embedded ferro-
electric memories. This could be the
emergence of the so-called “universal
memory.”

Renaissance of Correlated Electron
Materials

The early 1990s witnessed the “rebirth”
of correlated electron oxides, in this case
through the manganites. High-tempera-
ture superconductors had already set the
stage for this rebirth by providing both the
intellectual framework and the experi-
mental and theoretical tools to explore
related systems. The work of Chahara
et al.41 and von Helmolt et al.42 triggered
the work of Jin and co-workers43 in the
pursuit of materials that exhibit dramati-
cally large (dubbed “colossal”) changes in
transport properties upon the application
of a magnetic field.16 These early works
attracted much attention around the
world, setting the stage for an explosion of
research activity that is yet to abate.

A model system of correlated oxides is
the antiferromagnetic insulator LaMnO3.
Upon doping with holes (e.g., Sr substitu-
tion in the La site), the system becomes
electronically inhomogeneous and is
highly susceptible to perturbations and
external manipulation.44–46 As a conse-
quence, the phase diagram of such a sys-
tem (Figure 3) exhibits multiple phases that
are susceptible to change through tempera-
ture; chemical doping; and electric, mag-
netic, and mechanical fields. The article by
Dagotto and Tokura in this issue details the
properties of these extraordinary materials.

A key aspect to keep in mind is the
energy scale involved in creating these
changes, as it directly impacts the ability to
translate these discoveries into commercial
technologies. For example, the colossal
magnetoresistance (CMR) effect, the change
in resistance accompanying the application
of a magnetic field, is typically observed

with a magnetic field of a few Tesla (1–10 T).
This translates to a temperature scale of ~10
K, which is certainly a small value com-
pared to the temperatures (200–380 K) at
which the CMR effect peaks. On the other
hand, creating such a magnetic field, say, 6
T, requires a current of several amperes run-
ning through a wire. Clearly, this is techno-
logically prohibitive and is the main reason
that products, such as magnetic sensors and
read heads, involving CMR materials have
not emerged.

This difficulty also provides some
insight into exploring new materials in the
future: If magnetic fields are to be used,
then they have to be competitive with
 current technologies, such as giant mag-
netoresistance (GMR)-based magnetic
tun nel junctions used in the read heads of
hard disks.47 On the other hand, if electric
fields are used, then the large magnetore-
sistance effects observed at a magnetic
field of 6 T can be obtained at fields on the
order of a few hundred kilovolts per

Figure 3. Phase diagram of hole-doped
manganites. The parent structure is an
antiferromagnetic insulator, but with
doping, it becomes ferromagnetic and
exhibits the colossal magnetoresistance
effect. Analogous phase diagrams occur
in high-Tc superconductor and relaxor
ferroelectric systems. Note: AF is
antiferromagnetic, FM is ferromagnetic,
CAF is canted antiferromagnetic, CO is
charge-ordered, FI is ferromagnetic
insulating, R is rhombohedral, O is
orthorhombic (Jahn–Teller-distorted),
and O* is orthorhombic (octahedron
rotated). (Reprinted from Reference 67
with permission).

From MRS Bulletin v33 (2008), originally from TI, Ramtron
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Micro-, Nano-Patterning of Arbitrary Materials

! Challenges of expanding beyond ‘standard’ materials

Fabrication Patterning PerformanceIntegration

Ganpule et al., MRS Proc. (2001)

charged depletion zone forms at the interface with PZT, in the
case of SRO a positively charged zone appears. The charges at
the interface build up an internal field which influences the po-
larization direction of the film. The negatively charged zone in
PZT/SRO builds up a field pointing at the sample surface, thus
the polarization direction is upwards (dark contrast), for PZT/
LSMO it is vice versa. The OP-PFM images of PZT/SRO/STO
and PZT/LSMO/STO are shown in Fig. 12. Recent results dem-
onstrated that the value of the internal field is also influenced by
surface charges. A comparison of d33(E) measured in ambient
and UHV conditions proved that the difference of the internal
bias measured on a BiFeO3 thin film is B1 V.30

(C) Retention: Crucial for probe-based information
storage in ferroelectric materials is the stability of the switched
domains over time. This is also called retention that is defined as
polarization loss as function of time without an external bias
field. The retention loss of capacitors and domains has been
studied by several groups199–202 using polarization measure-
ments (only for capacitors) or using the PFM signal itself (for
capacitors and single domains). The problem with the latter is
the difficulty of quantifying the PFM signal. Another way to
study the retention properties is to investigate the domain size as
a function of time. This has been done qualitatively for ferro-
electric materials. It was found that small domains can disap-
pear within a few hours after writing.109,199,203

The imprint or internal field as discussed in Section IV(3)(B)
strongly influences the retention properties. Figure 12 shows the
measured retention properties for domains switched up or down
with negative and positive voltages applied to the tip, respec-
tively, for PZT/SRO and PZT/LSMO samples. The shown val-
ues are averaged values of 16 domains. The domains are
switched by applying pulses with a certain pulse voltage and
length to a scanning tip in contact with the sample. The pulse
parameters used to switch the domains were chosen to give sim-
ilar sized domains for both samples and for both domain ori-
entations because the retention properties are also a function of
the domain size. The pulse parameters are indicated in Fig. 12.

It can be seen that the domains switched in the corresponding
as-grown direction are stable in the observed time range,
whereas the domains switched in the opposite direction are
fairly unstable and decrease until they vanish after 100–300
min. The previously mentioned internal field due to space
charges points in the as-grown polarization direction and thus
domains switched in this direction show much greater stability.
The internal field acts against domains which are switched
against the as-grown polarization direction and therefore leads
to backswitching, which means unstable domains. Because the
internal fields are opposite for SRO and LSMO, nanodomains
pointing down for SRO and up for LSMO are unstable.

(4) PFM in Ferroelectric Nanostructures

Owing to its nanoscale resolution, PFM is frequently used to
image and to characterize ferroelectric nanostructures. Nano-
structures are important when it comes to high-density memo-
ries4 or nanoelectromechanical systems.204 The properties of
nanostructures are strongly influenced by the ferroelectric size
effect (well-known from the early literature on continuous thin
films and nanoparticles205). This will be discussed in detail in
Section IV(6). It should be mentioned here that there exists a
specific ‘‘extrinsic’’ size effect in PFM and effective piezore-
sponse should, in principle, decrease with film thickness,
whereas the sharpness of domain stripe image increases due to
the object transfer function spectrum broadening.206 In general,
PFM provides an excellent access to the piezoelectric properties
of nanostructures but one has to have in mind that the PFM
data on nanoscale objects can be easily misinterpreted due to
mechanical crosstalk at the edges of the nanostructures71 and
due to field screening by adsorbate layers on the surface for
measurements under ambient conditions (which becomes more
important for smaller structures since the PFM signals are gen-
erally smaller). In this section, we distinguish between PFM
measurements on free-standing capacitors, grains or nanostruc-
tures without top electrodes (e.g., nanowires) as examples of
nanostructured ferroelectrics.

The main challenge of free-standing capacitors is that the
manufacturing limit is by far greater than the ferroelectric limit
itself since the smallest produced capacitors are bigger than sin-
gle nanostructures as described in the next passage. Typical ca-
pacitor sizes are about 1 mm2, which limits the storage density of
the corresponding memory cell to tens of Mbit. However, the
measurements by Ganpule et al.207 demonstrated capacitor
structures down to 70 nm! 70 nm in size produced by focused
ion beam (FIB) (shown in Fig. 13). With PFM they could prove
that the small capacitors are still switchable and that the coer-
cive field is the same as in bigger 1 mm2 capacitors which is
promising in order to increase the memory density to 1 Gbit.

The capacitor size was pushed even further down by Lee
et al.208 who produced individually addressable metal/ferroelec-
tric/metal 60-nm-wide nanocapacitors by using an ultrathin an-
odic alumina membrane as a lift-off mask. The ferroelectric
switchability of these capacitors was also easily proven by PFM
measurements. Apparently, this capacitor size was far above the
predicted limit for functional ferroelectrics.209–211

Nanostructures in a noncapacitor arrangement are usually
free-standing ferroelectric grains or nanostructured films. In
comparison to nanoscale capacitors, they can be produced in
a much smaller size. Nanostructured films were often fabricated

Fig. 12. (a, b) PFM images of PZT thin films grown on different bot-
tom electrodes after double square switching to verify the direction of
the monodomain sample. (c, d) Retention properties for nanodomains
switched with positive and negative voltages for the PZT/SRO and PZT/
LSMO samples shown in (a, b).

Fig. 13. Scanning ion beam images of ferroelectric PNZT capacitors by
focused beam milling: (a) 800 nm! 800 nm, (b) 400 nm! 400 nm, (c)
250 nm! 250 nm, (d) 70 nm! 70 nm (from Ganpule et al.207).

August 2009 Electromechanical Imaging and Spectroscopy 1639

 centimeter, which translates to a potential
of a few volts across a 100-nm-thick film.
A key conclusion emerges from this analy-
sis: Electric-field-based modulation of
properties is much more feasible if thin
films and thin film heterostructures are
used. This naturally leads us to the field of
multiferroics and magnetoelectrics, which
is described in more detail in the article by
Spaldin and Ramesh in this issue.

Atomic-Scale Engineering: A Key
Enabler of Oxide Electronics

Having started with vacuum deposition
tools that have achieved unparalleled con-
trol in the integration of semiconductors at
the nanometer level, it should come as no
surprise that these same tools, once prop-
erly modified for the challenges of oxides,
are now producing customized oxide het-
erostructures with control at the atomic
level.48–53 These epitaxial techniques allow
for the preparation of ultrathin oxides that
can be used for a range of purposes: study-
ing the thickness at which ferroelectricity
and other functional properties emerge,54,55

determining ultimate scaling limits,54–56 ori-
enting oxides in directions that maximize
a desired property, creating metastable
oxides, integrating complex oxides with
conventional semiconductors,57 synthesiz-
ing oxide  heterostructures containing elec-
trodes and multifunctional active layers all
in an epitaxial stack, and making oxide
superlattices.48–52 Even single interfaces can
have surprising properties, for example, the
conductive (and even superconducting)
interface between the two insulators SrTiO3
and LaAlO3. See the article by Mannhart,
Blank, Hwang, Millis, and Triscone in this
issue for a full discussion of two-dimen-
sional electron gases at  interfaces.

An example of an oxide superlattice is
shown in Figure 4a.58 The perovskites
SrTiO3 and BaTiO3 are alternately deposited
to build up a 2–2 epitaxial composite, in
which both constituents of the composite
are connected in two dimensions.59

Although SrTiO3 and BaTiO3 are fully mis-
cible and form a complete solid solution in
the bulk,60 bulk diffusion is minimal at the
low substrate temperature involved in
oxide epitaxy (typically 700°C), and such
atomically abrupt metastable heterostruc-
tures are readily grown. Such superlattices
not only are relevant to fundamental sci-
ence involving size, strain, and the cou-
pling of order parameters between
constituent materials, but are also being
investigated for novel applications includ-
ing acoustic cavities for terahertz modula-
tors or phonon lasers.61 1–3 epitaxial
composites,59 where one composite con-
stituent is connected in just one dimension
and the other is connected in three dimen-

sions, are also possible, and such compos-
ites with pillar dimensions as small as 20
nm have been demonstrated,62 as shown in
Figure 4b.

Because epitaxy is involved, huge 
(percent-level) strains can be imposed on
oxide films. With sufficiently defect-free
substrates, the crystalline perfection of
heteroepitaxial films of complex oxides
can rival that of single crystals of the same
composition.63 Finally, these same epitax-
ial oxides can be doped to create new
functionalities. The article by Kamiya and
Kawasaki in this issue addresses the topic
of doping ZnO to make it magnetic and
optically active, and the article by Coey
and Chambers in this issue explores the
controversial topic of magnetism in doped
TiO2 films.

Nonepitaxial heterostructures are also
of interest, with a key recent technological
breakthrough involving the replacement
of the SiO2-based gate dielectric in com-
puter chips with a HfO2-based alternative.
Here, the heterostructures are amorphous

and polycrystalline. The higher dielectric
constant of this alternative gate dielectric,
while maintaining the excellent electrical
characteristics that made the SiO2/Si
interface the material of choice for metal
oxide semiconductor field-effect transis-
tors, provides for higher performance
computers that operate at higher speeds
and lower power. Its development is
enabling transistor scaling (Moore’s law)
to continue for at least a few more years.
Achieving this materials breakthrough
involved overcoming a multitude of mate-
rials issues as described in the article by
Schlom, Guha, and Datta in this issue.

The Future
So, what does the future of oxide elec-

tronics hold? We believe we are at the
cusp of some dramatic developments in
the science of complex oxides, especially
in the form of thin-film heterostructures.
At the fundamental level, the novel elec-
tronic phenomena that exist in supercon-
ducting cuprates and CMR manganites
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Figure 4. Examples of (a) layered epitaxial heterostructures (2–2 composites) and 
(b) epitaxial 1–3 nanocomposites produced by modern complex oxide growth methods. 
A transmission electron microscopy (TEM) image of each type is shown together with a
schematic. (Figure 4a is reprinted from Reference 58 with permission. Copyright 2006,
American Institute of Physics. Figure 4b is reprinted from Reference 62 with permission.
Copyright 2004 American Institute of Physics.)

Zheng et al., 
Science 
(2004)

(75 W, 50 sccm flow rate, 75 mTorr operating pressure).
The purpose of plasma treatment is to not only remove any
undeveloped resist in the patterned areas but also to increase
the hydrophilicity of PMMA surface.28 This is necessary to
improve the wettability and effective filling of the patterned
areas by solutions. The plasma-treated patterned substrates
were used immediately for spin-coating solutions. The
solutions were spun between 3000 and 6000 rpm for 45 s
and were heated immediately on a hot plate for 10 min at
150 °C. The substrates were soaked subsequently in acetone
to dissolve resists, lift-off material outside the patterned areas,
and generate solid structures with controlled dimensions. The
essence of the scheme is thus using patterned e-beam resists
as molds to define the location and size of nanostructures.
To demonstrate the capabilities of the scheme, we have

initially employed solutions of technologically important
inorganic ceramic oxides such as ZnO and PZT. Figure 2
shows scanning electron microscope (SEM) images of ZnO
patterns made using soft eBL process on (100) Si substrates
with 600-nm-thick thermal oxide. ZnO sol is prepared using
chemicals purchased from Sigma-Aldrich and used in as-
received form without further purification. In a typical
process, zinc oxide sol is prepared by stirring a mixture of
zinc acetate dihydrate, 2-methoxy ethanol, and ethanol amine
at 60 °C for 2 h. The relative compositions were adjusted to
give a 0.1 M ZnO sol with equimolar ratio of zinc and
ethanol amine. This sol is transparent and has remained stable
for more than a year in prior experiments. The patterns in
Figure 2 were imaged after annealing them in air for 20 min
at 700 °C to remove most of the organic material. The inset
in Figure 2a shows the line width to be about 40 nm and
spacing between lines of about 600 nm, demonstrating the
high resolution and high spatial density achievable by this
scheme. In addition, it is interesting that ZnO lines as narrow

as 40 nm are continuous over 15-µm length even after
annealing at 700 °C. The effect of annealing on line
dimensions can be inferred from Figure 2b and c. These two
images show that line widths decrease by nearly 70% upon
annealing in air at 700 °C for 20 min due primarily to
combustion of organics. From atomic force microscope
(AFM) measurements (not shown here), we noticed that the
height of the lines shrinks on average by about 50% after

Figure 1. Schematic illustration of the soft eBL patterning scheme. (1) Spin coat PMMA and MMA e-beam sensitive bi-layers, (2) e-beam
lithography, (3) treat the patterned substrates under oxygen plasma, (4) deposit the solution and spin the substrate, (5) heat the substrate on
hot plate at 150 °C for 5 min, and (6) soak the substrates in acetone to dissolve resists and lift-off the material outside the patterns.

Figure 2. (a) Backscattered electron (BSE) image of ZnO patterns
on SiOx substrates annealed in air at 700 °C for 20 min, (b)
secondary electron (SE) image before annealing, (c) SE image after
annealing at 700 °C for 20 min in air, and (d) SE image of annealed
patterns over a large area.

Nano Lett., Vol. 5, No. 9, 2005 1711

Donthu et al., Nano Lett. (2005)

! Need functional crystalline nanostructures 
in predetermined locations without needing 
to develop new etching / integration 
approaches for each new material(s)

realization of two-dimensional (2D) extended arrays (typically of a
scale greater than cm2) of structurally well-defined nanostructures,
with properties that can be accessed by conventional
characterization methods for bulk materials, such as X-ray
diffraction, superconducting quantum interference device
measurements, and so on. Additionally, complex structures such as
patterned epitaxial multilayers and capacitors are easily achievable.

The average height of the PZT nanoislands was 40 nm (Fig. 2a).
Electron diffraction analyses indicated epitaxial growth on the
Pt/MgO(100) substrate (Fig. 2b,c; see also Supplementary
Information, Fig. S4, for an example of Nb-doped STO(100)
substrate). High-resolution TEM (HRTEM) analyses confirmed
both the epitaxial growth and the high quality of the sidewalls
(Fig. 2d), which could not be accomplished by conventional top-
down nanofabrication approaches based on focused ion beam
(FIB) or dry-etching techniques7,8. The multilayer structures of
MFM nanocapacitors with a Pt/PZT/Pt stacking configuration
on MgO(100) are shown in Fig. 2e,f.

Recently, we reported the use of a gold nanotube membrane as a
lift-off mask for patterning La-doped Bi4Ti3O12 or Pb(Zr0.40Ti0.60)O3

nanodots with a typical lateral size greater than 120 nm (refs. 16 and
17). Although this generic approach is very effective for generating
nanostructures, the deposition had to be carried out at room
temperature because of the thermal instability of the stencil. For
ferroelectric nanostructures in particular, a high-temperature post-
annealing step has then to be performed in order to crystallize
them16,17. This two-step approach is not feasible for creating

sub-100-nm epitaxial PZT nanostructures and capacitors (see
Supplementary Information, Fig. S5).

The ferroelectric properties of the PZT nanostructures were
investigated by PFM. Hysteresis loops were obtained at 25 kHz.
Typical ferroelectric hysteresis curves measured from a single
ferroelectric nanodot and an MFM nanocapacitor, respectively,
are presented in Fig. 3. Each nanoisland shows a well-developed
ferroelectric hysteresis curve, as determined by PFM, with a
coercive voltage of about 0.8 V and an effective remanent
piezoelectric constant of about 100 pm V21, comparable to the
theoretical values. These high values and the a–c domain
structure revealed by the PFM pattern (Fig. 3c) on
nanostructures without top electrodes suggest a rather low level
of strain in the epitaxial PZT structures. The sharp switching and
the squareness of the hysteresis loop indicate the high quality of
the ferroelectric nanostructures (Fig. 3a,d), despite the low
volume of the ferroelectric material. To the best of our
knowledge, the present capacitors of about 60 nm diameter and
20–40 nm height are the smallest fully processed ferroelectric
capacitors to be created. In contrast to previous work5, the
structures are individually addressable, as is shown in Fig. 3g,h,
where two neighbouring nanocapacitors have been switched into
opposite states. Pt/PZT/Pt nanocapacitors exhibited a fairly
uniform piezoelectric response over a large area (see
Supplementary Information, Fig. S6). For areas of limited size
(see Supplementary Information, Fig. S7), the standard deviation
of the coercive voltage was less than 10%. Retention

Mask lift-off

PZT PLD

Pt PLD

Pt

Substrate

Nanostructured
ferroelectric capacitor

AAO mask

100 nm 1 µm

800 nm

Figure 1 Fabrication of the nanocapacitors. a, Schematic showing the pulsed laser deposition of the ferroelectric material PZT through an ultrathin AAO mask onto

a Pt layer on a substrate, followed by the deposition of Pt and then lift-off of the mask to leave an extended array of nanocapacitors. b, Typical SEM micrograph of
the ultrathin AAO mask. Inset: magnified view. c, As-prepared PZT nanoisland array with the AAO mask visible at the top of the image. The nanoisland density r can
be estimated by assuming that the pores are arranged hexagonally: we find that r ¼ ð2# 6:45=

ffiffiffi
3

p
D2
intÞ # 1014 inch%2, where D int is the interpore distance (in nm).

The densities are calculated to be 176 Gb inch22 for a H2SO4-AAO mask (D int ¼ 64 nm) and 68 Gb inch22 for an H2C2O4-AAO mask (D int ¼ 104 nm).
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Lee et al., 
Nature Nano 

(2008)
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Overview of Our Approach

! Goal: Combine flexibility and functionality of chemical solution deposition with use of 
e-beam and BCP patterning capabilities
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! Avoid etching 
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! Avoid any fab-based 
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after deposition of 
functional materials
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integrity after thermal 
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SNL IMO-based Solution Route

R.A. Assink and R.W. Schwartz; Chem. Mater. (1993)
G. Yi and M. Sayer; J. Appl. Phys. (1988)

Brennecka et al., J. Am. Ceram. Soc. feature article (2010)

Multichip module with PZT
thin-film capacitor arrays

Functional thin film multilayer 
capacitor structure
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Pattern Definition

! Continuous films are very limited in function
! Difficulties of etching PZT-based films

• Access to tools...
• Property/reliability degradation

! Alternative approaches to patterning/integration
• Direct write
• Microcontact printing
• Various transfer techniques
• PZT-friendly lithography
• (Directed) self-assembly

10nm 100nm 1um

e-beam

solution deposition

photolithography
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Microscale Patterning

MgO

Pt//SiO2//Si

PZT

Pt//SiO2//Si

Pt

Pt//SiO2//Si

PZT

Pt//SiO2//Si

etch

sputter Pt

liftoff

Pt//SiO2//Si

deposit, crystallize

10 um 

poled

unpoled

Friday, January 21, 2011



Geoff Brennecka - Sandia National Laboratories - Electronic and Nanostructured Materials EMA 2011

Pattern Definition

! Continuous films are very limited in function
! Difficulties of etching PZT-based films

• Access to tools...
• Property/reliability degradation

! Alternative approaches to patterning/integration
• Direct write
• Microcontact printing
• Various transfer techniques
• PZT-friendly lithography
• (Directed) self-assembly
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Additive Fabrication of Patterned 
Electronic Oxides
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Optical Interference Lithography

Critical dimensions ~70 nm
Patterned areas ~4cm2  
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Density Multiplication
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Density Multiplication

3x density multiplication
30nm features in 90nm IL pattern

over mm2 areas
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Density Multiplication
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4X Multiplication 

100nm
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Metrology

Intel-blessed standard, quantitative, non-destructive 
feature/defect analysis at each stage of process

Line Edge Roughness (LER)
3σ deviation of a line edge 
from best-fit straight line
target LER < 5 %
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Metrology

All made possible by FEI Magellan SEM:
quantitative sub-nm measurements from 

uncoated samples
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Summary

! Extended BCP-based patterning to wide variety of materials (substrates 
and solution-derived features)

! Up to 4x density multiplication with DSA-BCP over mm2 areas

! Near-arbitrary control over position and (to some extent) size of 
nanoscale features
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