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also found good agreement with the published

XRD data (16) (supporting online material

text, figs. S2 and S3).

With 12 Al
s

atoms in pyramids and 12 in

tetrahedra and the nonhexagonal oxygen layer,

the film is neither related to bulk corundum

nor to bulk g or k alumina. This result shows

that extrapolation from bulk materials to thin

films, even if supplemented by chemical intui-

tion, is often insufficient for the correct deter-

mination of complex structures. However, by

applying the experiment and theory in a closely

coupled manner, very complex structures—

here, 92 atoms in the unit cell—can be solved

unambiguously.

Finally, the structure of the ultrathin alumi-

na film on NiAl(110) will provide a good start-

ing point for understanding the structures of

other oxide surfaces, especially those of

Al
2
O

3
. For instance, the average Al-Al in-

plane distance in the surface layer of the

complex
ffiffiffiffiffi

31
p

�
ffiffiffiffiffi

31
p

surface reconstruction

of corundum (0001) is 3.03 ) (22, 23), exactly

the same value as in the first Al layer of the

ultrathin oxide on NiAl(110). This similarity

suggests that the reduced corundum surface is

built in a manner similar to the current struc-

ture, with exactly the same structural ele-

ments, resulting in an oxygen layer with

square and hexagonal arrangements at the

top and a distorted hexagonal Al layer slightly

below.
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Directed Assembly of Block
Copolymer Blends into Nonregular

Device-Oriented Structures
Mark P. Stoykovich,1 Marcus Müller,2 Sang Ouk Kim,3

Harun H. Solak,4 Erik W. Edwards,1 Juan J. de Pablo,1

Paul F. Nealey1.

Self-assembly is an effective strategy for the creation of periodic structures at
the nanoscale. However, because microelectronic devices use free-form design
principles, the insertion point of self-assembling materials into existing nano-
manufacturing processes is unclear. We directed ternary blends of diblock
copolymers and homopolymers that naturally form periodic arrays to assemble
into nonregular device-oriented structures on chemically nanopatterned
substrates. Redistribution of homopolymer facilitates the defect-free assembly
in locations where the domain dimensions deviate substantially from those
formed in the bulk. The ability to pattern nonregular structures using self-
assembling materials creates new opportunities for nanoscale manufacturing.

One of the challenges in nanofabrication is

the integration of self-assembling materials

into existing manufacturing strategies to

achieve molecular-level process control and

the ability to produce useful architectures. Pre-

vious reports of block copolymer lithography

described an inexpensive, parallel, and scal-

able technique for patterning dense periodic

arrays of nanostructures (1) that are suited for

a number of applications such as nanowires

(2, 3), quantum dots (1, 4), magnetic storage

media (5), flash memory devices (6), pho-

tonic crystals (7), and silicon capacitors (8).

Diblock copolymers consist of two chemi-

cally connected polymer chains. Because of

their different properties, the chain segments

tend to spontaneously form ordered nano-

structures, including spheres, cylinders, and

lamellae, whose shape and dimensions depend

on the molecular weight and composition of

the polymer (9). Block copolymer lithography

refers to the use of these ordered structures in

the form of thin films as patterning templates.

Varying degrees of long-range order and sub-

strate registration of the periodic arrays are

achieved by using strategies such as electric

fields (2, 10), chemically (11–13) and topo-

graphically (14–16) patterned substrates, and

shear (17). We demonstrate that, by directing

the assembly of blends of block copolymers

and homopolymers on chemically nanopat-

terned substrates, it is possible to pattern

nonregular-shaped structures aided by a non-

uniform distribution of homopolymers across

the patterns. The technological implication of

this approach is that the fine control of struc-

ture dimensions afforded by self-assembling

block copolymer materials may be harnessed

for applications such as the production of

nanoelectronic devices that require patterns

more complex than simple periodic arrays.

Current commercial lithographic processes

can generate patterns with perfection over

macroscopic areas and with dimensional con-

trol of features, registration, and overlay with-

in exacting tolerances and margins. In the

past decade, considerable resources have been
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allocated to the development of exposure

tools capable of resolving nanoscale patterns

(G 30 nm) with the required registration and

overlay capabilities, but relatively modest

investments have been made in the develop-

ment of suitable imaging materials at this

length scale (18). Currently chemically am-

plified photoresists are used in manufac-

turing processes to pattern features with

dimensions as small as 50 to 70 nm but may

not be extendable as feature dimensions shrink

to 30 nm and below. Other types of photo-

resists and electron beam lithography have

been used to fabricate proof-of-principle de-

vices with features below 10 nm (19, 20).

Although these demonstrations provide moti-

vation for continuing to push the limits of

nanomanufacturing, the materials and pro-

cesses themselves are not amenable for pro-

duction purposes in their present form (20).

Self-assembling materials used in conjunction

with the most advanced exposure tools may

enable extension of current manufacturing

practices to dimensions of 10 nm and less.

Recently we demonstrated that the domains of

block copolymer films could be directed to

assemble into defect-free periodic patterns over

arbitrarily large areas in registry with litho-

graphically defined chemical surface patterns

(11, 21) and with nanometer precision over the

lateral dimensions of the domains (22). We

now extend the capabilities of block copolymer

lithography to include patterns of line segments

and nested arrays of lines with sharp bends by

using ternary blends of diblock copolymers

and homopolymers.

The schematic in Fig. 1 illustrates the

process used to fabricate chemically nano-

patterned surfaces that subsequently direct

the assembly of films of ternary block

copolymer-homopolymer blends (11, 22).

Hydroxy-terminated polystyrene (PS) was

Fig. 1. Schematic of the process used to fabri-
cate chemically nanopatterned surfaces that
direct the self-assembly of ternary blends in lin-
ear and bend geometries. (A) A photoresist was
spin-coated on a PS brush that was grafted to a
Si substrate and (B) patterned by using advanced
lithography to produce line and space features of
period LS. (C) Oxygen plasma etching was used
to chemically modify the exposed regions of the
PS brush and to convert the topographic photo-
resist pattern into a chemical surface pattern.
(D) The photoresist was removed by solvent
treatment, and (E) a ternary block copolymer–
homopolymer blend was coated and annealed
on the chemical surface pattern.

Fig. 2. Behavior of ternary blends on chemical surface patterns with linear geometries. (A) Top-down
SEM images of the ternary PS-b-PMMA/PS/PMMA blend (LB 0 70 nm) on an unpatterned neutral
surface of PS-r-PMMA and on chemically striped PS surfaces. The chemical surface patterns have a
period, LS, ranging from 50 to 90 nm. Each micrograph depicts a 2 mm by 2 mm area. The bright and
dark regions correspond to the PS and PMMA domains, respectively, and the dimensions of the PS
domains appear artificially large because of the SEM imaging. (B) Contour plot of the relative
composition of PS segments in a single lamellar period (LS 0 LB 0 70 nm) as obtained from two-
dimensional SCMF simulations. The PS- and PMMA-rich domains are shown in red and blue,
respectively. (C) Contour plots of the relative concentration of both homopolymers, PS and PMMA,
from SCMF simulations of defect-free morphologies of the ternary blend on linear surface patterns
with LS of 60, 70, and 80 nm. The centers of the lamellar domains are enriched in homopolymers
(shown in red), whereas the domain interfaces are depleted of homopolymers (shown in blue). The
contour plots of (B) and (C) are displayed as a cross section of the thin film, where x is the direction
normal to the lamellae and z is the direction normal to the substrate (z/film thickness 0 0) and free
surface (z/film thickness 0 1). The data have been averaged in the direction parallel to the lamellae.
(D) Top-down SEM image of the ends of line structures. The perpendicular lamellar domains (top
portion) terminate at a boundary with lamellae oriented parallel to the substrate (bottom portion).
The end of the chemical surface pattern has a period of LS 0 60 nm, whereas at the top of the image
LS , 63 nm.
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grafted to a silicon substrate, resulting in a PS

brush layer (22–24). The PS brush was then

coated with a thin film of photoresist. Ad-

vanced lithography was used to pattern the

photoresist with arrays of roughly equal lines

and spaces having periods between 50 and 90

nm and bends with angles from 45- to 135-.
Patterning was performed by electron beam

lithography for all features with periods Q 60

nm and by extreme ultraviolet interference

lithography (25) for features with periods G 60

nm (24). The sample was then subjected to an

oxygen plasma. The surface was chemically

modified and rendered strongly hydrophilic or

polar only in areas where the photoresist did

not cover the PS brush (24). The remaining

photoresist was removed by solvent rinses,

leaving behind the chemically nanopatterned

surface. A È43-nm film of a ternary block

copolymer–homopolymer blend was subse-

quently spin-coated and annealed on the

patterned surface at 193-C for 7 days (24).

These block copolymer films have an ade-

quate thickness to act as templates for pat-

terning through selective etching or deposition

processes (1, 3, 5, 8) and are sufficiently thin

for the surface interactions to stabilize the

perpendicular morphology (21). The ternary

blend consisted of 60 weight % (wt. %)

symmetric polystyrene-block-poly(methyl

methacrylate) (PS-b-PMMA, 104 kg molj1,

bulk lamellar period of L
O
0 49 nm), 20 wt. %

polystyrene homopolymer (PS, 40 kg molj1),

and 20 wt. % poly(methyl methacrylate) homo-

polymer (PMMA, 41 kg molj1). On homo-

geneous neutral wetting surfaces, the blend

formed a lamellar phase with a period, L
B
, of

70 nm (Fig. 2A) (26). The PS domain of the

ternary blend preferentially wet the unmodified

PS brush, and the PMMA domain preferen-

tially wet the regions of the brush that were

chemically modified by the oxygen plasma.

Scanning electron microscopy (SEM) was

used to image the domain structure of the

block copolymer blend after annealing.

Top-down SEM images of the domain struc-

ture of the ternary blend with L
B
0 70 nm on

surfaces with striped chemical nanopatterns

of period L
S

between 50 to 90 nm are shown in

Fig. 2A. Lamellae were perfectly ordered and

registered on surfaces having L
S

ranging from

60 to 80 nm. For L
S
G 60 nm, compression of

the lamellar domains led to the formation of

bridges between domains that were predom-

inately oriented perpendicular to the surface

pattern. For L
S
9 80 nm, the lamellar struc-

tures appeared to be pinched off into small,

circular domains of PS or PMMA. For L
S
0

85 nm, the circular domains, although remain-

ing centered and registered with the underlying

chemical pattern, had an increased propensity

to merge with neighboring domains on adja-

cent surface stripes. For L
S
0 90 nm there were

few aligned lamellae and more circular do-

mains. These defect structures in the blends

are distinctly different than the dislocations

and disclinations observed at incommensurate

values of L
S

and L
O

for pure block copolymers

(11, 22). The range of L
S

over which perfect

directed assembly was achieved with the

blends, however, is consistent with previous

results using pure block copolymers (22).

Single chain in mean field (SCMF) sim-

ulations, a particle-based self-consistent field

method, were performed to calculate the

molecular-level distribution of homopolymers

within the lamellar domains as a function of

L
S

(24, 27). Self-consistent field techniques

(28) have been shown to accurately describe

the self-assembly of block copolymers in the

bulk (29) and under confinement (30). The cal-

culations use values of cN, where c is the

Flory-Huggins interaction parameter taken

from the literature and N is the degree of

polymerization, and the length scale as de-

termined from the lamellar period of the

blend, L
B
, on unpatterned surfaces. Figure

2B presents a contour plot of the composition

of perfectly aligned ternary blend domains

on a chemically striped surface (L
S
0 L

B
0

70 nm). The interfaces between the PS and

PMMA domains are found to be sharp for

60 nm e L
S
e 80 nm. However, the distri-

bution of homopolymer in the domains varies

with L
S

(Fig. 2C). In defect-free lamellae with

L
S
Q L

B
, the homopolymers are concentrated

primarily at the center of the domains, and

an absence of homopolymer is observed near

the domain interfaces. The degree of homo-

polymer segregation to the center of the

domains increases with increasing period

mismatch, L
S
/L

B
. Surface patterns with L

S
G

L
B

induce a spatially more uniform homo-

polymer distribution within the domains.

Moreover, the homopolymer within the lamel-

lar domains exhibits a tendency to segregate

toward the substrate interface and the free sur-

face because of its lower molecular weight.

A representative image of the ends of line

structures is shown in Fig. 2D. Here, perpen-

dicular lamellar domains on underlying chem-

ical patterns terminate at a boundary with

lamellae oriented parallel to the substrate as-

sembled on a chemically homogeneous (PS

brush) region of the surface. These structures

form templates for patterning line segments

that terminate at precise locations.

Nested arrays of lines with sharp bends

represent model test features for the type of

patterns currently used in the free-form logic

devices of microprocessors and integrated

circuits. Figure 3 shows the directed assembly

of nested arrays of lines with different bend

geometries. Periods in the linear sections of

the chemical surface pattern, L
S
, ranged from

65 to 80 nm such that L
S
È L

B
0 70 nm. The

linear portions of the blend lamellae were

defect-free for all of the examined periods. In

addition, the ternary blend formed defect-free

lamellae on surface patterns of 45-, 90-, and

135- bends. Perfect assembly was observed

on the 45- bends for all examined L
S
, but

perfect structures were formed on the 90- and

135- bends only for patterns of L
S
e 70 nm

and L
S
e 65 nm, respectively.

Fig. 3. Top-down SEM images of angled lamellae in a ternary PS-b-PMMA/PS/PMMA blend (LB 0
70 nm). The chemical surface patterns are fabricated with LS values of 65, 70, 75, and 80 nm, and
the lamellar domains of the block copolymer blend are self-assembled and registered around 45-,
90-, and 135- bends. Perfect long-range order was achieved in the linear portions for all LS,
whereas defects arose at the corners of the 90- bends for LS Q 75 nm and the 135- bends for LS Q
70 nm. The micrographs each depict a 2 mm by 2 mm area.
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The differences in domain structure and

the formation of defects at the corners of the

45-, 90-, and 135- bends (Fig. 3) depend on

the bend angle, q, and the corner-to-corner

lamellar period, L
C

(Fig. 4A). Lamellae in the

corners of the L
S
0 80 nm and 90- bends

began to connect with adjacent lamellar

domains. For L
S
Q 70 nm and 135- bends,

the corners were primarily occupied by

isolated, round PS domains. These types of

defects are similar to those observed on linear

chemical surface patterns with L
S
9 80 nm

(Fig. 2A). To a first approximation, one ex-

pects the defect-free ordering of lamellae if

the corner-to-corner period, L
C
0 L

S
/cos(q/2),

is smaller than the largest period E80 nm

(compare with Fig. 2A)^ of chemical surface

stripes on which perfect ordering was ob-

served. For L
S
0 70 nm and q 0 90-, however,

L
C

was 99 nm (d 80 nm), but corner defects

were not observed experimentally. The under-

estimation of the stability of defect-free bends

by this simple geometric argument suggests

that localized redistribution of homopolymer

must occur at the bend corners.

SCMF simulations of the directed assem-

bly of ternary blends on surfaces chemically

patterned with bend geometries (L
S
0 L

B
0

70 nm) confirm the presence of homopolymer-

rich material in the bend corners. Similar to

the experimental results, defect-free ordering

is observed in the SCMF results for q values

of 45- and 90- (Fig. 4B), and defects arise

for the largest bend angle, q 0 135-. The

SCMF results in Fig. 4C reveal that the local

concentration of homopolymers is greatest in

the middle of the corners. For the plots of

homopolymer–block copolymer concentra-

tion as a function of position (Fig. 4C), the

periodicity of the apparent pattern is twice

that of the pattern of PS and PMMA domains

(Fig. 4B), indicative of alternating regions

rich in PS homopolymer and in PMMA

homopolymer (both shown in red) separated

by block copolymer–rich interfaces (shown in

blue). This local redistribution of homo-

polymer is more pronounced on the 90- bends

than on the 45- bends. Figure 4D shows that

the concentration profile of homopolymer de-

cays along a line moving away from the

corners. The length scale over which homo-

polymers are recruited to the corners is large,

and there is a noticeable depletion of the homo-

polymers in the linear portions of the domains

away from the corners. Although the 45- bends

have a nearly bulk homopolymer concen-

tration of È40 volume % (vol. %) in the linear

portions, the 90- bends display a uniformly

reduced homopolymer concentration of È39

vol. % throughout the examined linear region.

Nested arrays of bent lines are used rou-

tinely to benchmark photoresists, but these

structures are also reminiscent of metastable

defects formed at tilt grain boundaries in the

bulk (31–33). The presence of homopolymer

in block copolymer–homopolymer blends mit-

igates the free energy cost and changes the

type of defect observed as a function of tilt

angle (32, 33). In contrast to these metastable

defects at grain boundaries, the chevron-like

structures formed on chemically patterned sur-

faces are in thermodynamic equilibrium, and

structures analogous to omega and T-junction

grain boundary defects are not observed at any

bend angle. This analysis highlights the rel-

atively large contribution of the polymer-

substrate interfacial energy to the overall free

energy of sufficiently thin films, which enables

the directed assembly of block copolymer do-

mains into structures that do not exist in the

bulk ESupporting Online Material (SOM) Text^.
The extension of block copolymer lithog-

raphy to pattern features more complex than

simple periodic arrays creates opportunities

for widespread use of these nontraditional im-

aging materials in nanofabrication. Because

pattern formation was facilitated through en-

riched or depleted concentrations of homo-

polymer depending on the local dimensions

of the structures, it may be possible to create

relatively high densities of many different

types of nonregular shaped structures used in

device manufacturing by optimizing blend

compositions, polymer chemistry, and inter-

facial interactions. Our approach retains the

essential attributes of current lithographic ma-

terials and processes, including pattern per-

fection and registration, but may be scaled to

dimensions of 10 nm or below with precise

control over feature size and shape.
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Production of Liquid Alkanes by
Aqueous-Phase Processing of

Biomass-Derived Carbohydrates
George W. Huber, Juben N. Chheda, Christopher J. Barrett,

James A. Dumesic*

Liquid alkanes with the number of carbon atoms ranging from C7 to C15 were
selectively produced from biomass-derived carbohydrates by acid-catalyzed
dehydration, which was followed by aldol condensation over solid base catalysts
to form large organic compounds. These molecules were then converted into
alkanes by dehydration/hydrogenation over bifunctional catalysts that con-
tained acid and metal sites in a four-phase reactor, in which the aqueous organic
reactant becomes more hydrophobic and a hexadecane alkane stream removes
hydrophobic species from the catalyst before they go on further to form coke.
These liquid alkanes are of the appropriate molecular weight to be used as
transportation fuel components, and they contain 90% of the energy of the
carbohydrate and H2 feeds.

The production of liquid fuels from renew-

able biomass resources is particularly attract-

ive because gasoline- and diesel-powered

hybrid electric vehicles are being developed

that have overall energy efficiencies compa-

rable to those of vehicles powered by fuel cells

based on current technologies (1). Approximate-

ly 75% of the dry weight of herbaceous and

woody biomass is composed of carbohydrates

(2). Several processes currently exist to convert

carbohydrates to liquid fuels, including the for-

mation of bio-oils by liquefaction or pyrolysis

of biomass (3), the production of alkanes or

methanol by Fischer-Tropsch synthesis from

biomass-derived CO:H
2

gas mixtures (2), and

the conversion of sugars and methanol to aro-

matic hydrocarbons over zeolite catalysts (4, 5).

However, the conversion of glucose to eth-

anol is the most widely practiced process (6)

for producing liquid fuels from biomass, with

an overall energy efficiency from corn (the

heating value of ethanol divided by the energy

required to produce ethanol from corn) equal to

about 1.1 without coproduct energy credits (7).

Approximately 67% of the energy required

for ethanol production is consumed in the

fermentation/distillation process, of which over

half is used to distill ethanol from water (7, 8).

In comparison, the production of alkanes

from aqueous carbohydrate solutions would

involve the spontaneous separation of the al-

kanes from water. Accordingly, we estimate

that the overall energy efficiency for alkane

production from corn would be increased to

approximately 2.2, if we assume that this pro-

cess eliminates the energy-intensive distillation

step but still requires all of the remaining en-

ergy inputs needed for the production of etha-

nol from corn (9).

We have recently shown how an aqueous

solution of sorbitol (the sugar-alcohol of

glucose) can be converted to hexane (Eq. 1)

with a catalyst containing both acid (e.g.,

SiO
2
-Al

2
O

3
) and metal (e.g., Pt or Pd) sites to

catalyze dehydration and hydrogenation reac-

tions, respectively (10). Hydrogen for this reac-

tion can be produced from the aqueous-phase

reforming of sorbitol (Eq. 2) in the same

reactor or in a separate reactor with a non-

precious metal catalyst (11). The net reaction

(Eq. 3) is an exothermic process in which ap-

proximately 1.5 mol of sorbitol produce 1 mol

of hexane.

C6O6H14 þ 6H2 Y C6H14 þ 6H2O ð1Þ

C6O6H14 þ 6H2O Y 6CO2 þ 13H2 ð2Þ

19

13
C6O6H14 Y C6H14 þ 36

13
CO2 þ 42

13
H2O

ð3Þ

Alkanes produced in the aqueous-phase

dehydration/hydrogenation (APD/H) of carbo-

hydrates would provide a renewable source of

transportation fuel to complement the rapidly

growing production of biodiesel from vegeta-

ble oils and animal fats (12). Unfortunately,

the high volatility of hexane makes this com-

pound of low value as a fuel additive (13).

Thus, the production of high-quality liquid

fuels from carbohydrates requires the forma-

tion of larger alkanes, and this production can

be accomplished by first linking carbohydrate-

derived moieties through the formation of C-C

bonds before APD/H processing. Here we pre-

sent a catalytic process for the conversion of

biomass-derived carbohydrates to liquid alkanes

in the higher mass ranges (from C
7

to C
15

)

that can be used as sulfur-free fuel components.

We note that C-O-C linkages (as found in di-

saccharides) are broken under APD/H reac-

tion conditions. The formation of C-C bonds

between carbohydrate-derived moieties can

be carried out by a variety of chemical routes,

and we have chosen a dehydration step (acid-

catalyzed) followed by an aldol-condensation

(base-catalyzed) step (Fig. 1).

Our current APD/H process cannot be used

to produce alkanes from large water-soluble

organic compounds because extensive amounts

of coke form on the catalyst surface (between
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