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Block copolymers can self-assemble to generate patterns with nanoscale periodicity, which may be

useful in lithographic applications. Block copolymers in which one block is organic and the other

contains Si are appealing for self-assembled lithography because of the high etch contrast between

the blocks, the high etch resistance of the Si-containing block, and the high Flory–Huggins

interaction parameter, which is expected to minimize line edge roughness. The locations and long

range order of the microdomains can be controlled using shallow topographical features. Pattern

generation from poly�styrene�-poly�ferrocenyldimethylsilane� and poly�styrene�-poly�dimethyl-

siloxane� block copolymers, and the subsequent pattern transfer into metal, oxide, and polymer

films, is described. © 2008 American Vacuum Society. �DOI: 10.1116/1.2981079�

I. INTRODUCTION

The ability of block copolymers to self-assemble into pe-

riodic nanoscale structures makes them attractive for the

lithographic patterning of nanoscale features
1–7

such as pat-

terned magnetic media.
8,9

Moreover, the processing require-

ments for block copolymers �spin coating, annealing, reac-

tive ion etching� are compatible with semiconductor process-

ing techniques. The geometry of the self-assembled struc-

tures �e.g., arrays of spheres, cylinders, or lamellae� and their

length scales can be controlled via the chain lengths of the

blocks from which the polymer is composed. The long range

ordering and the registration of the features can be controlled

by using chemical
10–13

or topographical
14–21

patterns on the

substrates, and placement to within 2–3 nm of a reference

feature has been demonstrated.
22

These characteristics make

block copolymer lithography a potentially cost-effective

method for the formation of dense arrays of nanoscale fea-

tures.

The majority of block copolymer patterning work has

been based on poly�styrene�-poly�methylmethacrylate� �PS-

PMMA� diblock copolymers. In this system the PMMA is

easily removed, leaving the PS features on the substrate.

However, PS is a poor etch mask, which limits subse-

quent pattern transfer processes. By using a Si- or

�Si+Fe�-containing organometallic material as one block of

the polymer, a more robust etch mask is formed, which en-

ables the formation of high aspect ratio features and the use

of subtractive processes for pattern transfer.

In this article we describe pattern formation and pattern

transfer from two Si- or �Si+Fe�-containing diblock copoly-

mers, poly�styrene�-poly�ferrocenyldimethylsilane� �Refs. 23

and 24� �PS-PFS, synthesized at the University of Twente�

and poly�styrene�-poly�dimethylsiloxane� �Ref. 25� �PS-

PDMS�, synthesized by Polymer Source Inc. In both cases,

after annealing to promote microphase separation of the

blocks, the PS is removed with oxygen reactive ion etching,

leaving oxidized PFS or PDMS features that can serve as

masks for pattern transfer. We describe, in particular, the

templating of the microdomains using topographical features

consisting of shallow trenches or pits, or arrays of pillars,

and discuss the effect of the commensurability between the

block copolymer period and the size of the template. We

describe the pattern transfer processes and the properties of

the resulting structures, with examples of the formation of

magnetic “dot” arrays for perpendicular patterned media and

magnetic rings for magnetic random access memories or

magnetic logic.a�
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EXPERIMENTAL METHODS

Topographical templates were made on oxidized silicon

substrates. Patterns consisting of parallel lines or arrays of

circular pits were defined in a trilayer resist stack by inter-

ference lithography over large areas �a few cm
2�, or by

electron-beam lithography, and transferred into the oxide

layer using a series of reactive ion etch �RIE� steps. The

thicknesses of the block copolymer layers were chosen such

that, after annealing, the polymer filled the trenches leaving

little or no material on the mesas. Pillars with diameters of

�10 nm were made in hydrogen silsesquioxane �HSQ� resist

using electron-beam lithography directly.

The PS-PFS, which contains ��20 vol % PFS, is spin

coated then annealed at 140–180 °C to form a monolayer of

close-packed PFS spheres within a PS matrix. The sphere

row spacing is 25–50 nm depending on the molecular mass

of the block copolymer. Molecular masses of 33–10, 47–15,

69–21, and 91–21 kg /mol PS-PFS were used, referred to as

33 /10, 47 /15, 69 /21, and 91 /21 respectively. After thermal

annealing, typically at 180 °C for several hours, the PS was

removed with an oxygen RIE or with ozonolysis to leave an

array of partly oxidized PFS spheres.
17,26

One PS-PDMS block copolymer �45.5 kg /mol total mo-

lecular mass� contained 33.5 vol % PDMS and formed an

array of parallel PDMS cylinders with 34 nm period in a PS

matrix on annealing. A second PS-PDMS block copolymer

�51.5 kg /mol total molecular mass, 16.5 vol % PDMS�
formed an array of close-packed PDMS spheres with center-

to-center spacing of 38 nm in a PS matrix on annealing.

After spin coating, the PS-PDMS was solvent annealed at

room temperature in an ambient of toluene vapor or annealed

at 170–200 °C, for several hours. PDMS has a much lower

surface energy than PS and forms a surface layer at the

polymer-air interface and also wets the silica surface. The

PDMS surface layer was removed using a short CF4 RIE,

then the PS was removed with O2 RIE to expose the PDMS

cylinders.
25

The etched block copolymer morphologies were imaged

by scanning electron microscopy, after metal coating. Pattern

transfer into a number of materials was accomplished using

sequences of reactive ion etching and ion beam etching pro-

cesses.

II. RESULTS AND DISCUSSION

A. Block copolymer selection

The majority of block copolymer lithography research has

been performed on PS-PMMA. This material is available in a

range of molecular weights and volume fractions, and its

processing techniques are well established. For example,

PMMA can be selectively removed by degradation using UV

light and dissolution by acetic acid or by etching using an

oxygen, argon or CF4 plasma. However, the PS block which

remains has poor thermal stability, with a glass transition

temperature of approximately 100 °C. PS structures have

been used for additive patterning, such as electrodeposition
27

or lift-off,
28

but subtractive pattern transfer is more difficult

because the PS is easily attacked by, for example, an oxygen

plasma. Subtractive pattern transfer is instead accomplished

by making a hard mask of a more robust material such as

spin-on glass by an additive process, then using the hard

mask to pattern an underlying film.
15

Si or �Si+Fe�-
containing block copolymers are advantageous because there

is a high etch selectivity between the organometallic block

and the organic block.
29

For example, in PS-PDMS or PS-

PFS, the PS is removed by an oxygen plasma which also

partly oxidizes the Si-containing block, leaving a material

with properties similar to silica. The oxidized organometallic

domains are sufficiently robust for subtractive pattern trans-

fer using RIE or ion beam etching.

A second important consideration in selecting a block co-

polymer for self-assembled lithography is the value of the

Flory–Huggins � parameter, which describes the thermody-

namic tendency of the block copolymer to microphase seg-

regate. Microphase segregation occurs above a certain value

of �N, approximately 10,
30

where N is the number of mono-

mer repeats in the chain. Materials with a higher � can mi-

crophase segregate at a smaller chain length, yielding pat-

terns with smaller period �in the strong segregation limit, the

pattern period is given by aN2/3�1/6, where a is the segment

length�. Additionally, the width of the interface between the

two blocks is given by a�−1/2,
30

implying that a block co-

polymer with higher � will have sharper interfaces between

the blocks, facilitating a smaller edge roughness in the fea-

tures. The � parameters at room temperature are 0.04–0.06

for PS-PMMA,
31

0.08 for PS-PFS,
32

and 0.26 for

PS-PDMS,
33

suggesting that PS-PDMS can achieve about

half the periodicity of PS-PMMA. The high � of PS-PDMS

has made it particularly attractive for the generation of well-

defined patterns with long correlation lengths. Offsetting

these advantages is the relative difficulty of obtaining mate-

rials and the scarcity of information about these block co-

polymers.

B. Pattern generation from spherical-morphology
PS-PFS

Block copolymer films spin coated on a smooth substrate

generate patterns with good short range order, but for many

device applications, precise long range order is required. In

our work, to impose long range order, topographical tem-

plates were used with depths of 30–50 nm, the approximate

thickness of a film containing a monolayer of spherical do-

mains.

We examined, in particular, the behavior of PS-PFS

33 /10 when the size of the template is a few times the period

of the block copolymer. In this regime, commensurability

between the block copolymer and the template is important.

Experimentally, the block copolymer adjusts its period in

order to fit inside the template. This is most clearly revealed

in a series of measurements on grooves of different widths.
17

An example is shown in Fig. 1�a�. For any value of groove

width between about d0 and 12d0, where d0 is the spacing

between rows of spherical microdomains in the close-packed

array, the block copolymer microdomains form a well-
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ordered close-packed array within the groove, with a spacing

that expands or contracts to fit within the template. If the

groove width is in the range of �M −1 /2�d0 to �M +1 /2�d0,

where M is an integer, M rows of spherical domains form,

i.e., there is always an integer number of rows. However,

there is an overlap between the number of rows, for example,

at a groove width near �M +1 /2�d0, either M or M +1 rows

may form. This behavior was understood in terms of the free

energy of the array of microdomains, which increases as the

array is strained compared to its equilibrium row spacing d0.

The elastic compliance of the microdomain arrays exhib-

ited in this experiment is critical in lithographic applications

because it allows the block copolymer microdomain array to

conform to an incommensurate or imperfect template, easing

the fabrication requirements on the template. For example, if

the template has edge roughness, the row of microdomains

closest to the edge has positions that correlate well with the

roughness of the template. However, as we move away from

the edge, the correlation is lost, so that the microdomain

array has better short range order. The array therefore dem-

onstrates a “self-healing” effect in which perturbations of

domain positions are damped out, and the array is tolerant to

defects in the template.
22

Figure 1�b� shows how spherical

domains are templated by a sharp angle, such that the loca-

tion of the corner domain is determined to within a few na-

nometers.

Commensurability effects are also observed in spherical

microdomain arrays within narrow grooves, with widths of

�0.5–1.5�d0.
34

In these very narrow templates, only one row

of spherical microdomains can form, but the domains distort

into ellipsoids in order to fit within the template. This allows

rows of elliptical structures to be made with controlled as-

pect ratio, as shown in Fig. 1�c�.
PS-PFS of larger molecular mass also showed similar

templating behavior in grooves. However, the ordering of the

patterns, and the monodispersity of the microdomains, was

considerably poorer. This is attributed to the lower diffusivity

in higher molecular weight polymers, which impedes the for-

mation of an equilibrium structure. The lower diffusivity for

higher molecular weights may impose an upper limit on pat-

tern periodicity in block copolymer self-assembly.

C. Pattern generation from cylindrical- and
spherical-morphology PS-PDMS

PS-PDMS is attractive because of its high � parameter

and the high etch selectivity between the blocks. However,

the PDMS block segregates strongly to the film surface and

to the surface of the substrate. A short CF4 etch process is

therefore necessary for the removal of the surface layer prior

to O2-etching the PS matrix to reveal the PDMS

microdomains.
25

PS-PDMS was most conveniently annealed

in solvent vapor, although thermal annealing at 170–200 °C

is also effective in promoting microphase segregation. We

describe first the behavior of cylindrical morphology PS-

DMS. In thin films the cylinders could be oriented either

parallel or perpendicular to the edges of a topographical tem-

plate depending on the annealing conditions and substrate

geometry. This phenomenon is believed to be caused by

flow-induced ordering of the cylinders. Longer anneals,

higher vapor pressure, or the use of a substrate geometry

with smaller mesas between the substrate grooves promote

cylinder orientation parallel to the grooves. Figure 2 shows a

plan view and tilted view of an array of PDMS cylinders

aranged parallel to the template edge. The etched cylinders

had a line edge roughness of 4 nm, estimated from the elec-

tron micrograph. Figure 3�a� shows the cylinders arranged

perpendicular to the template edge.
25

In circular pits, the cylinders were curved to form concen-

tric ring patterns with spacing governed by the pit diameter.
35

Figure 4 shows concentric rings formed in templates of dif-

ferent widths. As with the ordering of PFS spherical do-

mains, the number of concentric PDMS cylinders within a

circular pit increases stepwise as the pit diameter increased.

The spacing of the outer cylinders is similar to the equilib-

rium spacing, but inner cylinders are more closely spaced as

a result of the contribution of the bending energy to the total

energy of the system. This method allows precise control of

circular or other concentric geometries using a template that

is coarser than the linewidth of the patterns.

FIG. 1. Self-assembled PS-PFS 33 /10 patterns. �a� In grooves of different

widths, a composite image �from Ref. 17�, �b� in a 60° angle �from Ref. 22�,
�c� in narrow grooves, showing ellipsoidal distortion of the PFS micro-

domains �from Ref. 34�. In each case the PS matrix has been selectively

etched.
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In the work described above, block copolymers have been

templated using shallow trenches or grooves. An alternative

approach is to use a dilute array of posts to template of

sphere array.
36

The posts substitute for domains, pinning the

location and orientation of the array, as illustrated for PDMS

spheres in a PS-PDMS block copolymer. This enables the

frequency of the template pattern to be multiplied by the

self-assembly process. For example, in Fig. 3�b�, the period

of the post array is �21 times that of the block copolymer,

and one unit cell of the post lattice contains 21 block copoly-

mer unit cells. Moreover, the posts are incorporated into the

array, and if designed appropriately, they become indistin-

guishable from the block copolymer domains on subsequent

processing. For example, if the posts are made from HSQ,

they behave similarly to the oxidized PDMS domains during

etching processes. The templating is insensitive to the exact

size and shape of the posts, relaxing the requirements on the

patterning method used to generate the posts.

D. Pattern transfer into metal, oxide, and
polymer films

Block copolymer patterns were transferred into various

materials, including magnetic and nonmagnetic metals,

silica, silicon, antireflective coatings, and conductive organic

materials, using etching or lift-off processing. Transfer into

metal films, such as magnetic films or multilayers, could be

achieved by coating the magnetic metal �e.g., Co, NiFe, and

CoCrPt /Ti and CoFe /Cu /NiFe multilayers� with tungsten,

then silica, then a PS-PFS block copolymer.
37–39

The pattern

of the PFS domains was transferred into silica using a CHF3

RIE, then into W using CF4+O2 RIE, then into the Co by

Ne+ ion beam etching. An example is shown in Fig. 5�a� for

a Co film patterned using PS-PFS 91 /21, with 56 nm period.

The substrate surface was flat, and in the absence of a tem-

plate, the dot array has short range close packing, but no long

range order. CoCrPt /Ti was also patterned, using PS-PFS

47 /15 and 69 /21, and in this case the magnetic “dots” show

a strong perpendicular anisotropy due to the out-of-plane

c-axis orientation of the Co-alloy induced by the Ti.
39

The

dots reverse their magnetization in a coherent manner, and

interactions between neighbors are weak compared to the

coercivity, making this a possible prototype for patterned re-

cording media.

One issue with this pattern transfer method is that, if the

block copolymer has been templated using topographic fea-

tures, the pattern of the template is transferred into the un-

derlying film at the same time as the block copolymer do-

main pattern. This can be avoided by using an etchable

template such as a patterned polymer film. The template ma-

terial must maintain its shape in the presence of the solvents

used in spin coating or annealing of the polymer, yet be

easily removed after the block copolymer has ordered. A

FIG. 2. Plan and side views of a section of a 32 nm period PDMS cylinder

array ordered within a 875 nm wide shallow silica groove �groove edges are

not shown�. The PS matrix and PDMS surface layer have been etched.

FIG. 3. �a� Plan view of 32 nm period PDMS cylinders oriented perpendicu-

lar to the edges of the template �from Ref. 25�. �b� 38 nm period PDMS

sphere array templated by a sparse array of HSQ pillars, some of which are

circled �from Ref. 36�. The PS matrix and PDMS surface layer have been

etched.

FIG. 4. PDMS cylinders confined within circular pits curve to follow the pit

edges. The number of concentric rings is governed by the template diameter.

The central feature can be a PS dot �dark� or a PDMS dot �white, middle

image�. The PS matrix and PDMS surface layer have been removed. From

Ref. 35.
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BARLi antireflective coating �ARC� was found to be suit-

able. Figure 5�b� shows PS-PFS templated using stripes of

ARC, and the resulting pattern of ordered PFS dots on a

smooth substrate after the ARC has been removed. On trans-

ferring this pattern into a Cr layer, an array of ordered Cr

dots is formed, separated by spaces corresponding to the lo-

cations of the ARC templates.

Line and ring patterns of PDMS cylindrical microdomains

with period of 32 nm have been transferred into several ma-

terials, including metals, oxide, and silica. An example of

patterned concentric Co rings is shown in Fig. 6�a�. Each

structure consists of two concentric Co rings with a narrow

gap between them. In this case the image contrast is re-

versed, i.e., the Co rings correspond to the location of the PS

majority block, while the gap between the Co rings corre-

sponds to the PDMS ring location. Such ring structures may

be useful in a range of applications, including lasers,
40

transistors,
41

magnetic memories,
42,43

sensors,
44,45

or logic

devices.
46

Ring-shaped multilayer magnetic devices, in par-

ticular, have been studied extensively because they exhibit a

range of controllable magnetization configurations enabling

logic or multibit memory function.
42,43,46

Figure 6�b� shows an array of parallel wires etched into

a film of poly�3,4-ethylenedioxythiophane�:poly�styrene-

sulfonate� �PEDOT:PSS�, a conductive polymer, using an O2

RIE.
47

Electrical measurements confirm that the conducting

properties of the organic film are not degraded by the pat-

terning process. These structures may have applications in

gas sensors and other nanowire devices.

III. CONCLUSIONS

This article illustrates the use of block copolymers with a

Si- or �Si+Fe�-containing block for self-assembled lithogra-

phy. These block copolymers are useful in this application

because they have a high etch selectivity between the two

blocks, and the organometallic domains that remain after re-

moval of the organic block are robust masks for subtractive

pattern transfer. In addition, these block copolymers often

have high Flory–Huggins � parameters, which is advanta-

geous in terms of creating small-period arrays and in obtain-

ing smooth interfaces between the microdomains.

The positions of microdomains can be templated using

shallow topographical features such as trenches or pits or

small pillars which “substitute” for one microdomain in the

array. This allows well-controlled periodic or aperiodic
17

pat-

terns to be obtained, for example, close-packed arrays of

dots, parallel lines, and concentric rings, by using a template

with period that is an order of magnitude or more larger than

the period of the block copolymer. The compliance of the

block copolymer film allows the array of microdomains to

conform to the template, making the pattern generation tol-

erant of edge roughness or incommensurability of the tem-

plate dimensions.

FIG. 5. �a� Co dot array with 56 nm period made by etching a Co film using

PS-PFS 91 /21 as a mask. �b� Upper panel: PS-PFS 47 /15 self-assembled in

a template made from ARC. Middle panel: pattern transferred into silica,

after removal of the ARC. Lower panel: pattern transferred into W.

FIG. 6. �a� Array of Co rings. Each ring consists of two concentric rings,

closely spaced. �From Ref. 35�. �b� Array of 32 nm period lines etched into

a PEDOT thin film �Ref. 47�.
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Block copolymer patterns have been transferred into a

variety of materials, including metal films, oxide, silicon,

and other polymers. This opens the possibility of low cost

fabrication of devices with nanoscale features. The explora-

tion of these materials has just begun, and there are several

exciting paths forward, including the use of organometallic-

containing triblock copolymers such as poly�styrene�-
poly�ferrocenyldimethylsilane�-poly�2-vinylpyridine� �Ref.

48� to obtain a wider range of geometries, the addition of Si

compounds to block copolymers to make more complex

blends with high etch selectivity �e.g., the addition of orga-

nosilicate to the poly�ethylene oxide� �PEO� microdomains

of a PS-PEO block copolymer�,49
the use of materials which

microphase separate at room temperature,
21

and the use of

Si-containing block copolymers with additional optical or

chemical functionality.
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