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T
here have been many theoretical,
computational, and experimental in-
vestigations of block copolymer

(BCP) ordering in the bulk,1 but our under-
standing of BCP ordering in thin films is
much less complete. This situation is unfor-
tunate since BCP films are being explored as
template materials for memory storage
and other nanotechnology applications2�7

where the control of surface morphology is
critical. It is well-known that there can be
substantial shifts of the order�disorder
transition in thin BCP films.8 In most experi-
mental studies, researchers essentially have
no idea where the BCP ordering transitions
are and how they become modified by the
presence of interacting boundaries. Experi-
mental determination of the ordering tran-
sitions in these films has proven difficult,
and routine methods of estimating the tran-
sition temperature in the bulk, such as rheo-
logical measurement,9 are not readily per-
formed on thin films. Moreover, the study of
ordering processes in thin films is often
complicated by distinct ordering processes
that can occur at the interface of the ma-
terial. The ordering transition of BCP materi-
als is weakly first-order in nature and can
be considered as a kind of mesoscale crys-
tallization process, given that the ordered
structures exhibit crystallographic symme-
tries. These simple observations lead us to
expect the existence of distinct thermody-
namic transitions occurring at the
polymer�air interface, that is, the BCP ana-
logue of surface melting in the crystalliza-
tion of ordinary small molecular substances.
The complex nature of BCP ordering in the
bulk also leads to the possibility that distinct
order�order transitions, and indeed sepa-
rate interfacial phase diagrams, may be re-
quired to characterize surface ordering in

BCP materials. Indeed, the existence of sur-
face transitions is established in liquid
crystalline10�12 and magnetic materials.13,14

We note that distinct surface
order�disorder transitions are also pre-
dicted for isolated nanoparticles,15 so that
having multiple ordering transitions is a
rather general phenomenon.16 If such tran-
sitions occur in thin BCP films, they would
certainly be relevant to applications where
these films are used in the ordered state as
templates in manufacturing. We investigate
the existence of this type of surface transi-
tion in model BCP films that have practical
interest from a nanomanufacturing stand-
point. In particular, we choose an asymmet-
ric BCP that forms cylinders in the bulk,
and we investigate the dependence of the
surface morphology over a wide tempera-
ture range to probe for the existence of re-
versible thermodynamic transitions at the
polymer�air interface. We indeed find a re-
versible transition between cylinders and
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ABSTRACT Many phase transitions exhibit ordering transitions at the boundary of the material that are

distinct from its interior where intermolecular interactions can be significantly different. The present work

considers the existence of a surface thermodynamic order�order transition between two distinct morphologies

in thin block copolymer (BCP) films that are of interest in nanomanufacturing applications. Specifically, we find a

thermally reversible interfacial transition between sphere-like structures and cylinders in flow-coated films of

poly(styrene-block-methyl methacrylate) (PS-b-PMMA), where the BCP forms a cylinder microphase in the bulk.

We present direct evidence from atomic force microscopy (AFM) of ion-etched films and grazing-incidence small-

angle X-ray scattering (GISAXS) on films without etching, which shows that the order�order transition is restricted

to the outer layer of the film, while the film interior remains in the cylinder state. Moreover, we find this

order�order transition to be insensitive to film thickness over the range investigated (40�170 nm). This

morphological transition is of importance in characterizing the thermodynamics and dynamics of thin BCP films

used as templates in nanomanufacturing applications.
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sphere-like structures in the surface layer of our BCP

film, and we find the transition temperature to be

largely insensitive to film thickness.

While a number of previous investigations have ob-

served transitions between a cylinder and sphere mor-

phology in BCP materials, most of these observations

have been made on bulk materials. These transitions

have usually been induced by changing temperature

in the vicinity of an order�disorder phase boundary

(defined in terms of the relative compositions of the

component polymers and temperature),17,18 and

cylinder�sphere order�order transitions have also

been observed by changing relative polymer volume

fraction through blending with a homopolymer.19 Re-

cently, there have been several reports demonstrating

an order�order transition between cylindrical and

spherical domains under the application of electric

fields,20 shearing,21 chemical reaction,7 geometrical con-

finement in thin films,22 and other non-equilibrium dis-

turbances. The present work considers a
temperature-induced reversible thermody-
namic surface transition in thin BCP film
where new features are found in compari-
son to former bulk-oriented studies of BCP
ordering.

RESULTS AND DISCUSSION
As described in a previous study,23

poly(styrene-block-methyl methacrylate)
(PS-b-PMMA) with a total relative molecular
mass of 47.7 kg/mol and a mass fraction of
PS of 0.74 is used in this study. The diameter
and the repeat spacing of cylinders formed
in bulk for this block copolymer are 14 and
26 nm, respectively. Our previous results23

show that, at annealing temperatures below
155 °C, AFM images of the PS-b-PMMA
sample with the film thickness of 86 nm ex-
hibited cylinders oriented perpendicularly
to the polymer interface. The repeat period
of the block copolymer is 26 nm, and the
number of total layers of the film with the
thickness of 86 nm is �3.3. In this report,
Figure 1 shows the block copolymer mor-
phology of PS-b-PMMA that we obtain af-
ter allowing the film to order at tempera-
tures above 155 °C. PMMA is the minor
component that forms the cylindrical do-
mains in the films. The PMMA component
of PS-b-PMMA copolymer preferentially seg-
regates to the plasma-treated silicon wafer
substrate1,24 (PMMA favors the silicon oxide
substrate because of its lower interfacial
energy25,26), and correspondingly, we ob-
serve the formation of cylinders oriented
parallel to the substrate (Figure 1a). The mi-
nor phase (PMMA cylinders) and major

phase (PS matrix) correspond to darker and lighter re-
gions in the AFM image, respectively. At higher anneal-
ing temperatures (Figure 1b�d), however, there is a
transition to a different ordered BCP morphology
(sphere-like structures) where the cylinder morphology
previously existed. The arrangement of the sphere-like
structures is distinct from the body-centered cubic
(bcc), face-centered cubic (fcc), and hexagonal close-
packed (hcp) arrays normally observed in thin films of
sphere-forming diblock copolymers. The sphere-like
structures seem to be templated laterally in the plane
of the film in a manner similar to the underlying paral-
lel cylinders. We have confirmed that this surface
order�order transition is independent of film thick-
ness in the range of 40�170 nm (S1 in Supporting In-
formation) and further found that the morphology tran-
sition in the temperature range between 178 and 180
°C is insensitive to film thickness (S2 in Supporting Infor-
mation).

Figure 1. AFM phase images of PS-b-PMMA block copolymer films as formed with hf

� 86 nm after annealing for 15 h at 178 °C (a), 180 °C (b), 182 °C (c), and 200 °C (d). The
scale bar corresponds to 200 nm and is applied to panels b�d. One-dimensional
power spectra by taking a circular average of the intensity of 2D FFT image of panel
d is shown in panel e. (f) Probability (P) vs distances (L) measured from the AFM im-
age of PS-b-PMMA block copolymer with hf � 86 nm after annealing at 200 °C for 15 h,
where Lcyl is constant distance between adjacent parallel rows of the sphere-like struc-
tures and Lsph is the distance between the sphere-like structures along the axis of the
templating cylinder.
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The sphere-like morphology is well-established in

BCP film after annealing the film for only 8 h (Figure

S1 in Supporting Information). To check for a further

evolution of structure at later times, we examined these

films after 15, 16, 20, and 36 h. No significant evolution

of the sphere-like morphology was observed for these

films over this extended range of times. These patterns

are apparently stable. We have previously reported that

the BCP film surface morphology can depend on the

method of film formation (flow-coated versus spun-cast

films), an effect attributed to the trapping of residual

solvent (toluene) within the film due to film vitrifica-

tion while drying.23 However, we do not expect this re-

sidual solvent effect to be important in films ordered at

elevated temperatures where the residual solvent

should readily be driven off from the film and, indeed,

essentially the same sphere-like structures form in both

flow-coated and spin-coated BCP film ordering at an-

nealing temperatures above 180 °C (see Figure S3 in

Supporting Information). The residual solvent is thus

not an issue for this type of surface pattern formation

under these high temperature conditions. Next, we

characterize the spacings and correlations between

the sphere-like structures in Figure 1.

A 2D FFT of Figure 1d, shown as an inset to Figure

1e, indicates a somewhat diffuse ring in reciprocal

space describing the sphere-like morphology. The dif-

fuseness of this ring is partially due to the small AFM im-

age size (900 nm � 700 nm) and limited AFM spatial

resolution, but there is also a physical factor contribut-

ing to this ring diffuseness. In particular, taking a circu-

lar average of the intensity of the 2D FFT image reveals

that there are two distinct, but close, intensity peaks

near 0.23 nm�1 (peak I) and 0.26 nm�1 (peak II). Corre-

spondingly, the repeat periods evaluated from 1D

power spectra FFT intensity peaks are approximately

27 and 24 nm, consistent with a constant distance be-

tween adjacent parallel rows of the sphere-like struc-

tures (Lcyl) and with a distinct distance between the

sphere-like structures along the axis of the templating

cylinder. Both scales are apparent in the real-space AFM

image (Figure 1f). We further explore the morphology

of the film and the reversibility of this surface transition

below.

In a similar way, we characterize the cylinder mor-

phologies in Figure 2. Figures 2a,b show the AFM phase

images after etching away the top 10 and 20 nm of

the film, and Figure 2c is the AFM image after etching

�20 nm into the film containing a surface structure of

parallel cylinders with hf � 86 nm and annealed at 164

°C for 15 h. To quantify the internal structure of the BCP

film, we first etch away the uppermost surface layer of

the film to expose the internal structure. In principle,

the etching technique can provide sequential layer-by-

layer images of the sample, so the entire internal film is

reconstructed. To achieve an etching process, in which

both PS and PMMA are etched at nominally identical

rates, we utilized a reactive ion etch (RIE) in O2 plasma.

The film thickness before and after RIE is measured by

ultraviolet�visible interferometry with standard uncer-

tainty of �1 nm. The etching was performed at suffi-

ciently slow rate to facilitate greater depth control,

where the etching depth is proportional to the expo-

sure time in the RIE. After etching away the first �10 nm

of the surface, we observe the sphere-like morphology

oriented in a manner similar to parallel cylinders. These

observations suggest the sphere-like structures on the

surface track the positions of the parallel cylinders. To

image the underlying structure of the film, the top layer

having a sphere-like morphology (a thickness of ap-

proximately 20 nm) was removed with RIE to expose

the under-layer for AFM imaging. After etching away

the top 20 nm of the film, the parallel cylinders can be

clearly discerned (see Figure 2b); this morphology is

similar to a 20 nm etching of a film containing a sur-

face structure of parallel cylinders (Figure 2c). On the

basis of this depth profiling technique, we conclude

that these structures reside in a layer with a depth of

10�20 nm from the top surface. The cylindrical struc-

tures within the film suggest that the sphere-like struc-

tures on the uppermost layer follow the positions of cy-

lindrical domains within the film. It also appears that

the cylinders within the film serve as a substrate pat-

tern upon which the surface sphere-like structures orga-

nize. The organization of block copolymer morphology

at the surface is thus influenced by ordering within the

film, but the surface ordering BCP morphology can evi-

dently be distinct from that of the interior of the film.

Figure 2. AFM phase images of PS-b-PMMA block copolymer films with hf � 86 nm and annealed at 200 °C for 15 h after
etching away �10 nm into the film (a) and etching �20 nm into the film (b). (c) AFM image after etching �20 nm into the
film with hf � 86 nm and annealed at 164 °C for 15 h. The scale bar corresponds to 200 nm and is applied to panels b and c.
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AFM is a 2D characterization method of local sur-
face structure, while GISAXS under favorable circum-
stances provides 3D information about the film struc-
ture. The footprint of GISAXS is 10 mm � 100 �m, and
the penetration depth of the X-ray beam depends on
the incident angle. GISAXS has much higher resolution
compared with AFM and potentially provides much
more information about the interior structure of films
with periodic ordering. Figure 3 shows grazing-
incidence small-angle X-ray scattering (GISAXS) data
for represenative BCP thin films. The GISAXS technique
involves reflecting a collimated X-ray beam off of the
sample and collecting the two-dimensional scattering
pattern. This technique is sensitive both to in-plane or-
der and structuring in the film normal direction. Addi-
tionally, the technique provides a limited amount of
depth control via the grazing-incidence angle. For inci-
dence angles below the polymer-vacuum critical angle
(which for these films was measured to be �c � 0.19°),
the X-ray penetration depth for these films is 10 nm and
the X-ray beam reflects off of the top of the film. In
other words, the measurement is surface-sensitive. For

grazing-incidence angles above the polymer-vacuum

critical angle, the X-ray penetration depth for these

films is above 100 nm and X-ray beam reflects off of

the polymer�silicon interface (up to the silicon critical

angle of 0.24°) and thus GISAXS probes the entire thin

film. By comparing the below and above critical angle

data, we can differentiate bulk and surface structures.

Careful inspection of the location of the peaks shows

that the peak at Qy � 0.26 nm�1 shifts in the vertical di-

rection as the angle changes. When the incoming X-ray

beam strikes the sample surface, many of the peaks

are from scattering of the reflected beam. Changing in-

cident angle changes the Qz position of the specular re-

flection and therefore causes corresponding shifts in

peaks due to scattering of that reflection. This prob-

ably explains the shift of the peak in vertical direction

as the incident angle changes. The scattering patterns

in Figure 3 are dominated by a series of intense peaks at

Qy � 0.23 nm�1. Above the critical angle, these scatter-

ing peaks can be ascribed to the conventional hexago-

nally packed cylinders that are aligned parallel to the

substrate. Interestingly, the samples which have a

unique surface morphology by AFM (Figures 1 and 2)

produce an additional peak at Qy � 0.26 nm�1 (Figure

3a�f), which is absent in samples that do not show the

surface sphere-like morphology (Figures 3g,h show

data for a similar film that is formed of purely parallel-

oriented cylinders). This weak scattering peak at Qy �

0.26 nm�1 corresponds to a repeat spacing of �24 nm,

which matches the spacing seen in the surface struc-

tures by AFM. Below the critical angle (surface-sensitive

regime), we still see a peak at Qy � 0.23 nm�1. In this

case, the peak arises from the projected

cylinder�cylinder distance, which templates the

Figure 3. Grazing-incidence small-angle X-ray scattering (GISAXS) detector images for cylinder-forming block copolymer thin films. Qy

and Qz are defined as coordinates of reciprocal space. The grazing-incidence angles are marked in the panels. (a�f) Film with hf � 86 nm
annealed at 180 °C for 15 h, which exhibits a new surface morphology by AFM. The intensity ratio of peaks at Qy � 0.26 nm�1 and Qy �
0.23 nm�1 at different grazing-incidence angles is shown in panel I. The corresponding d spacings at 0.26 and 0.23 nm�1 are 24 and 27 nm,
respectively. (g,h) Thin film with conventional parallel cylinder morphology for comparison purposes. The weak peaks at Qy � 0.26 nm�1

in panels a�f demonstrate the formation of a distinct surface morphology.

Figure 4. Schematic representation of the self-assembly in PS-b-
PMMA block copolymer films with thickness of 86 nm at (a) low an-
nealing temperature, (b) high annealing temperature, and (c) high
temperature followed by a low annealing temperature. The interfa-
cial “spherical” domains in panel b are an idealization, and the
real structure is probably more like the cap-like structures found
in micelles supported on surfaces.27
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sphere-like structures. The presence of the Qy � 0.26
nm�1 peak when measuring below the critical angle
(Figure 3a,b) demonstrates that this distinct morphol-
ogy exists at the film surface (determined to be sphere-
like structure under these conditions in our discussion
above). The fact that the strength of this scattering
peak, relative to the peak at Qy � 0.23 nm�1, decreases
(Figure 3I) as we probe deeper into the film (higher
grazing angle) supports our interpretation that this is a
purely surface feature. The absence of any z-direction
structure associated with this higher Q peak also implies
that it is a thin layer without z-direction structure, al-
though it is also possible that the scattering intensity
is too low to observe any higher-order peaks in the
z-direction. The films have an obvious sphere-like sur-
face morphology by AFM, but GISAXS reveals that a
large parallel cylinder population exists in the films. In
other words, a significant portion of the film must be
composed of cylinders laying parallel to the substrate,
whereas the top surface evidently exhibits a different
morphology. The presence of the Qy � 0.26 nm�1 peak
below the critical angle is consistent with the AFM ob-
servation that the sphere-like structure positions are
templated by an underlying cylinder layer, confirming
the etching analysis. These structures viewed from the
top by AFM have a roughly circular shape, and it is dif-
ficult to reconstruct the full three-dimensional structure
of these features by AFM alone. However, combination
of AFM and GISAXS observations do provide some im-
portant information of this BCP interfacial layer. Al-
though we refer to these features on the BCP surface
as “spherical” structures, we expect that these struc-
tures have a shape more like spherical micelles sup-
ported on a surface,27 where a cap-like structure would
be a more appropriate description for the three-
dimensional morphology of these interfacial features.
The average in-plane radius of the “spheres” obtained
from the AFM image is about 6 nm, and the repeat
spacing of the sphere-like structures from GISAXS and
FFT analyses of the AFM image is 24 nm. The height
fluctuations of the film are relatively small in compari-
son. In particular, the range for the height fluctuation is
about 1.5 nm, so that the surface features are rela-
tively flat. The topography we see in sphere-like mor-
phology is then reasonably similar to previous observa-
tion on the surface-supported micelles.27

What factors control the surface morphology transi-
tion? The surface tension of polymers varies with tem-
perature and molecular weight.28 The polymer�air in-
terface is only weakly selective for PS, which can be
expected to make the boundary more susceptible to
changes in temperature that alter the balance of
polymer-selective interactions. At higher temperatures,
the difference in values of surface tension between PS
and PMMA blocks becomes smaller,28 leading to a re-
duction of the thermodynamic driving force for one
block to wet the free surface. Thus, the surface acts as
a nonpreferential layer for both blocks.29,30 This causes
a tendency of the considerable rearrangements of mi-
crodomains near the surface, a situation that apparently
results in the sphere-like structures that we see in Fig-
ure 1c,d. Due to a relatively strong affinity for PMMA to
substrate, only the uppermost layer can be recon-
structed to form this new morphology. Sphere-like
structures on the uppermost layer evidently follow the
positions of cylindrical domains within the film. It ap-
pears that the cylinders within the film serve as a sub-
strate pattern upon which the surface sphere-like struc-
tures organize, as illustrated in Figure 4.

We next consider whether this surface morphology
transition is an equilibrium phenomenon relating to a
surface ordering transition or whether we are observ-
ing a purely non-equilibrium phenomenon. To make
this check, we test the reversibility of this morphology
transition upon varying temperature. If this is an equi-
librium transition, then the cylinder morphology should
be recovered upon annealing the film with the sphere-
like interfacial morphology at a lower temperature. Fig-
ure 5b shows an AFM phase image of a PS-b-PMMA
block copolymer film annealed at 200 °C for 15 h and
then annealed at 164 °C for 24 h. Sphere-like micro-
domains having a string-like alignment are formed as
before at the higher temperature (Figure 1d), while the
cylinder morphology is recovered upon cooling, as illus-
trated in Figure 4. This transition involves only local re-
arrangements of the block copolymer molecules rather
than large length-scale rearrangements of micro-
domains, which presumably makes the transition more
facile than other BCP thin film transitions. We also ad-
dress the important matter of reversibility of the BCP
surface morphology. This process can indeed be slug-
gish kinetically, and long annealing times can be re-

Figure 5. AFM phase images of PS-b-PMMA block copolymer films as formed with hf � 86 nm annealed at 200 °C for 15 h
(a) and then further annealed at 164 °C for 24 h (b). (c) Sample shown in panel b is annealed at 200 °C again for 104 h. The
scale bar corresponds to 200 nm and is applied to panels b and c.
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quired to fully observe the full reconversion to sphere-
like structures. Figure 5c shows an AFM phase image of
the regenerated surface morphology found after an-
nealing at 200 °C for 104 h. After this long period, the
film has substantially converted to the sphere morphol-
ogy. The conversion to the sphere-like morphology
was much more limited after 60 h (image not shown).
The reconversion to the sphere morphology is clearly ki-
netically sluggish.

CONCLUSIONS
We investigate a thermoreversible order�order

transition between sphere-like structures and cylinders
on the top surface of thin PS-b-PMMA diblock copoly-
mer thin films using atomic force microscopy, etching,
and GISAXS. Our results indicate that the morphology
of block copolymer films depends not only on the rela-
tive volume fraction of constituent polymers of the
block copolymer and temperature as in the bulk but
also on a temperature-dependent surface energy. Vary-
ing the temperature changes the balance of the selec-
tive polymer surface interactions, and this variation is
apparently sufficient to induce a morphology transition
at the surface of the film. Both AFM and GISAXS mea-
surements indicate that the positions of the sphere-like
structures appear to correlate with a cylindrical mor-
phology in the film, so that the packing normally ob-
served in thin films of sphere-forming diblock copoly-
mers is not possible in these surface morphologies.
Potential practical applications, for example, patterned

magnetic recording media, require nanostructures

aligned in rows, and the transition we discuss would

compromise the BCP materials as an effective template

for this application. A technique, called “molecular

transfer printing” (MTP)31 takes advantage of patterns

in the domain structure at the surface of block copoly-

mer films and transfers those patterns with high fidelity

to substrates placed in contact with the copolymer

film. By MTP, the surface pattern from one BCP film

can be transferred to a second substrate to form a

chemical template for a new BCP. Our research indi-

cates that at high temperature a layer of sphere-like mi-

crodomains was formed above parallel cylinder layer

and aligned with the underneath cylinders oriented

parallel to substrate. This new type of BCP order�order

transition may be useful for fabricating arrays of spots

or holes assembled in rows by transferring patterns into

an underlying layer of silica if the cylinder orientation

below in the film is controlled by ordering in channels

or chemically patterned surfaces. Moreover, this phe-

nomenon is certainly relevant to the general engineer-

ing problem of controlling the surface morphology.

From a more fundamental perspective, the existence

of this type of surface morphology transition means

that there is need for greater effort in determining not

only the phase diagram governing the order�disorder

transition of thin block copolymer films, but we must

also consider distinct order�disorder transition curves

governing the boundaries of the films.

EXPERIMENTAL DETAILS
Preparation of BCP Thin Films. PS-b-PMMA with a total relative

molecular mass of 47.7 kg/mol and a mass fraction of PS of 0.74
was purchased from Polymer Source, Inc.32 PS-b-PMMA films
were prepared via flow coating33 from a 4% by mass block co-
polymer solution in toluene onto plasma-treated Si wafers. The
film thickness was characterized with ultraviolet�visible interfer-
ometry (0.5 mm diameter with standard uncertainty of �1 at
500 nm film thickness34). The samples were placed in a vacuum
oven to anneal at different T. A typical procedure for generating
a block copolymer film via flow coating is outlined as follows.
The substrate is affixed to the translation stage. A knife blade is
mounted on the tip-tilt-rotation stage. The blade is positioned at
a fixed angle of 5° in our system and brought down into con-
tact with the substrate. At this point, the blade tilt is adjusted to
bring the blade level with the surface of the substrate. The blade
is then elevated to a given height above the substrate (typically
200 �m), and a bead of polymer solution (typically 50 �L for a 25
mm wide blade) is syringed along the leading edge of the blade.
Since the blade height is only a couple hundred micrometers,
capillary forces wick and hold the solution under the blade. Once
the solution is placed under the knife blade, the operational
commands are sent to the translation stage to initiate the de-
sired motion. As the stage moves, a liquid film remains behind.
The liquid film then dries to a solid film whose thickness is deter-
mined by the solids concentration in the wet film.

Atomic Force Microscope. AFM images were obtained in phase
mode with an Asylum MFP-3D scanning force microscope in
the tapping mode. The tapping mode cantilevers with spring
constant �50 N/m, resonance frequency range from 100 to 200
kHz, and the drive frequency with the offset of �5% were used.

The minor phase (PMMA cylinders) and major phase (PS matrix)
correspond to darker and lighter regions in the AFM image, re-
spectively. Multiple 2 �m � 2 �m AFM images were collected for
each annealing condition so as to obtain proper sampling
statistics.

Reactive Ion Etching (RIE). Removal of the top surface of block co-
polymer thin films was done by using a Unaxis 790 plasma RIE
tool with oxygen source. RIE is a plasma-based process that uses
radio frequency (RF) power to drive the chemical reaction. RIE is
a process of physical etching combined with a chemical reaction.
In RIE, the substrate is placed inside a reactor in which several
gases are introduced. A plasma is formed in the gas mixture us-
ing an RF power source that ionizes the gas molecules. The ions
are accelerated toward and react at the surface of the material
being etched, forming another gaseous material. There is also a
physical interaction aspect to the etching. If the ions have high
enough energy, they can knock atoms out of the material to be
etched without a chemical reaction. The dry etch process in-
volves a complex balance of chemical and physical etching and
depends on many parameters. Since the ions react with materi-
als on the sample surface, the molecular weights on the sample
surface change during RIE. For BCP films, the ion-assisted etching
is the dominant mechanism for O2 RIE and has a minimal effect
on the pattern fidelity.35 Therefore, the pure oxygen plasma was
chosen to preserve the initial morphology of the BCP film. A RIE
recipe (O2 flow of 10 sccm, pressure of 50 mTorr, power of 50 W,
and a temperature of 25 °C) was selected after measuring the
etching rate for the blanket films. A slightly higher etching rate
is observed for PMMA, but the difference is minimal for the short
time RIE used in this study. Both PS and PMMA are etched at
nominally identical rates (approximately 1.0 nm/s determined
by X-ray reflectivity and white light reflectometer), and thus the
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volume fraction of PS and PMMA in the BCP film remains al-
most constant. The samples with target etching thickness of 10
and 20 nm were prepared by applying 10 and 20 s etching times.

Grazing-Incidence Small-Angle X-ray Scattering (GISAXS). Measure-
ments were performed at Argonne’s Advanced Photon Source
using the 8-ID-E beamline. Two-dimensional scattering images
were measured using a charge-coupled device (CCD) detector at
a distance of 1.975 m and an X-ray wavelength of 0.169 nm (pho-
ton energy of 7.35 keV). Samples were measured under vacuum
at incident angles both above and below the polymer-vacuum
critical angle, which was determined using an X-ray reflectivity
scan to be �c � 0.19°.
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