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T
he semiconductor industry is moving
toward ever smaller critical device
dimensions;1 however, conventional

lithography based “top-down” process is
approaching technical and cost limits.2�4

The self-assembly of block copolymers
(BCPs) might form the basis for a new
lithography offering the promise for the
fabrication of nanopatterns of sub-20 nm
scale features without the need for expen-
sive light sources.5 BCP nanolithographic
methods find industrial applications in the
fabrication of nanowires,6 magnetic storage
devices,7 nanoporous membranes,8 etc. Ex-
cellent control over pattern dimension and
structure can be achieved in BCP systems
through variation of the molecular weight
(N), relative volume fraction (φ) and the
segmental interaction parameter (χ) and a

number of different morphological struc-
tures viz., lamellar, cylindrical, spherical,
gyroid, etc.9,10 can all be formed.
Despite the promise of BCP techniques

and very significant research efforts, a num-
ber of challenges exist.11�22 One of these is
the processing time to achieve microphase
separation as the ordering of BCP domains
are generally achieved by thermal or solvent
swelling approaches that can be time-
consuming.17,18 Herein is reported a possible
alternative to thesemethodologies that prom-
ises very short processing times based around
developing a nonconventional microwave
assisted BCP microphase separation process.
Two different BCP systems, polystyrene-
b-polymethylmethacrylate (PS-b-PMMA)
(lamellar- and cylinder-forming) and poly-
styrene-b-polydimethylsiloxane (PS-b-PDMS)
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ABSTRACT Microphase separation of block copolymer (BCPs) thin films has high

potential as a surface patterning technique. However, the process times (during

thermal or solvent anneal) can be inordinately long, and for it to be introduced into

manufacturing, there is a need to reduce these times from hours to minutes. We report

here BCP self-assembly on two different systems, polystyrene-b-polymethylmethacry-

late (PS-b-PMMA) (lamellar- and cylinder-forming) and polystyrene-b-polydimethylsilox-

ane (PS-b-PDMS) (cylinder-forming) by microwave irradiation to achieve ordering in

short times. Unlike previous reports of microwave assisted microphase segregation,

the microwave annealing method reported here was undertaken without addition of

solvents. Factors such as the anneal time and temperature, BCP film thickness,

substrate surface type, etc. were investigated for their effect of the ordering behavior.

The microwave technique was found to be compatible with graphoepitaxy, and in the case of the PS-b-PDMS system, long-range translational alignment of

the BCP domains was observed within the topographic patterns. To demonstrate the usefulness of the method, the BCP nanopatterns were turned into an

'on-chip' resist by an initial plasma etch and these were used to transfer the pattern into the substrate.

KEYWORDS: polymer brushes . block copolymers . microwave anneal . self-assembly . graphoepitaxy . plasma etching .
silicon nanostructures
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(cylinder-forming) were considered in the present in-
vestigation. These are two of the most heavily investi-
gated systems and microphase separated thin film
nanopattern structures are formed by extended vacu-
um annealing (of the order of 6�48 h23�30) and
solvent annealing (of the order of 2�24 h31�41). It is
demonstrated here that microphase segregation of
BCPs compatible with that achieved by standard an-
nealing methods can be accomplished by microwave
treatment.42,43 Compared to previous reports on the
use of microwave heating,42,43 no solvent is used and
goodmicrophase separation can be achieved at planar
and topographically patterned substrates. To demon-
strate the effectiveness of the method and the reg-
ularity of the patternwith film depth, the patterns were
transferred to the substrate.

RESULTS

A schematic depicting the microwave anneal of
BCPs is presented in Scheme 1a. It should be noted
that all the microwave irradiated experiments were
performed without the aid of solvent unlike the work
reported by Buriak et al.43 As can be seen in Scheme 1a,
the substrate coated with BCP was placed in a reaction
tube specially designed for microwave experiments,
sealed, and then irradiated with microwave energy.

The detailed self-assembly steps starting with hydroxyl-
terminated polymer brush grafting, resultant structure
formation and plasma etching steps are schematically
shown in Scheme 1b. A number of parameters were
investigated to demonstrate the diversity of themicro-
wave anneal process which includes: microwave irra-
diation time and temperature, BCP morphology and
molecular weight, substrate resistivity, and directed
self-assembly by graphoepitaxy.

Microwave Assisted Self-Assembly of BCPs. The PS-b-
PMMA BCPs were spin-casted from toluene solutions
onto the polymer brush coated substrates prior to
irradiation with microwave energy. The thickness of
the as-cast BCP films were determined by ellipsometry
and the data are compiled in Table 1. It can be seen in
Table 1 that the average film thickness is ∼40 nm for
1.0 wt % coating solutions irrespective of the PS-b-
PMMA molecular weight, but this thickness increases
with the concentration of the polymer solution as
expected. Symmetric PS-b-PMMA thin films prepared
the brush layer and exhibit a lamellar morphology
consisting of vertically orientated lamellae of PS and
PMMA.

Figure 1a�c shows the top-down scanning electron
microscope (SEM) images of PMMA etched lamellar
PS-b-PMMA BCP of three different molecular weights

Scheme 1. (a) Scheme depicting the process of microwave annealing of BCP films in the absence of solvent: BCP film onto
substrate, putting the sample into the reaction vessel and sealing off, and finally microwave annealing in the synthesizer to
achieve BCP ordering. (b) Schematic representation of the process flow showing BCP self-assembly on silicon substrate
precoated with hydroxyl-terminated polymer brushes and subsequent plasma etching. See text for details
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on silicon substrates precoated with HO-PS-r-PMMA
brush (ellipsometry thickness∼5.1 nm (see Figure S1 in
Supporting Information for TEM cross-section of brush
layer)) (note that PMMA removal was used to develop
image contrast). The BCP films were microwave irra-
diated at 323 K for 60 s, and sufficient microwave
power (∼100 W) was used to maintain this tempera-
ture. It is apparent that the process produced ordering
of the BCP irrespective of the molecular weight. Inter-
estingly, the optimum pattern ordering is observed
with the lowest molecular weight PS-b-PMMA, BC36.
This can be explained by the lower molecular weight
favoring greater molecular motion allowing the mini-
mum energy conformation to be achieved during
annealing. The SEM cross-sectional images presented
in insets to Figure 1 demonstrate PMMA removal and
the formation of PS line structures. The lamellar repeat
distances are compiled in Table 1 and it is clear that PS
pitch and feature size are directly determined by the
molecular weight of the BCP. The dimensions are close
to those we have previously measured using thermal
anneal processes and suggests that nopolymer rearrange-
ments, etc. are caused by the microwave technique.

The results for the cylinder-forming PS-b-PMMA,
BC67 on substrate precoated with HO-PS-r-PMMA
brush and microwave annealed at 323 K for 60 s is
presented in Figure 1d. The BCP film was cast from a
2.0 wt % of the polymer solution in toluene yielding a
film thickness of∼49 nm (Table 1). The top-down SEM
images of the etched film confirm a vertical alignment
of cylinders and suggest removal of the PMMA do-
mains. It was observed that there isminor enlargement
of the pore diameter (pores result from PMMA cylinder
removal) during the selective etch process. Compar-
ison of SEM and AFM images suggests that the pore
size is 16.2 nm compared to a cylinder size of 18.7 nm
measured from equivalent AFM images. However, the
center-to-center distance between pores was not
modified during the PMMA removal process, and the
mean value obtained was 35.1 nm in agreement with
AFM data (Table 1). The increased pore diameter is

probably due to isotropic etching of the polymer and/
or possibly plasma induced strong cross-linking of the
PS matrix.44

Figure 1e shows the results of the oxidized PDMS
cylinders after a sequential CF4 and O2 etches obtained
from the microphase separated PS-b-PDMS film on
PDMS�OH brush (ellipsometery thickness ∼4.3 nm)
microwave annealed at 323 K for 60 s. The SEM image
shows a single monolayer of PDMS cylinders and
clearly demonstrates the efficacy of etch chemistry to
reveal the cylindrical patterns. It is evident from the
data in Figure 1e that well-ordered phase separation
is seen over macroscopic distances. The mean PDMS
cylinder spacing, L0, and line width, Ædæ, were found to
be 36.4 nm and 16.2 nm, respectively. It can also be
seen from the image that the oxidized PDMS domains
have become rounded during the etch process indi-
cating that it is partially isotropic. The oxidation of the
PDMS cylinders during this pre-etch step is confirmed
by FTIR with the detection of a Si�O�Si signal at
1100 cm�145 as displayed in Figure 1f. Dewetting is a
major issue with high χ BCP systems such as PS-b-
PDMS leading to multilayer pattern formation in some
locations on the substrate upon solvent annealing.
However, the dewetting was not there in microwave
annealed PS-b-PDMS films which is advantageous in
getting uniformmonolayer of in-plane PDMS cylinders
for subsequent pattern transfer to underlying silicon
substrate. Absence of dewetting could be due to
transient irradiation time as compared to a longer
solvent anneal time usually followed.

Effect of BCP Film Thickness on Microwave Assisted Self-
Assembly. Microphase separation derived BCP thin film
nanopatterns can display orientations strongly depen-
dent on film thickness.46�48 To verify such effects in
microwave processed films, a systematic study of the
film thickness effect on self-assembly on BC36 and
BC67 was performed. Results are presented in Figure 2.
The anneal temperature and time were fixed at 323 K
and 60 s, respectively. SEM images were taken at
different locations on the substrate and show that

TABLE 1. Water Contact Angle and Film Thickness (Ellipsometery) of Polymer Brush Layers and BCP Films on Substrate

Surfacesa

material deposition condition contact angle/(deg) thickness/nm pitch from AFM, SEM/nm

RPB/Si substrate annealed/cleaned 83.7 ( 1.5 5.1 -
PDM/Si substrate annealed/cleaned 112.6 ( 1.5 4.3 -
BC36/Si substrate RPB þ BC36 (0.7 wt %) - 30.3 26
BC36/Si substrate RPB þ BC36 (1.0 wt %) - 35.4 26
BC36/Si substrate RPB þ BC36 (1.5 wt %) - 38.7 26
BC74/Si substrate RPB þ BC74 (1.0 wt %) - 39.2 42
BC104/Si substrate RPB þ BC104 (1.0 wt %) - 40.6 54
BC67/Si substrate RPB þ BC67 (1.0 wt %) - 33.1 36
BC67/Si substrate RPB þ BC67 (2.0 wt %) - 48.7 36
BC67/Si substrate RPB þ BC67 (3.0 wt %) - 56.3 36
BC45/Si substrate PDM þ BC45 (1.0 wt %) - 36.6 35

a The table includes the pitch period of the BCP calculated from the FFT of AFM topography/SEM images (see Figure S2 in Supporting Information for AFM images).
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the orientation is homogeneous over the entire sur-
face. It is evident that 1.0 wt % of BC36 on HO-PS-r-
PMMA brush gives the best results with a high degree
of ordering and uniform film thickness. However, at
the other concentrations, the films became rough on
microwave irradiation and significant areas that were
featureless can be identified in the SEM images. This is
consistent with thicknesses that are not commensu-
rate with the domain spacing and parallel alignment or
absence of pattern in some areas.

It can be seen thatmicrowave annealing of BC67 on
HO-PS-r-PMMA brush can result in vertical, parallel or
mixed orientation of the PMMA cylinders dependent
on film thickness as seen in thermal or solvent an-
nealed processing.46�49 For a 1.0 wt % BCP casting
solution (∼33 nm thickness), vertical and parallel cy-
linder orientation can be observed as well as feature-
less regions (Figure 2). We suggest this film thickness is
below that need to produce a coherent film thickness

with featureless regions representing polymer-free
areas and changes in orientation reflecting changing
thickness within BCP islands. However, hexagonally
ordered cylindrical PMMAmicrodomains in a PSmatrix
oriented perpendicular to the substrate are observed
with BCP concentrations of 2.0 and 3.0 wt %. This
suggests the film thickness allows regular coating
and that the brush preferentially favors this orienta-
tion. This hexagonal phase BCP exhibits a hexagonal
arrangement of phase of PMMA cylinders in a PSmatrix
with a center-to-center spacing of about 35 nm.

Effect of Microwave Anneal Time on Self-Assembly. Pre-
vious studies of conventional thermal annealing shows
that BCP morphology and ordering depend upon the
anneal time,13 and therefore, a series of experiments
were undertaken here. Films were microwave irra-
diated for various lengths of time (30�360 s) at a
constant temperature of 323 K with sufficient micro-
wave power (∼100 W) to maintain the temperature

Figure 1. Top-down and off-axis (inset) cross-sectional SEM images of PS-b-PMMA and PS-b-PDMS BCP films after selective
plasma removal of the PMMA component, and the top PDMS wetting layer and partial PS matrix for PS-b-PMMA and PS-b-
PDMS, respectively (light gray lines/matrix are PS/PDMS and darker lines/holes are voids created following PMMA/PS
removal) on silicon substrates as labeled in the images. BCP filmsweremicrowave annealed at 323 K for 60 s. FTIR spectrumof
the oxidized PDMS cylinders formed from the PS-b-PDMS (BC45) using CF4 and O2 etches.
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and the results are presented in Figure 3. The results for
lamellar PS-b-PMMA BCPs show microphase separa-
tion across the surface irrespective of anneal time and
molecular weight. However, the patterns becamemore
disordered and increase in the number of defect sites
with the increase of anneal time particularly with lower
molecular weight PS-b-PMMA (BC36). This might sug-
gest that extended annealing periods cause such ex-
tensive molecular motion in the small, more mobile
system that the effective order�disorder phase bound-
ary is crossed and disorder is 'frozen-in' on cooling, etc.

The results of BC67 system reveal an interesting
trend as can be seen in Figure 3. At short and long
anneal times, much higher concentrations of pattern
orientation and structural defects are observed, wheras
a 60 s anneal appears to be optimum for generating
patterns of good structural order. As above, it would
appear that longer anneal periods lead to structural
disorder due to high chain mobility. It might be
suggested that a 30 s anneal is not long enough to
reach structural order. It would thus appear that the
microwave anneal method as used here is somewhat
complex and the structures observed are kinetically
'trapped' rather than a progression toward the thermo-
dynamically stable state as seen in conventional
methods.

The time dependence of microwave annealing on
the microphase separation of PS-b-PDMS BCP thin
films is presented in Figure 3. As seen for PS-b-PMMA,
the patterns became more disordered and defects
density increases with anneal time. The mean PDMS
cylinder spacing, L0, and line width, Ædæ, were found to
be 36.2 and 15.9 nm, respectively.

Effect of Microwave Anneal Temperature on Self-Assembly.
The process mechanism described above suggests
that the temperature used in the microwave assisted
assembly process might be important and data are

presented in Figure 4. For PS-b-PMMA BCPs, the anneal
temperature was chosen in the range of 323�453 K (60 s
anneal period), below and above the glass transition
temperatures (Tg) of PS and PMMA blocks. Generally,
the anneal temperature has a lesser effect than might
be first considered. From Figure 4, it is evident for all
the systems studied that BCP film ordering deteriorates
as the temperature is increased (most notably for lower
molecular weight BCPs) and that optimum structural
order is attained well below Tg. The lack of very
dramatic effects suggests that thermal motion of the
polymer chains is not very important and ordering
arises from chain motions caused by microwave ex-
citement and that the 'effective' temperature of the
film is significantly higher than the process tempera-
ture as measured in the instrument.

Figure 4 shows the temperature evolution of PS-b-
PDMS BCP ordering in the temperature range of
323�453 K. A shorter anneal time of 30 s was con-
sidered optimum based on the results of time evolu-
tion described above. Figure 4 reveals a similar
temperature dependence as that seen for the PS-b-
PMMA system with less structurally well-defined pat-
terns observed at higher temperatures. Also observed
was a small increase in the mean PDMS and at the
highest temperature the cylinder spacing and line
width were found to be 38.3 and 17.7 nm, respectively,
compared to corresponding values of 36.2 and 15.9 nm
seen at the lowest temperature. This is consistent with
some 'freezing-in' of free volume caused bymicrowave
excited motion of both blocks.

Effect of Substrate Surface Type on Microwave Assisted Self-
Assembly. Awide range of substrates e.g., silicon, silicon
dioxide, silicon-on-insulator, silicon nitride, etc., were
investigated here and some dependence was ob-
served. Note that the resistivity of the substrates used
varied in the following way: bulk Si, SiO2/bulk Si,

Figure 2. Top-down SEM images of the PS-b-PMMA BCP (BC36 and BC67) films after selective plasma removal of the PMMA
component (light gray lines are PS and darker lines are voids created following PMMA removal). The BCP film thicknesses
were varied as labeled in the images and were microwave annealed at 323 K for 60 s.
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Si/SiO2/bulk Si and Si3N4/bulk Si substrates had resis-
tivities of F = 50�60, 1012�1014, 25�30, and 1014�
1016Ω cm, respectively. The BCP films formed on these
were microwave annealed at 323 K for 60 s for PS-b-
PMMA and for 30 s for PS-b-PDMS BCPs. All films
exhibited pattern formation. Figure 5 shows the results
of the lamellar-forming PS-b-PMMA (BC36) on various
substrates. Water contact angle measured on these
surfaces after the brush grafting shows small variations
in the hydrophobicity/hydrophilicity of the substrates
as might be expected because of the use of the same
polymer brush. The results presented in Figure 5 show
a little correlation between the BCP ordering and the
substrate resistivity. The results are inconsistent with
the work of Buriak et al.,43 which suggested that the
oscillating electric field of the microwave irradiation
excites positive carriers in doped silicon thereby con-
verting microwave energy into thermal energy within
the silicon substrate. However, our experiments are
quite different in that temperature is strictly controlled
and no solvent is used. In this way, the efficiency of

substrate heating is less important because the micro-
wave power is adjusted automatically. The results of
PS-b-PDMS (BC45) on the same substrates are pre-
sented in Figure 5 and show similar behavior.

Microwave Assisted Directed Self-Assembly. The seminal
work of Buriak et al.43 demonstrated the compatibility
of microwave anneal with graphoepitaxy for cylinder-
forming PS-b-PMMA in the presence of solvent. The
microwave assisted directed self-assembly demon-
strated here for both lamellar- and cylinder-forming
PS-b-PMMA in the absence of solvent. The patterned
substrates with 250 and 500 nm pitches were grafted
with HO-PS-r-PMMAbrush prior to BCP deposition, and
microwave annealed at 323 K for 60 s and related data
are presented in Figure 6. It can be seen that the
confinement topography induces excellent micro-
phase segregation within the trenches irrespective of
the channel width with lamella domains orientating
perpendicular to the substrate surface, however, lacks
long-range alignment in both BC36 and BC74. It is
evident from Figure 6 that there is no preferential

Figure 3. Top-down SEM images of the PS-b-PMMA and PS-b-PDMS BCPs films after selective plasma removal of the PMMA
component, and the top PDMS wetting layer and partial PS matrix for PS-b-PMMA and PS-b-PDMS, respectively (light gray
lines/matrix are PS/PDMS and darker lines/holes are voids created following PMMA/PS removal). The BCP films were
microwave annealed at a target temperature of 323 K for different time periods as labeled in the images.
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wetting of the sidewalls to either of the two blocks, PS
and PMMA. The substrates were coated with HO-PS-r-
PMMA before BCP deposition and the sidewalls
being neutral wets the two blocks equally resulting in

fingerprint type of patterns. The graphoepitaxy ap-
proach was also tried with the cylinder-forming
BC67 under the same microwave anneal conditions.
It can be seen from the results presented in Figure 6 that

Figure 4. Top-down SEM images of the PS-b-PMMA and PS-b-PDMS BCPs films after selective plasma removal of the PMMA
component, and the top PDMS wetting layer and partial PS matrix for PS-b-PMMA and PS-b-PDMS, respectively (light gray
lines/matrix are PS/PDMS and darker lines/holes are voids created following PMMA/PS removal). The BCP films were
microwave annealed at a target temperature as labeled in the images for 60 s for PS-b-PMMA and 30 s for PS-b-PDMS BCPs.

Figure 5. Top-down SEM images of PS-b-PMMA (BC36) and PS-b-PDMS (BC45) BCP films after selective plasma removal of the
PMMA component, and the top PDMS wetting layer and partial PS matrix for PS-b-PMMA and PS-b-PDMS, respectively (light
gray lines/matrix are PS/PDMS and darker lines/holes are voids created following PMMA/PS removal) on various substrates as
labeled in the images. BCP films were microwave annealed at 323 K for 60 s for PS-b-PMMA and 30 s for PS-b-PDMS BCPs.
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perpendicular PMMA domain orientation was achieved
within the trenches even with 1.0 wt % of the BCP
solution unlike to planar substrate with good confine-
ment. However, the polymer overflows the trencheswith
2.0 wt % resulting in BCP patterns on the mesas.

The high χ factor enables PS-b-PDMS BCP to self-
assemble with greater correlation length, and as
such, the patterned substrates were precoated with
PDMS�OH brush prior to BC45 deposition to direct
self-assembly. Samples were microwave annealed at
323 K for 30 s based on the results demonstrated in
Figures 3 and 4. The results of the PS-b-PDMS pattern
after sequential CF4 andO2 etches is shown Figure 6. It
can be seen from the images that the brush induced

microphase segregation with graphoepitaxial align-
ment compatible with the pitches of the topographic
patterns. Generally, for the hexagonal structure, pre-
ferred alignment should be achieved when the side-
walls preferentially interact with the majority block
compared to the minor component. If the sidewalls
are neutral and interact equally with both blocks (thus
favoring the presence of both blocks at the sidewall),
a disordered structure is formed. A good number of
defects could be observed in the BCP patterns. How-
ever, this is not easy to quantify because a lot of
defects observed arise from defects in the side-
wall that cause local variations in the channel
width. The results show that domain numbers can

Figure 6. Top-down SEM images of PS-b-PMMA and PS-b-PDMS BCPs films after selective plasma removal of the PMMA
component, and the top PDMS wetting layer and partial PS matrix for PS-b-PMMA and PS-b-PDMS, respectively (light gray
lines/matrix are PS/PDMS and darker lines/holes are voids created following PMMA/PS removal) on patterned silicon
substrates with channel pitches of (a) 250 nm and (b) 500 nm. BCP films were microwave annealed at 323 K for 60 s for PS-b-
PMMA and 30 s for PS-b-PDMS BCPs.
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be controlled by carefully tuning the pitch period of
the patterns.

Pattern Transfer To Form Silicon Nanostructures. Attempts
were made to pattern transfer the nanopatterns
formed to the substrate surface. This is important not
only to demonstrate the usefulness of the methodol-
ogy for application in microelectronic fabrication, but
also to show that the patterns observed are not simply

surface features, but that the patterns observed are
present through the depth of the film. Indicative results
of successful pattern transfer are shown here for the
PS-b-PMMA (BC36) and the PS-b-PDMS (BC45) systems.

The SEM images shown in Figure 7 of pattern
transferred BC36 on both planar and patterned silicon
substrates (note the microwave anneal is consistent
with good filling of the channels as can be seen here)

Figure 7. Top-down SEM images of PS soft mask template (fabricated from PS-b-PMMA (BC36)) patterns transferred to
underlying (a) planar and (b) patterned silicon substrates (insets, (a and b) cross-sectional SEM images). SEM images of PDMS
cylindrical patterns (fabricated from PS-b-PDMS (BC45)) transferred to underlying (c) planar and (d) patterned silicon
substrates (insets, (c and d) cross-sectional SEM images). The schematics show the etching steps followed in the pattern
transfer. See Experimental Section for details of pattern transfer in the two BCP systems.
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are following a silicon etch for 9 s that generates the
best quality features based on previous studies.11�13

The silicon substrate now consists of topographically
patterned lines corresponding to the parent PS mask.
The cross-sectional image in the inset of Figure 7
provides a better view of the silicon features. The
average silicon feature size and height measured from
the SEM images is about 8.3 and 27 nm, respectively.
This is because the etch process is not ideal in such
narrow structures forming proportionally larger gaps
between structures and more obviously nonrectangu-
lar feature cross sections (aspect ratio).

The complex morphology of PS-b-PDMS self-
assembled patterns with a top and a bottom wetting
PDMS layer makes pattern transfer to underlying sili-
con challenging as compared to the well-established
polymer systems e.g., PS-b-PMMA11�13 and PS-b-
PEO.50 It should be noted that, for an effective pattern
transfer process, the O2 etch used in the initial etch has
to be carefully optimized so that the cylinder struc-
ture is not undercut. However, if this is achieved, the
oxidized, silica-like cylinders can act as hard mask for
pattern transfer, an advantage with the BCP. The hard
mask is unlikely to be affected by the etch recipe used
to transfer the pattern into underlying silicon. Figure 7
shows the top-down and cross-sectional SEM images
of the silicon nanowires on planar and patterned
silicon substrates obtained after the etches were used
to remove the silica-like materials at the substrate
surface and then to selectively remove silicon. The
cross-sectional SEM image shows the nanowire line
width of ∼14.8 nm with a pattern depth of ∼42 nm.
The cross-sectional SEM images shown in Figure 7
provide amore detailed image of the silicon nanowires
fabricated in this way. Minor damage of the silicon
features is apparent from Figure 7. The silicon features
on the substrate are slightly narrower than thewidth of
the initial oxidized PDMS cylinders due to partly isotropic
etching. A reasonable aspect ratio of∼1.25was obtained.
A comparison of pattern transfer of BC36 and BC45
reveals the superior fidelity of the silicon features with
PDMS hard mask. The results demonstrated here shows
the compatibility of microwave anneal process for nano-
fabrication and holds promise to commercialization.

DISCUSSIONS AND CONCLUSIONS

In this work, direct (i.e., in the absence of a solvent)
microwave assisted annealing has been shown to
be effective in inducing controllable microphase sep-
aration in BCP thin films. The results are somewhat
surprising since it is normally accepted that polymers
are largely 'inert' to microwave radiation and will not
increase significantly in temperature in conventional
systems. Silicon substrates can be microwave heated,
but this is not a facile process, and it is generally
accepted that it is the intrinsic carriers not the dopant
carriers that are responsible for heating.51 Indeed,

reports suggest that wafers with lower dopant levels
heat more efficiently.52 However, despite the range of
substrates used, little dependence of the microphase
separation was observed with substrate type, a result
inconsistent with previous findings.43

In an effort to understand the data, the results of the
nonconventional microwave annealing methodology
reported in the present investigation are compared
with complementary nonmicrowave, thermal anneal-
ing experiments under similar conditions of process
temperature/time used in the microwave annealing
experiments. The results are documented in the Sup-
porting Information (Figures S3�S6) for clarity of pre-
sentation. The results from thermal annealing of the
PS-b-PMMA BCPs under the low temperature/times
used in a typical microwave process show little sign
of regular microphase separation particularly with
higher molecular weight systems. This is because the
thermal experiments were performed well below the
glass transition temperature of the PS-b-PMMA BCP.
The PS-b-PDMS BCP system shows indications of mi-
crophase separation at higher anneal temperature and
longer anneal time but with poor correlation length
of the PDMS domains and with severe dewetting
(Figures S4�S6) but compare very unfavorably to the
data from microwave annealing of similar samples.
These data suggest that microwave heating can bring
about microphase separation at temperatures well
below the glass transition temperature. However, in-
direct heating via the substrate might occur allowing
the film temperature to be significantly greater than
the instrument's set temperature. However, this seems
less likely because of the range of substrates used. To
confirm the passive role of the substrate, totally micro-
wave inert substrates were investigated, and it was
seen that microphase separation could be achieved at
fused silica substrates in similar microwave process
conditions (similar experiments were also carried out
on glass and quartz). Indicative data are presented in
Figure S7, and it is clear that themicrophase separation
behaviors of the two BCP systems are similar to the
results obtained on bulk Si, SiO2/bulk Si, Si/SiO2/bulk Si
and Si3N4/bulk Si substrates.
To understand the effect of substrate temperature

during microwave anneal processes, temperature pro-
files from an independent sensor in the microwave
chamber (Scheme S1) were recorded and representa-
tive examples are shown in Figure S8. The data pre-
sented in Figure S8 show that the actual temperature
remains very close to the set temperature in an anneal-
ing experiment suggesting that local heating effects at
the surface were not important. To confirm this sug-
gestion, we further measured the actual temperature
of the substrates in the (BCPþ substrate) system using
an infrared thermometer. The measured substrate
temperatures were only 3�5 degrees lower (within
experimental error) than the set temperature in the
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microwave experiment. These data clearly demon-
strate that the substrate is in equilibrium with the set
temperature of the microwave experiment. Thus, it is
evident that it is the microwave irradiation solely
responsible for driving the self-organization in the
BCP film.
This is a surprising result, but it can be noted that

microwave heating is a commonly used method in
the synthesis of organic compounds,53�55 application
in inorganic chemistry56�59 and is also used polymer
chemistry particularly in polymer curing.60 Microwave
irradiation is a dielectric heating process where mo-
lecular rotation occurs in materials containing polar
molecules having an electrical dipole moment, with
the consequence that they will align themselves in an
electromagnetic field. In an oscillating field such as in
an electromagnetic wave, these molecules rotate con-
tinuously aligning with it a process known as dipole
rotation, or dipolar polarization where the molecules
reverse direction as the field alternates. Under the
influence of electrical forces, the rotating molecules
impulse, twitch, and collide with other molecules,
distributing the energy to adjacent molecules and
atoms in the material and that energy appears as
heat.60�62 We suggest that, although polystyrene is
microwave transparent, the other blocks in the BCPs
viz., polymethylmethacrylate and polydimethylsil-
oxane, are polar63,64 and these polarmolecules interact
with the oscillating field resulting in dipole rotation
and this rotation drives microphase separation. This
may be through direct heating or via chainmovements
excited by the irradiating radiation.
In the setup used here, it appears from the time

dependence of the pattern (which degrades on ex-
tended heating time) that the BCP film effectively
moves from initial disorder to ordered microphase

separation through to a more disordered structure at
the longest anneal periods. These observations sug-
gest that the polymer molecules are becoming pro-
gressively more 'excited' initially allowing chain
movement to form the ordered phase and then be-
coming so mobile that any order is lost.
In this way, the viability of the method for manufac-

ture has been demonstrated. It has a number of
advantages, notably in terms of process speed but it
is also solventless and the use of large volume solvent
annealing chambers is as yet unproven. The use of
microwave annealing in silicon technology has been
established on large wafer sizes.52 Solvent annealing
on large wafers offers problems because solvent con-
densation can induce large area defects, etc.31 Further,
the possibility of impurity incorporation is reduced by
avoidance of the solvent. The use in semiconductor
manufacture has been demonstrated by exploring the
use of topographically patterned substrates and the
ability of the technique to be used in pattern transfer to
the substrate. In this way, the technique represents
significant promise for future development.

EXPERIMENTAL SECTION
Materials. The BCPs and hydroxyl-terminated homopolymer

and copolymer used in the present investigation were pur-
chased from Polymer Source, Inc., Canada and detailed char-
acteristics are summarized in Table 2. The substrates used were
silicon Æ100æ of p-type with a native oxide (SiO2) layer of∼2 nm
thick (resistivity, F = 50�60 Ω cm), a silicon Æ100æ substrate of
p-type with 120 nm thick SiO2 layer (resistivity, F = 1012�1014

Ω cm) and fused silica substrate. The oxide layers were depos-
ited by a low-pressure chemical vapor deposition (LPCVD)
method. We also used a p-doped silicon-on-insulator (SOI)
(resistivity, F = 25�30 Ω cm) with a 20 nm device silicon layer
separated through a 120 nm thick buried oxide (SiO2) layer from
the bulk silicon developed using separation by an oxygen
implantation. The topographically patterned substrates used
were p-type silicon Æ100æwafers with a LPCVD deposited silicon
nitride (Si3N4) layer coated with a SiO2 layer of ∼7 nm thick
(resistivity, F = 1014�1016 Ω cm). These wafers were topogra-
phically patterned with channels of pitch 250 and 500 nm and
depth of 50 nm (fabricated via 193 nm UV-lithography). It
should be noted that all substrates gave similar results (since
the surface chemistry is essentially due to silica) but were used
to probe any substrate effects within the microwave process.

Sulfuric acid, hydrogen peroxide, ethanol, acetone, isopropyl
alcohol (IPA) and toluene were purchased from Sigma-Aldrich
and used as received. Deionized (DI) water was used wherever
necessary.

Substrate Precoating with Polymer Brushes and BCP Film Preparation.
Substrates were diced into 0.5 cm2 pieces and then degreased
by ultrasonication in acetone and IPA solutions for 5 min each,
dried in flowing N2 gas, and baked for 2 min at 393 K in an
ambient atmosphere to remove any residual IPA. This was
followed by cleaning in a piranha solution (1:3 (v/v) 30%
H2O2:H2SO4) (CAUTION! May cause explosion in contact with
organic material!) at 363 K for 60 min; rinsed with DI water,
acetone, and ethanol; and dried under N2 flow. Hydroxyl-
terminated polymer brush solutions of 1.0 wt % in toluene
were spin-coated (P6700 Series Spin-coater, Specialty Coating
Systems, Inc.) onto substrates at 3000 rpm for 30 s. Samples
were annealed in a vacuum oven (Townson & Mercer EV018) at
443 K under vacuum (�100 kPa). This procedure provides
chemically anchored brushes by condensation reactions be-
tween �OH groups at the substrate surface and on the brush.
Unbound polymers were removed by ultrasonication (Cole-
Palmer 8891 sonicator) and rinsing in toluene, and dried for
30 min at 333 K in an ambient atmosphere to remove any

TABLE 2. Characteristics of Hydroxyl-Terminated Homo-

polymer (PDMS�OH), Random Copolymer (HO-PS-r-

PMMA) Brushes, and Block Copolymers (PS-b-PMMA

and PS-b-PDMS) Used for Present Study

Mn/

g mol‑1 polymer designation

polydispersity

index, Mw/Mn

PS mole

fraction

12400 HO-PS-r-PMMA RPB 1.25 0.58
5000 PDMS�OH PDM 1.07 -
36000 PS-b-PMMA BC36 1.07 0.46
74000 PS-b-PMMA BC74 1.07 0.49
104000 PS-b-PMMA BC104 1.09 0.49
67100 PS-b-PMMA BC67 1.09 0.68
45500 PS-b-PDMS BC45 1.15 0.60
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residual toluene. A randomHO-PS-r-PMMAbrush has to be used
to define orientation of the lamellae structure as perpendicular
to the surface plane.11�13 A PDMS brush orientates the PDMS
cylinder structure parallel to the surface plane and allows good
surface wetting.31,41 BCPs (PS-b-PMMA and PS-b-PDMS) were
dissolved in toluene to yield solutions of 0.7�3.0 wt % and then
spin-coated onto the brush anchored surfaces at 3200 rpm for
30 s and immediately used for microwave irradiation.

Nonconventional Microwave Anneal of BCP Films. The microwave
annealed experiments were performed in a microwave synthe-
sizer, CEM Discover LabMate (CEM Microwave Technology Ltd.,
U.K.) with the IntelliVent Pressure Control System and CEM's
Synergy software. The system has an in-built feature of focusing
the microwaves with maximum efficiency into the sample
cavity. CEM's Windows-based Synergy software was used to
control the microwave parameters (power, temperature, time
and pressure) as well as data handling. BCP-coated substrates
were accommodated inside the reaction tube, which was
sealed, placed inside the reaction chamber, and irradiated with
microwave energy. The desired temperature was achieved
through microwave feedback control, which required 20�100 s
depending upon the target temperature. The preset anneal
time started once the target temperature was achieved. It
should be noted that sufficient microwave power was applied
to achieve and hold the chosen temperature in reaction vessel.
The anneal time considered was in the range of 30�360 s. It
should be noted that the reaction vessel requires around
30�100 s to cool to ambient conditions following use. During
this period, some organization and assembly is expected. The
essential parameters, input power, temperature and pressure
were recorded during the process. Dewetting of the BCP film
was not observed in any of the experiments.

Conventional Thermal Anneal of BCP Films. BCP films were ther-
mal annealed in the temperature range of 323�453 K under
vacuum (�100 kPa) for 60�1800 s, to induce phase separation
and evaporate any remaining solvent. Thin films were removed
from the oven immediately after annealing and allowed to cool
naturally in ambient.

Plasma Etching of BCP Films. The microwave annealed PS-b-
PMMA filmswere subjected to selective removal of PMMAblock
by inductively coupled plasma (ICP) etches in anOIPT Plasmalab
System 100 ICP180 etcher. The process was accomplished with
an Ar/O2 etch recipe of Ar (5 sccm) and O2 (15 sccm) at 1.3 Pa
and 100W for 6 s to generate PSmask structures. Full details are
given elsewhere.11�13 It should be noted that, for process
stability, the PS microdomains of the BCP film must interact
the substrate sufficiently to retain the structural integrity of the
film. It is accepted that the brush layer provides good film
stability because the brush layer penetrates into the BCP thin
films, thus anchoring it to the surface.11�13,65,66 As can be seen
below, it appears that the films retain this robustness via similar
mechanism and suggests that themicrowave anneal also allows
interpenetration of brush layer and BCP domains.

PS-b-PDMS BCP films do not readily show the microphase
separated structure because of the presence of a surface
wetting layer of PDMS, which must be removed to reveal the
domain structure.31,41 Films were first treated with a CF4
(15 sccm) plasma for 5 s with an ICP and reactive ion etching (RIE)
powers of 400 and 30 W, respectively, at 2.0 Pa with a helium
backside cooling pressure of 1333.2 Pa to remove any surface
PDMS layer. Thiswas followedby anO2 (30 sccm) plasma for 10 s
with an ICP and RIE powers of 1200 and 30 W, respectively, at
2.0 Pa with helium backside cooling pressure of 666.6 Pa.
These steps follow similar methodology developed by Ross
et al.41 The process removes the PS component and forms an
oxidized form of PDMS on the substrate. This etch step is
referred as ETCH1.

Silicon Etch for Nanostructure Pattern Formation. For the PS-b-
PMMABCP, an SF6/CHF3 ICP etchwas carried out on the samples
using the PS structure as an etch masks. The etch used was
carried out at 2.0 Pa and 500 W with SF6 (15 sccm) and CHF3
(80 sccm) for 9 s to transfer the template structure to underlying
substrate. Remaining PSwas removed using anO2 (30 sccm) ash
recipe at 2.0 Pa and 2000 W for 10 s.

The oxidized PDMS cylinders formed by the sequential CF4
and O2 etches were used as an etch mask for pattern transfer in
PS-b-PDMS BCP by an etch process designated as ETCH2. The
pattern transfer step involved an initial CHF3 (80 sccm) and Ar
(30 sccm) plasma etch for 5 s with an ICP and RIE powers of 400
and 30 W, respectively, at 1.6 Pa to remove any residual PDMS
wetting layer at the substrate surface. This milder etch treat-
ment was critical and needed careful optimization. It was used
to remove passive silica and any PDMS components at the
silicon substrate surface without removing the 'etch mask'
formed by the oxidized PDMS cylinders. This process was
followed by a selective silicon etch using CHF3 (80 sccm)
and SF6 (15 sccm) gases for 15 s with an ICP and RIE powers of
1200 and 30 W, respectively, at 2.0 Pa with helium backside
cooling pressure of 1333.2 Pa to transfer the patterns into the
underlying substrate. The polymers remained after pattern
transfer was removed by ETCH3. The residual oxidized PDMS
cylinders were removed by a 10 s silica (SiO2) etch based on
CHF3 (80 sccm) and Ar (15 sccm) gases with an ICP and RIE
powers of 1200 and 40 W, respectively, at 2.0 Pa with a helium
backside cooling pressure of 1333.2 Pa. This is followed by
5 s O2 (30 sccm) etch to remove the residual PS matrix
and polymer brush underneath with an ICP and RIE powers
of 2000 and 100 W, respectively, at 1.3 Pa with a helium
backside cooling pressure of 666.6 Pa. The etching processes
were accomplished in an OIPT Plasmalab System100 ICP180
etch tool.

Characterization of Materials. Advancing contact angles (θa) of
deionized water on the substrates were measured using a Data
Physics Contact Angle (model: OCA15) goniometer. Contact
angles were measured on the opposite edges of at least
five drops and averaged. The values were reproducible to
within 1.5�.

BCP film thicknesses were measured with a spectroscopic
ellipsometer “Plasmos SD2000 Ellipsometer” at a fixed angle of
incidence of 70�, on at least five different places on the sample.
A two-layer model (SiO2 þ polymer brush) for polymer brushes
and a three-layer model (SiO2þ polymer brushþ BCP) for total
BCP films were used to simulate experimental data.

The actual temperatures of the substrates in the (BCP þ
substrate) systems were measured by an Infrared Thermometer
(SMART SENSOR, AR330 (�32 to 330 �C)) immediately after the
microwave experiment.

An IR 610, Varian infrared spectrometer was used to record
the FTIR spectra. The measurements were performed in the
spectral range of 4000�500 cm�1, with a resolution of 4 cm�1

and data averaged over 32 scans.
An Atomic ForceMicroscope (DME 2452 DualScope Scanner

DS AFM) was operated in AC (tapping) mode under ambient
conditions using silicon microcantilever probe tips with a force
constant of 60 000 N m�1 and a scanning force of 0.11 nN.
Topographic and phase images were recorded simultaneously.
Fast Fourier Transforms (FFT) of the topographic images was
used to measure the degree of alignment and the presence of
defects/nonregular patterns.

SEM images were obtained by a high resolution (<1 nm)
Field Emission Zeiss Ultra Plus-SEM with a Gemini column
operating at an accelerating voltage of 5 kV.
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