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ABSTRACT: Block copolymer (BCP) microphase separation
at surfaces might enable the generation of substrate features in
a scalable, manufacturable, bottom-up fashion provided that
pattern structure, orientation, alignment can be strictly controlled.
A further requirement is that self-assembly takes place within
periods of the order of minutes so that continuous manufacturing
processes do not require lengthy pretreatments and sample storage
leading to contamination and large facility costs. We report here
microwave-assisted solvothermal (in toluene environments)
self-assembly and directed self-assembly of a very low molec-
ular weight cylinder-forming polystyrene-block-polydimethylsi-
loxane (PS-b-PDMS) BCP on planar and patterned silicon
nitride (Si3N4) substrates. Good pattern ordering was achieved in the order of minutes. Factors affecting BCP self-assembly,
notably anneal time and temperature were studied and seen to have significant effects. Graphoepitaxy to direct self-assembly in
the BCP yielded promising results producing BCP patterns with long-range translational alignment commensurate with the pitch
period of the topographic patterns. This rapid BCP ordering method is consistent with the standard thermal/solvent anneal
processes.
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■ INTRODUCTION

The production of nanostructured surfaces of ever decreasing
feature size for use in computing devices is centered around
manufacturing methods that allow fabrication at relatively low-
cost, high-throughput and, importantly, in short processing
periods (the particular focus of this work).1,2 However, conven-
tional UV-lithography based “top-down” processes are facing
significant technical and cost challenges.3−5 Block copolymer
(BCP) lithography is a “bottom-up” process relying on micro-
phase separation in thin films and offers promise for the fabrication
of nanopatterns of sub-10 nm scale features and has the potential
to integrate into existing manufacturing processes.6 Excellent con-
trol 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 structures viz., lamellar,
cylindrical, spherical, gyroidal, etc.,7,8 can all be formed.
Despite the apparent advantages of the BCP based methods,

a number of important challenges remain and have been the
subject of much research. These include: (i) achieving patterns
with long-range translational alignment (to a surface feature)
and orientation (to the surface plane) control9−14 and (ii) generating
patterns of very low defectivity.15−18 A less addressed challenge

is the need to process pattern development in relatively short
times commensurate with high wafer throughput used in the
semiconductor industry.19,20 Microphase separation in BCP thin
films is normally achieved using thermal or solvent annealing that
can be time-consuming (from several hours to days). Micro-
wave assisted annealing is an emerging technique that affords
an opportunity to develop well-ordered patterns in very short
process times but as yet the method is less well-researched and
is largely unproven in terms of its capability to generate pattern
transferred features.
Polystyrene-block-polydimethylsiloxane (PS-b-PDMS) is an

attractive system to study.21−29 Its Flory−Huggins parameter
(χ = 68/T − 0.037, where, T = temperature)30 is relatively high
allowing sub-10 nm feature size scaling.9,31−33 A further attrac-
tive feature of this system is the potential to develop silica based
hard-mask structures used for pattern transfer by selective etch
methods.21,28 Following the seminal work of Buriak et al.,34,35

we report here the nonconventional microwave assisted solvothermal
BCP self-assembly on planar and patterned Si3N4 substrate process
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to achieve ordering at a faster processing time while demonstrating
fabrication capability at small feature sizes. Factors influencing
BCP self-assembly such as anneal time and temperature, were
investigated. The microwave anneal process was combined with
graphoepitaxy to direct self-assembly on patterned Si3N4 sub-
strate with variable Si3N4 line-widths and pitch period of the
trenches to control placement and long-range translational domain
alignment.

■ EXPERIMENTAL SECTION
Materials. PS-b-PDMS of cylindrical morphology and hydroxyl-

terminated PDMS homopolymer brush used in the present investi-
gation were purchased from Polymer Source, Inc., Canada and the
detailed characteristics are summarized in Table 1. The substrates used
were a low pressure chemical vapor deposition (LPCVD) deposited
silicon nitride (Si3N4) coated substrate (resistivity, ρ = 1 × 1014 to 1 ×
1016 Ω cm) on p-type silicon ⟨100⟩ with a surface SiO2 layer ∼7 nm
thick. The topographically patterned Si3N4 substrates with pitches in
the range of 75−500 nm, variable mesa widths of 30−700 nm, and
depth of 60 nm were fabricated via 193 nm UV-lithography and pro-
cessed by means of conventional mask and etch techniques. Sulfuric
acid, hydrogen peroxide, ethanol, acetone, iso-propanol (IPA), and toluene
were purchased from Sigma-Aldrich and used as received. Deionized (DI)
water was used wherever necessary.

Scheme 1. (a) Schematic Showing the Process of Microwave Annealing of BCP Films in the Presence of Solvent in a Microwave
Synthesizer to Achieve BCP Ordering; (b) Schematic Representation of the Process Flow Showing BCP Self-Assembly on Si3N4
Substrate Precoated with PDMS−OH Brush and Subsequent Plasma Etching (see text for details)

Figure 1. Top-down SEM image of a section of a topographically patterned Si3N4 substrate. Insets shows high-resolution cross-section TEM images
and demonstrate the composition and depth profile of the channels.

Table 1. Characteristics of Polymers Used for Present Study

Mn/g mol−1 polymer
polydispersity index,

Mw/Mn

PS mole
fraction, f PS

5000 PDMS−OH 1.07
16 000 PS-b-PDMS 1.08 0.67
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Polymer Brush Precoating and BCP Film Preparation. Diced
substrates of 0.5 cm2 were 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) at 363 K for 60 min, rinsed with DI water, acetone,
ethanol and dried under N2 flow. A hydroxyl-terminated polymer brush
solution (1.0 wt % in toluene) was spin-coated (P6700 Series Spin-
coater, Specialty Coating Systems, Inc., USA) 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 between
−OH groups at the substrate surface and on the brush. Unbound
polymers were removed by ultrasonication (Cole-Palmer 8891 soni-
cator) and rinsing in toluene and then dried for 30 min at 333 K in an
ambient atmosphere to remove any residual toluene. A 1.0 wt % toluene
solution of PS-b-PDMS was spin-coated onto the brush anchored surfaces
at 3200 rpm for 30 s and immediately used for microwave irradiation.

Microwave Anneal of BCP Films. Microwave annealing experi-
ments were performed in a microwave synthesizer, CEM Discover
LabMate (CEM Microwave Technology Ltd., UK) with the IntelliVent
Pressure Control System and CEM’s Synergy software. The system
focuses microwaves into a sample cavity. The system was computer
controlled using CEM’s Synergy software so that power, temperature,
time and pressure could be precisely controlled. The BCP coated sub-
strates were placed inside the reaction chamber and irradiated with
microwave energy. The target temperature was achieved through micro-
wave feedback control where microwave power is used to control tem-
perature. Stable temperatures were reached within 20−100 s depending
upon the target temperature. The anneal time (30−180 s) started once
the target temperature was achieved. Note that the reaction vessel takes
about 30−100 s to cool to ambient conditions after heating. During this
period, some organization and assembly of the BCP film is expected.
Dewetting of the BCP film was not observed in any of the experiments.

Plasma Etching of BCP Films. PS-b-PDMS BCP films show little
indication of microphase separated structure in AFM or SEM because

Figure 2. (a) Top-down SEM image of the PS-b-PDMS structure at a planar Si3N4 substrate following microwave treatment at 323 K for 30 s in
toluene (light gray lines are oxidized PDMS and darker lines are voids created following partial PS removal). (b) High-resolution cross-section TEM
image of the oxidized PDMS cylinders structure in a. (c) FTIR spectrum of the oxidized PDMS cylinders.

Table 2. Measured Water Contact Angle and Film Thickness
(ellipsometery) of Various Films at Planar Substrates, and
BCP Domain Size (pitch) as Measured by SEM

material
deposition
condition

contact
angle (deg)

thickness
(nm)

pitch from
SEM/nm

Si3N4/Si substrate as received 46.5 ± 1.5
Si3N4/Si substrate piranha cleaned 32.4 ± 1.5
PDMS−OH +
Si3N4/Si substrate

annealed/cleaned 109.5 ± 1.5 4.1 ± 2

BCP + PDMS−OH
+ Si3N4 substrate

as-cast BCP film
(1.0 wt %)

21.5 ± 2 18

Figure 3. Top-down SEM images of the PS-b-PDMS pattern formed via microwave annealing at 323 K for (a) 30, (b) 60, and (c) 180 s in the
presence of toluene.

Figure 4. Top-down SEM images of the PS-b-PDMS pattern following microwave annealing for 30 s at (a) 323, (b) 373, and (c) 423 K in the
presence of toluene.
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of the presence of a surface wetting layer of PDMS which must be
removed to reveal the BCP arrangement.21,28 Films were first treated
with a CF4 (15 sccm) plasma for 5 s with an inductively coupled
plasma (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. This was followed by an
O2 (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.28 The process removes the PS component and forms an
oxidized form of PDMS on the substrate.

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

Figure 5. Top-down SEM images of the PS-b-PDMS pattern (as revealed by sequential CF4 and O2 etches) formed on PDMS−OH brush modified
patterned Si3N4 substrates. Data shown are varying channel widths as follows: (a) 30, (b) 75, (c) 100, (d) 150, (e) 175, and (f) 200 nm. In all cases,
the channel pitch is 75 nm. Darker regions are the channels, lighter regions the mesas.
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determined by a spectroscopic ellipsometry (Plasmos SD2000 Ellips-
ometer) at a fixed angle of incidence of 70°. Quoted film thicknesses were
an average of five readings collected from different locations on the
sample surface. A two layer model (Si3N4 + polymer brush) for polymer
brush and a three layer model (Si3N4 + polymer brush + BCP) for
total BCP film was used to simulate experimental data. A Varian IR
610 infrared spectrometer was used to record the FTIR spectra in the
transmittance mode. 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. Scanning electron microscope (SEM) images were ob-
tained by a high-resolution (<1 nm) Field Emission Zeiss Ultra Plus-
SEM with a Gemini column operating at an accelerating voltage of 5 kV.
An FEI Strata 235-Focused Ion Beam (FIB) tool was used to generate
FIB lamellae cross sections. E-beam produced platinum was deposited
at the substrate followed by the ion-beam deposited platinum. Milling
and polishing of the samples were carried out at the lower aperture size
and the specimen was imaged under the higher resolution Zeiss Ultra
Plus-SEM. The transmission electron microscope (TEM) lamella specimen
were prepared by the Zeiss Auriga-FIB with cobra ion column having a
unique 2.5 nm resolution and were analyzed by FEI Titan-TEM operating
at an accelerating voltage of 130 kV.

■ RESULTS AND DISCUSSION

The microwave assisted BCP process is illustrated in Scheme 1a.
The BCP coated substrate was placed in a reaction tube partially
filled with solvent, sealed and then irradiated with microwave
energy. The BCP self-assembly process steps are shown in

Scheme 1b and are:- hydroxyl-terminated polymer brush grafting,
microphase separation and plasma treatment to remove the
PDMS wetting layer as detailed above.21,28 Figure 1 shows a
top-down SEM image of a section of the patterned substrate
along with corresponding TEM cross sections. The inset cross-
section TEM images clearly shows three distinct layers in the
order Si3N4−SiO2-bulk silicon from top to bottom. A channel
depth of ∼60 nm can be seen in the image. The high-resolution
cross-section images of the channel base and top of the mesa
shows the presence of a very thin (∼1.5 nm) SiO2 layer. This
oxide layer might have formed at the time of LPCVD deposition
and etch pattern development.

■ MICROWAVE-ASSISTED SELF-ASSEMBLY ON
PLANAR SUBSTRATES

Microphase separation in cylindrical PS-b-PDMS at silicon sub-
strates necessitates use of a PDMS−OH brush to control surface
wetting and pattern orientation. The brush results in pattern for-
mation with a wetting PDMS layer at the gas-surface and substrate-
BCP interface because of the low surface energy of PDMS and
favorable PDMS−PDMS interactions at the brush-BCP interface.21,28

The formation of this sandwich structure strongly promotes the
formation of a BCP pattern where the PDMS cylinders are orientated
parallel to the surface plane since any vertical orientation will
lead to significant increases in surface energy. Figure 2a shows

Figure 6. Top-down SEM images of the PS-b-PDMS pattern (as Figure 5). Data shown are with Si3N4 channel widths and pitches of (a) 200 and
150 nm, (b) 300 and 100 nm, (c) 300 and 200 nm, and (d) 450 and 200 nm.
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oxidized PDMS cylinders (as revealed by the etch methodology)
formed from the BCP PS-b-PDMS film on a planar Si3N4

substrate following microwave processing (323 K for 30 s). The
high resolution cross-section TEM image in Figure 2b shows a
single monolayer of PDMS cylinders and demonstrates the effi-
cacy of the etch chemistry to reveal the cylindrical patterns. The
PDMS cylinders appear to reside in a PS matrix that is partially
etched and are ∼8 nm in diameter. A wetting PDMS layer at
the substrate surface can also be clearly seen and this is thicker
(∼6 nm) (Figure 2b) than the thickness of the PDMS−OH
brush layer (∼4 nm) (Table 2) and confirms sufficient PDMS−
OH (brush)−PDMS (BCP) interactions. It is clear from the
data in Figure 2a, b that well-ordered phase separation is observed.
Note that no ordered self-assembly is seen in similar films exposed
to the same solvent at the same temperature in the absence of
microwave irradiation. This suggests that the microwave annealing
method promotes sufficient molecular motion for the BCP to
reach its local thermodynamic minimum. The mean PDMS
cylinder spacing (cylinder center-to-center), L0, and line width,
⟨d⟩, were found to be 18.0 and 8.0 nm, respectively. It can also
be seen from the image that the oxidized PDMS domains have
become rounded during the etch process indicating that it is
partially isotropic. The oxidation of the PDMS cylinders during
this etch step is confirmed by FTIR with the detection of a Si−
O−Si signal at 1098 cm−136 as displayed in Figure 2c. 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.37 Note that the 1.0 wt %
BCP in toluene solution used in film casting provided a contin-
uous film (film thickness ∼21 nm (Table 2), i.e., close to the
18 nm periodicity of PDMS cylinders) and dewetting was not
observed after microwave irradiation. This is a significant advantage
for application of these films (particularly for subsequent pattern
transfer to underlying silicon substrate). The good wetting of
the substrate might be related to the efficient heating of the sample
and short treatment periods that limit solvent condensation.37 It
should be emphasized that the regularity and structural order of
the patterns indicate that the surface interactions between the BCP
and the brush coated surface are significantly robust to survive the
microwave processing and in particular thermal and mechanical
strains that must exist at the interfaces.

Microwave-Assisted Self-Assembly. Effect of Anneal
Time. The effect of microwave anneal time of the microphase
separation of PS-b-PDMS is shown in Figure 3. Anneal times
were varied from 30 to 180 s at a constant temperature of 323 K.
It can be seen that the patterns became more disordered and
with increased densities of both dislocation and disclination
defect sites as the anneal time increases. This disorder obviously
represents kinetic effects. Initially the film is nonmicrophase
separated and subsequently orders into regular patterns. Finally,

Figure 7. Top-down SEM images of the PS-b-PDMS pattern formed on PDMS−OH brush modified patterned Si3N4 substrate Data shown are with
Si3N4 channel widths of 700 nm at pitches of (a) 200 and (b) 500 nm.
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the film moves through the order−disorder phase and becomes
less well-ordered.38,39 The kinetic limitations may represent a
temperature lag between the substrate and the film or possible
the kinetics of solvent swelling. For the BCP film L0 and ⟨d⟩,
were very similar to the values noted above and within experi-
mental error (±1), at 18.1 and 8.0 nm, respectively.
Microwave-Assisted Self-assembly. Effect of Anneal

Temperature. Clearly, temperature may have a profound effect
on the BCP self-assembly into regular nanopatterns. Figure 4
shows the temperature evolution of PS-b-PDMS BCP ordering
in the temperature range of 323−423 K at a chosen time of 30 s.
This time period was judged to be optimal based on the data pro-
vided above. Figure 4 shows that a temperature effect is observed.
In Figure 4 it is evident that the correlation length of the in-

plane PDMS cylinders decreases and the number of defects
increase with the temperature used. However, the changes are
not as dramatic as might be expected. These data do suggest
that the pattern evolution with time seen above are unlikely to
be due to any thermal effects (time lag) and are more likely
to be due to solvent swelling effects. The thermal effects can
also be described by a similar explanation based around solvent
swelling as a minor increase in L0 and ⟨d⟩ was observed with
the increase of temperature and the values at the highest tem-
peratures were found to be 18.8 and 8.3 nm, respectively. Solvent
swelling is expected to increase with temperature.40−42 This

increase in solvent content also decreases the Flory−Huggins
interaction parameter,24,41 and as a result, it might be expected
that disorder would increase as is indeed observed.

Microwave-Assisted Directed Self-Assembly. Realizing
the full potential of BCP self-assembled structures is only
possible if long-range periodic and translational order can be
achieved. Graphoepitaxy to direct the self-assembly of PS-b-PDMS
has been demonstrated as potentially important.21−29,31−33,43 Further,
microwave assisted BCP graphoepitaxy has been shown for
cylinder- forming PS-b-PMMA and PS-b-P4VP BCPs by
Buriak et al.35 Graphoepitaxial alignment of PS-b-PDMS
under microwave assisted treatment was attempted here in
order to properly define the usefulness of the methodology.
The topographically patterned Si3N4 substrates were precoated
with the PDMS−OH polymer brush as described above for
planar wafers. The samples were microwave annealed at 323 K
for 30 s. Results are shown Figures 5, 6, and 7. It can be seen
from the images that the brush induced microphase separation
occurs with cylinder alignment to the topographic channel
direction. The observation of parallel alignment of the PDMS
domains along the trenches is consistent with the thermody-
namically most favorable graphoepitaxial alignment to minimize
the strain in the microdomain lattice.31,33

From Figures 5, 6, and 7, it can be seen that the BCP is not
confined to the channels and significant polymer resides at the

Figure 8. High-resolution cross-section TEM images of the PS-b-PDMS pattern (as revealed by sequential CF4 and O2 etches) formed on PDMS−
OH brush-modified patterned Si3N4 substrate and microwave annealed at 323 K for 30 s in the presence of toluene.
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mesas (i.e., the exterior surface of the patterns). Generally,
alignment extends from the channels onto the mesas and good
graphoepitaxial alignment is seen across the entire surface
(several ∼5 μm2 areas were imaged by SEM) with few defects.
This can be most readily seen in Figure 5 where the channel
width was fixed at 75 nm and the mesa width was varied. In
Figure 6 and 7 that reasonable alignment within channels can
be seen to channel widths of 500 nm. However, it can be seen
in Figure 7 that the BCP pattern became disordered at the
mesas when the mesa width was increased to 700 nm. It shows
that there is a critical mesa width beyond which alignment dis-
appears. It should also be noted that at mesa widths of 300 nm
and above there is an increasing density of dislocation and
disclination defects. The inherent defectivity of these systems is
difficult to determine as many of the defects observed at smaller
channel sizes probably arise from “errors” in the sidewall which
cause local variations in the channel and mesa width which pre-
cipitate defects. However, the results show that the method-
ology is consistent with production of low defect densities and
further that the variation in channel width controls the number
of cylinders within a channel.
The alignment of the cylinders within the channels allows

high resolution electron microscopy to be performed (because
the alignment of the cylinders can be very precisely defined for
controlled FIB lamellae production). This facilitated very precise
understanding of the PS-b-PDMS system and TEM data are
presented in Figure 8. The cross-section was taken in an area
with PDMS domains residing on top of the mesa as well as
channels. It is clear that the film at the mesas is a single layer of
cylinders thick as etching reveals a single layer of oxidized
PDMS cylinders (Figure 8c). What should also be noted is a
bilayer of PDMS and oxidized PDMS at the substrate interface.
It is thought that the BCP layer at the mesas is strongly favored
as the PDMS brush and the PDMS BCP wetting layer strongly
interact preventing capillary forces moving material into the
channels.
Within the channel (Figure 8b), a cylinder multilayer of four

rows of cylinders is seen and only an upper layer of oxidized
cylinders is observed. It is clear that the etch does not sig-
nificantly modify the layers below the upper layer of cylinders.
The PDMS wetting layer at the substrate can be readily observed
(thickness about 6 nm). It is noticeable that the cylinders
within the film have an elliptical shape rather than the expected
circular cross-section. We believe this represents in-plane film
stress that results from film contraction that occurs because the
solvent swelled film during microwave treatment shrinks as
solvent evaporates on removal from the reaction vessel. It can
be seen that the BCP film formed a continuous layer from the
mesa into the channel suggesting that capillary flow has occurred.

■ CONCLUSIONS
Microwave-assisted solvent annealing is seen to be an effective
form of processing to yield well-ordered microphase separated
block copolymer patterns. The patterns appear to have similar
structure and arrangement to films formed by conventional
methods.9,31−33 The technique does not appear to noticeably
worsen surface wetting, domain persistence length or alter struc-
tural dimensions when compared to similar compositions of block
copolymers. However, the key advantage is the ability to form
these well-ordered patterns in periods of less than a minute and
hence be consistent with large scale manufacturing. It should be
noted that microwave annealing of large silicon substrates (for
other applications) has been shown to be highly efficient and

heat the surface regularly over the whole substrate.44,45 Not
only is pattern formation affected by the microwave treatment,
the methodology is consistent with graphoepitaxy and the struc-
ture aligns over large areas when both the channel width and mesa
width are below a critical size. However, structural alignment is
lost at critical distances from the directing topography, but this
is consistent with other processing methods.
Interestingly, the TEM analysis reported shows some important

information on the structure of these films in topographically
patterned surfaces. The data provide good evidence of the capillary
flow of polymer from the mesas into the channels as was sug-
gested by Morris et al.46 previously. The strong interaction of
the brush and the BCP prevents complete removal of the poly-
mer from the mesa. It was also seen that the PDMS cylinders
have circular or elliptical cross-sections within the film, and this
is the first time clear evidence of this has been presented.
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