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Directed self-assembly of a high-chi block
copolymer for the fabrication of optical
nanoresonators†

Sozaraj Rasappa, *a Lars Schulte,b,c Sokol Ndonib,c and Tapio Niemi*a

In this paper, we report on the fabrication of optical nanoresonators using block copolymer lithography.

The nanostructured gratings or nanofins were fabricated using a silicon-containing block copolymer on a

chromium coated silicon-on-insulator substrate. The etch resistance of the block copolymer template

enables a unique patterning technique for high-aspect-ratio silicon nanofins. Integration of the directed

self-assembly with nanoimprint lithography provides a well-aligned array of nanofins with a depth of

∼125 nm on a wafer scale. The developed nanopatterning method is an alternative to the previously

reported nanopatterning techniques utilizing block copolymers. A dense array of sub-10 nm nanofins is

used to realize a photonic guided-mode resonance filter. The nanostructured grating provides high sensi-

tivity in refractive index sensing, as demonstrated by simulations and experiments in measuring varying

contents of the tetrahydrofuran solvent.

Introduction

An optical waveguide patterned with a diffraction grating can
support guided-mode resonances (GMRs), meaning that the
grating couples light into and out from the waveguide.1–3 This
coupling takes place in a narrow wavelength region where the
wave vector of the incident light and the propagation constant
of the waveguide are phase matched by the diffraction grating.
In practice, the resonances are typically observed as narrow
reflectance peaks at well-defined wavelengths. The properties
of the GMR filters have been investigated extensively over the
years.4 Similar device structures are called resonant waveguide
gratings,5 and in laser technology, the surface emitting
second-order distributed-feedback lasers utilize the same
phenomenon.6 The applications of GMR filters are promising
in sensing the refractive index and thin layers of molecules
since the position of the resonance depends on the refractive
indices of the substrate and the cladding.7–9 In this aspect, the
most interesting applications are the various forms of bio-
sensing and chemical sensing.10–14 The resonance peak’s
sensitivity to the index change depends on the overlap of an

electric field of the waveguide mode with the external
medium. Because of localization and enhancement of the field
due to the resonance, GMR has also found applications in
nonlinear optics.15,16 The GMR filters have conventionally
been fabricated by top-down approaches, such as UV photo-
lithography and e-beam and nanoimprint lithography (NIL)
techniques.17 Due to the limitations of these techniques and
the available resist materials, the feature sizes of the diffrac-
tion grating cannot be miniaturized below sub-20 nm on large
areas.18 Further reduction of the grating size calls for signifi-
cant advancement in lithographic tools. Currently, the next-
generation lithography solutions including extreme-UV litho-
graphy and direct e-beam writing are being investigated to
realize ultra-small feature sizes.19 However, most of these are
challenging for large-volume production due to their cost, con-
siderable manufacturing time and lack of suitable lithographic
resist materials. Therefore, an alternative patterning technique
based on block copolymer (BCP) lithography could be a prom-
ising candidate for wafer scale patterning.20,21 Thin films of
self-assembled architectures of BCPs have been investigated as
lithographic materials to generate sub-10 nm device structures.
The BCPs that are most commonly used for template fabrica-
tion and (or) subsequent pattern transfer are based on poly-
styrene as one of the blocks, covalently coupled with polyethyl-
ene oxide, polymethylmethacrylate, polylactic acid, polyvinyl-
pyridine or polydimethylsiloxane (PS-b-PEO, PS-b-PMMA, PS-b-
PLA, PS-b-PVP or PS-b-PDMS) as the other one.22 Tuning of the
volume fractions and the annealing conditions of BCPs enable
the production of a variety of morphologies, such as lamellas,
cylinders, spheres and gyroids.22 The characteristic length
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scales and feature sizes of the BCPs lie deeply in the sub-wave-
length domain, which is a natural dimension in micro- and
nanoelectronics. Therefore, the applications of BCPs in photo-
nics have been limited.23–25 The typical optical effects, such as
the diffraction or the waveguiding used to construct functional
devices, are in the larger range of a few hundred nanometers
to a few micrometres. Alternatively, tuning the properties of
the established device structures using BCPs and hierarchical
patterning has a lot of potential in various applications,
including plasmonics and sensing.26 One of the major limit-
ations of BCP-based lithography is its natural randomly
oriented finger-print morphology, which cannot be directly
used in real device applications. Therefore, a guiding template
is needed to align the BCP. This can be realized in the synergy
between the top-down and the bottom-up approaches utilizing
the directed self-assembly (DSA) of BCPs.27,28 DSA with PS-b-
PMMA BCP was the first generation of BCPs utilised by the
semiconductor industry for silicon-based electronic circuits.29

The DSA of PS-b-PMMA has been widely studied since it is easy
to synthesize and integrate on a large scale. However, due to
the small difference between the solubility parameters of the
two blocks, characterized by a low value of the Flory–Huggins
parameter (χ) and the nature of the DSA of PS-b-PMMA as a
soft material, critical issues, such as the low aspect ratio of the
features, line-edge roughness and challenges in achieving sub-
10 nm device structures, have diminished its potential.
Therefore, high-chi BCPs, such as PS-b-PLA, PS-b-PxVP (x = 2 or
4) and PS-b-PDMS, are interesting due to their ability to form
sub-10 nm resist templates. In particular, PS-b-PDMS is of sig-
nificant interest among researchers in the semiconductor com-
munity due to its inorganic component and the relatively large
chi value of χ ∼ 0.26,30,31 which allows the preparation of small
feature sizes. However, the orientation of the morphology of
PS-b-PDMS can be difficult due to its tendency to dewet,
mainly related to the low surface energy of the PDMS
block.32,33 Pre-treatment of the substrate surface with brush
polymers can help control the surface energy of the substrate,
thereby the wetting and the morphology formed by the BCP.
However, the brush polymer can affect the pattern transfer to
the underlying substrate. Alternatively, the orientation of the
PS-b-PDMS can be carefully tuned without any brush polymers
by the proper choice of the annealing solvent based on the
Hansen solubility parameter.33 Another attractive property of
the PDMS block is its transformation into an in situ hard mask
during oxygen plasma treatment. The oxidised PDMS mask
can thereafter act as a hard etch mask in pattern transfer.
Traditionally, deep nanopatterning using DSA-based BCP tem-
plates needs a multilayer stack to increase the etch contrast.34

In this paper, we report on the DSA of PS-b-PDMS on
silicon (Si) and chromium (Cr) surfaces and its use as an inter-
mediate etch mask to transfer the patterns deep into an Si or a
silicon-on-insulator (SOI) substrate. Our approach is an
alternative approach compared with previously reported multi-
layer stacks,34 metal inclusion by wet chemical,35,36 sequential
infiltration37,38 and atomic layer deposition24,39 methods for
providing sufficient etch resistance for deep nanopatterning.

Furthermore, we integrate DSA-utilizing NIL to realize a nano-
structured GMR filter on an SOI wafer. The property of the oxi-
dised PDMS is etch resistance to chlorine (Cl2)-based plasma,
which eventually enables deep Si etching to produce a dense
array of Si nanofins on an Si/SOI substrate. The optical grating
consisting of the nanofins improves the sensitivity of the GMR
filter as a refractive index sensor. The operation of the device
was demonstrated in measuring the position of the resonance
peaks in a tetrahydrofuran solvent.

SD self-assembly and hard mask pattern transfer

Brushless self-assembly and template fabrication of PS-b-
PDMS (SD) BCP, with a total molecular weight of 38.9
kg mol−1, was first investigated on a planar Si substrate, as
depicted in Fig. 1a. The SD thin films were spin coated on the
Si substrate and annealed under neutral solvent vapours of
toluene for 5–9 min. A short fluorine based plasma was
applied to the annealed SD thin films to remove the top PDMS
wetting layer at the air–polymer interface, which was formed
due to the low surface energy of PDMS.33 This was followed by
O2 plasma to remove the PS block and convert PDMS into
ceramic silicon oxycarbide, as shown in Fig. 1b. The same
process was replicated on a thin Cr film coated on an Si sub-
strate, as shown in Fig. 1c. The self-assembly of SD on the Cr
surface was similar to that of the plain Si substrate. The inset
in Fig. 1c shows the cross-sectional scanning electron
microscopy (SEM) images of the Cr hard mask line structures
fabricated using the oxidised PDMS mask. We believe that the
repeatability and the self-assembly of the low molecular-weight
SD on Cr are major results and development steps in BCP
lithography. We have also observed that high molecular-weight
PS-b-PDMS as well as the small molecular-weight polymer self-
assemble on Cr-coated substrates, which opens up many appli-
cations in electronics and photonics.

These results demonstrate the etch stability of the thin oxi-
dised PDMS template over Cl2 plasma. Note that most of the
industrial hard mask materials can be etched by Cl2 plasma
for high-aspect ratio nanostructuring. The Si nanofins were
fabricated using flourine and oxygen-based plasma, and the
optimisation of the etch parameters is provided in Fig. SI1.†
The resultant nanofins after the optimised etch parameters
are shown in Fig. 1d. The etch depth of the nanofins is
125 ± 2 nm using the Cr hard mask but 21 ± 2 nm using only
the oxidised PDMS mask. This huge difference in the etch
selectivity and the depth profile variation between the Cr hard
mask and the oxidised PDMS are shown in Fig. SI2.†

DSA lithography for SOI nanofin fabrication

The successive process of the deep Si nanofins was further
developed using NIL to support DSA. The details of the NIL
and the DSA process are provided in the ESI† section. To
realise the optical waveguide, the device must contain layers of
different refractive index materials. For this purpose, we chose
the SOI substrate, which is becoming an industrial standard in
photonic integrated circuits. Fig. 2a shows the process flow of
DSA on the SOI substrate for the fabrication of the nanofins
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for the GMR filter. Fig. 2b shows the top-down SEM images of
the Cr-coated substrate patterned using NIL, and Fig. 2c illus-
trates the Cr-coated NIL substrate with DSA of SD. The SD thin
film on a Cr-coated NIL substrate was annealed for 30 min in
toluene vapour to induce DSA. The results of the annealing

time optimisation are shown in Fig. SI4.† The large-area DSA
on the SOI is displayed in Fig. SI4.† Fig. 2d shows the Cr hard-
mask nanolines patterned using the oxidised PDMS mask on
top of the 220 nm device layer of the SOI substrate. This hard
mask was used to etch the nanofin array for the GMR filter, as

Fig. 1 Schematic, top-down and cross-sectional SEM images of PDMS lines. (a) Process flow of PS-b-PDMS on top of Si and Cr substrates. (b)
PDMS lines on the Si substrate. (c) PDMS lines on the 2–3 nm Cr-coated Si substrate. The inset shows the cross-sectional SEM image of Cr lines
underneath PDMS lines after Cr etch. (d) Si nanofins after deep Si etching using the Cr mask.
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shown in Fig. 2e. The resulting nanofins have heights of 125 ±
2 nm. The SOI nanofins before and after the removal of the Cr
mask are shown in Fig. SI5.†

Modelling of the optical properties of the guided-mode
resonance filter

The reflectance spectra obtained from the numerical model-
ling for two perpendicular polarizations are shown in Fig. 3a.
The narrow reflectance peak rises at ∼819 nm for TM polariz-
ation (transverse magnetic field, the electric field is perpen-
dicular to the grating lines) and ∼1153 nm for TE polarization
(transverse electric field, the electric field is parallel to the
grating lines). The widths of the peaks are ∼20 nm and
∼40 nm, respectively. The background interference pattern is a
result of the 2000 nm buried oxide (BOX) layer of the SOI

wafer. Fig. 3b shows the shift in the reflectance peak of the
TM-polarized mode when the refractive index of the super-
strate is changed. The peak shifts from 819 nm to 874 nm,
with a wavelength difference of 55 nm when the refractive
index changes from 1.0 to 1.35. There is no significant peak
shift in the TE-polarized resonance, and the overall peak shift
is only 7 nm. The sensitivity of the resonance, S, to the
changes in the refractive index of the cladding is displayed in
Fig. 3c, which is defined as follows:

S ¼ Δλ
Δn

½nmper RIU�;

where Δλ is the change in the peak position of the resonance,
Δn is the change in the refractive index, and RIU is the
acronym of the refractive index unit. The simulated sensi-

Fig. 2 DSA integration on the NIL-patterned SOI substrate. (a) Process flow of the DSA. (b) Large-scale top-down SEM of NIL patterns after residual
NIL resist layer removal and after 2–3 nm Cr deposition. (c) Large-scale top-down SEM image of DSA of SD on the NIL patterned substrate. (d)
Cross-sectional SEM image of the Cr mask. (e) Cross-sectional SEM image of the nanofin array. The period of the nanofins is 35 nm and that of the
nanofin arrays is 395 nm.
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tivities for the TM and the TE polarizations for the nanofins,
with a height of 125 nm, are 160 and 38 nm per RIU, respect-
ively. The electric field distributions in the structure were cal-
culated as well and are shown in Fig. 4a and b. The field distri-
bution reveals that the field of the TM-polarised resonance is
localised mainly in the air between the nanofins, while for TE
polarization, the field is mainly located inside the waveguide.
The confinement of the field in the case of TM polarization

resembles the field enhancement observed in slot wave-
guides.40 The enhancement can be explained by the electric
field component perpendicular to the nanofins. Discontinuity
and a large refractive index step cause the enhancement of the
field in the air.

The side bar in Fig. 4b shows the relative field amplitude,
and on the bottom of the nanofin in the air, it is ∼18, whereas
the field amplitude of the TE-polarised resonance inside the
waveguide is ∼5 compared with the incident field amplitude.
This indicates that the GMR filter composed of nanofins could
be sensitive, even for a thin layer on the bottom. With these
dimensions of the waveguide, the GMR exists for only a single
wavelength in TM-polarized excitation (the first diffraction
order and the first-order waveguide mode), while for TE polar-
ization, the second-order TE mode of the slab waveguide exists
at around 550 nm. However, at the visible wavelength range,
the loss of Si is too high to observe this resonance.

Optical characterisation of the guided-mode resonance filter

The measured reflectance spectrum of the GMR filter is shown
in Fig. 5a. The resonance peaks for TM polarization at 819 nm
and for TE polarization at 1051 nm are clearly visible, and the
measured positions match the simulated values well. The
reflectance spectra for bare SOI, planar SOI nanofins and DSA
SOI nanofins are shown in Fig. SI9a.† The sensitivity of the
position of the resonances with the tetrahydrofuran solvent
was determined, as described in the Methods section, and is
shown in Fig. 5b. The position of the TM-polarized resonance
peak at 819 nm shifts with even trace amounts of gas flow and
reaches its maximum shift at 874 nm once the surface is fully
covered with a solvent film. Once the shift of the peak is satu-
rated, the sensitivity is 133 nm per RIU for TM polarization
and 10 nm per RIU for TE polarization. By moving the oper-
ation range towards infrared >1100 nm, where Si has negligible
absorption, and by further optimisation of the deep etching,
the sensitivity could be enhanced even further.

In summary, we demonstrated the self-assembly of SD BCP
on Cr-coated Si and SOI substrates. The oxidised PDMS mask,
with high-etch resistance to chlorine-based plasma, enhanced
the Si etch depth for the dense array of Si nanofin fabrication
on Si and SOI substrates. Furthermore, the DSA of SD was inte-
grated with NIL on the Cr-coated SOI substrate. Highly aligned
SOI nanofins with a depth of 125 nm were fabricated and used
as GMR filters. The sub-10 nm nanofins improved the sensi-
tivity of the filter as a refractive index sensor, as proven by the
simulation results. The operation of the device was demon-
strated in the sensing of the tetrahydrofuran solvent vapour.

Methods
Solvent/polymer synthesis

The solvents cyclohexane, dioxane, tetrahydrofuran and
toluene that were used in this study were of analytical grade,
purchased from Sigma-Aldrich and utilised as received without
further purification. The Cr etchant that was used in this study

Fig. 3 (a) Simulated reflectance spectrum of the GMR filter for nanofins
(h = 125 nm). (b) Shift of the position of the resonance when the refrac-
tive index of the superstrate is varied. (c) Sensitivity of the peak of the
resonance as a function of the height of the nanofins.
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was of standard grade, purchased from Sigma-Aldrich and
utilised as received without further purification. BCP was
synthesised by living anionic polymerisation, following a pre-
viously reported procedure.41,42 The average molecular weights
per block and the polydispersity index (PDI) were determined
using size exclusion chromatography. The total molecular
weight was 38.9 kg mol−1 (MPS: 27.2 kg mol−1 and MPDMS:
11.7 kg mol−1) and PDI ≤ 1.03.

Block copolymer template fabrication by solvent annealing

All substrates are 2-in wafers and were used without any
surface modifications. The BCP solution of 1 wt% in cyclo-
hexane or dioxane was directly spin coated at a speed of 2000
rpm for 20 s, yielding a film thickness of ∼18 nm. The film
thickness was measured using a laser ellipsometer (Rudolph
Research AutoEL III) with a HeNe laser at a 70° incident angle.
The film thickness was measured on at least five different

locations on each substrate and averaged. PS-b-PDMS thin
films were solvent annealed at room temperature (∼21 °C) for
5–30 min in a tightly closed 540 ml steel jar with 10 ml of
toluene as the solvent. The samples were removed from the jar
and left to dry naturally in air.

Metal hard mask deposition

An electron beam evaporator (Instrumentti Mattila Oy) is used
for Cr metal hard mask deposition. The deposition was
achieved on a Si substrate at a rate of 1 Å s−1, resulting in a
2–3 nm thick film.

Nanoimprint lithography substrates for directed self-assembly

The DSA substrates were fabricated using soft UV-NIL (EV
Group EVG620 mask aligner). The flexible NIL stamp
(Ormostamp, Microresist GmbH) has a linear grating, resulting
in an array of lines with ∼100 nm mesa width and ∼300 nm

Fig. 4 Magnitude of the electric fields at resonance for nanofins (h = 125 nm). (a) Cross-sectional SEM image of the SOI nanofins. (b) TM polariz-
ation at 819 nm. (c) TE polarization at 1053 nm.

Fig. 5 (a) Experimental reflectance spectra of the GMR structure of SOI nanofins (h = 125 ± 2 nm). (b) Experimental reflectance spectra with and
without tetrahydrofuran solvent film. The peaks shift to 874 nm and 1058 nm for TM and TE polarizations, respectively.
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trench width in UV-curable mr-UVCur resist. The linear pat-
terns were imprinted on both Si and SOI wafers (Soitec). The
SOI wafer had a 220 nm device and 2000 nm buried oxide
layers.

Plasma etch and nanopatterning

Dry plasma etching was done with a 100 ICP system (Oxford
Plasmalab System). The annealed films were etched with SF6
plasma (7 sccm) and with 30 W RIE and 50 W ICP powers at
2.0 Pa (15 mTorr) pressure for 3 s to remove the PDMS wetting
layer on top. The PS was then selectively etched, using O2

plasma for 6 s with 1200 W ICP and 50 W RIE powers at 2.0 Pa
(15 mTorr) pressure. The resulting oxidised PDMS could then
be used as a durable etch mask with chlorine-based chemistry.
The BCP nanopattern could be directly etched into an inter-
mediate Cr hard mask to improve etch selectivity, using Cl2
(50 sccm) and O2 (4 sccm) plasma with 20 W RIE and 300 W
ICP powers at 0.66 Pa (5 mTorr) for 18 s. The final deep etch
into Si was done with SF6 plasma (50 sccm) and O2 (22 sccm)
with 30 W RIE and 50 W ICP powers at 2.0 Pa (15 mTorr)
pressure for 54 s.

Scanning electron microscopy

Top-down and tilted SEM images were obtained using a field
emission scanning electron microscope (Zeiss Ultra 55) with
3 kV acceleration voltage. Unless otherwise stated, all SEM
imaging was performed after PS removal and oxidation of the
PDMS block.

Optical modelling and measurements

The aim of the modelling was to investigate the resonance
wavelength, quality of the resonance, electrical field distri-
bution and sensitivity of the resonance for the refractive index
changes on the layer on top of the waveguide. The approximate
position of the peak for the light in direct incidence can be
written with the well-known diffraction equation in a simple
form, as follows:

λpeak ¼ Λ� neff ;

where λpeak is the resonant wavelength, Λ is the period of the
grating, and neff is the effective index of the waveguide. The
effective index depends on the dimensions and refractive
indices of the waveguide, as well as the polarization and wave-
length of the light. Moreover, the effective index is an approxi-
mation in the case of the strong modulation of the waveguide
by the grating. Therefore, we investigated the optical properties
of the GMR filters using the finite-difference-time-domain
method (FDTD Solutions, Lumerical). The 2D simulation
space is a cross-section of the waveguide, as shown in
Fig. SI8.† The number of the SOI nanofins and the period were
set according to the experimental structure realised, as shown
in Fig. 2e. The simulations enable an efficient investigation
into the effects of different structural modifications, such as
the height of the nanofins. The source is a planewave in direct
incidence towards the nanostructured surface. The simulation

region is bounded from the left- and the right-hand sides by
periodic boundary conditions, rendering the structure artifi-
cially infinite in the horizontal direction. In the vertical direc-
tion, the simulation space has perfectly matched layers to
prevent reflection due to the termination of the simulation
space. The polarization of the source is either parallel (TE
polarization) or perpendicular (TM polarization) to the grating
lines. The detector planes are set on top of the source to
record the reflectance and below the buried oxide layer to
record the transmittance. The discretisation of the isotropic
rectangular mesh around the waveguide layer is 1 nm. Optical
characterisation of the fabricated structure was carried out
with a broadband light source, a spectrometer (Ocean Optics)
and a reflectance probe (Filmetrics). The light was directed in
direct incidence towards the sample, and its polarization was
selected using a polariser (Thorlabs LPMIR050) inserted
between the probe and the sample. The sensitivity of the reso-
nance for the index changes of the superstrate was tested in a
vapour flow chamber, similar to the one reported recently.43 It
consists of a bubbler with nitrogen flowing through it. The
mixture of the carrier gas and the solvent vapour flows
through a chamber, with the sample on a base that is tempera-
ture controlled. By lowering the temperature of the base, the
dew point of the solvent vapour can be reached, and a con-
trolled thickness of the solvent layer forms on the sample.
Once the thickness of the solvent film is more than the thick-
ness of the ridges, the shift of the resonance saturates and
reaches its maximum. We used tetrahydrofuran as the solvent,
with a refractive index of 1.407.
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