Open Access Article. Published on 17 September 2018. Downloaded on 5/5/2026 11:22:09 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Nanoscale

ROYAL SOCIETY
OF CHEMISTRY

View Article Online
View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Nanoscale, 2018, 10, 17884

Received 14th June 2018,
Accepted 16th August 2018

DOI: 10.1039/c8nr04851g

A water-processable cellulose-based resist for
advanced nanofabricationt

Camilla Dore,® Johann Osmond® and Agustin Mih

The ideal nanofabrication technique is one that allows the mass production of high resolution submicro-
metric features in a cost efficient and environmentally friendly fashion. A great step towards achieving this
goal has been the development of nanoimprinting lithography, a procedure with tenths of nanometres
resolution while being compatible with roll-to-roll manufacturing. However, an ecofriendly resist that can
be efficiently combined with this process is still missing. In this work, we demonstrate the use of hydroxy-
propyl cellulose (HPC) as a biocompatible, biodegradable, and water processable resist for temperature
assisted nanoimprint lithography (tNIL) by fabricating different photonic architectures. The cellulose
derivative is easily patterned with submicrometric features with aspect ratios greater than 1 using an elas-
tomeric stamp and a hot plate. Silicon photonic crystals and metal nanoparticle arrays are fabricated com-
bining cellulose with traditional nanofrabrication processes such as spincasting, reactive ion etching and
metal lift off. Furthermore, advanced nanofabrication possibilities are within reach by combining the HPC
with traditional resists. In particular, poly(methyl methacrylate) and HPC stacks are easily produced by
liquid phase processing, where one of the two materials can be selectively removed by developing in
orthogonal solvents. This capability becomes even more interesting by including nanoimprinted layers in
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Introduction

Environmental pollution and worker health protection play
nowadays a key role in electronic manufacturing, driving
cutting-edge technologies towards an ongoing reduction of
toxic and contaminating substances in their production lines.
The development of a ‘green’ nanofabrication process is not
only beneficial from an environmental point of view, but also
reduces the costs associated with the disposal of hazardous
chemicals and creates a friendly working environment.
Furthermore, avoiding organic solvents and corrosive reagents
enables the direct patterning of a wide range of biomaterials
that were incompatible with previous processes.

In light of this, the greatest challenge for emerging nano-
fabrication technologies will be the integration of ecofriendly
fabrication approaches with the cost effective and high
throughput procedures required in large scale industrial pro-
duction. To this end, next-generation lithographic methods

“Institut de Ciéncia de Materials de Barcelona (ICMAB-CSIC), Campus de la UAB,
08193 Bellaterra, Catalonia, Spain. E-mail: amihi@icmab.es

PICFO-The Institute of Photonic Sciences, Av. Carl Friedrich Gauss, 3, 08860
Castelldefels, Barcelona

tElectronic supplementary information (ESI) available. See DOI: 10.1039/
c8nr04851g

17884 | Nanoscale, 2018, 10, 17884-17892

the stack, leading to the encapsulation of arrays of air features in the resist.

should rely on inexpensive, biodegradable and easily accessible
materials.'

Following the recent developments in the semiconductor
and flexible electronics industries, among the emerging high-
resolution patterning techniques, nanoimprint lithography
(NIL) can be considered the most promising approach for
mass production of innovative optic and electronic devices.
Features as small as 10 nm can be produced using NIL,* and
when compared to electron beam lithography (EBL) and other
high-end photolithographic methods, NIL is simultaneously a
low cost and more versatile technique; it is compatible with
roll-to-roll technology and is suitable for large area patterning.
Furthermore, in nanoimprinting lithography, resist molding is
attained via mechanical deformation, making this technique
suitable for patterning a broader range of materials indepen-
dently of their light or electron sensitivity.

Nanoimprinting lithography is a simple and scalable tech-
nique that enables moving from the laboratory to a larger
scale; however, a viable water processable ecofriendly resist for
this technology is still missing. Indeed, despite the attractive
features of NIL techniques, there are only a few examples of
biodegradable materials used as resists for NIL, while most of
the studies have aimed at developing photolithographic® and
EBL ecofriendly resists, as recently demonstrated for silk
fibroin and cellulose based materials.*’

This journal is © The Royal Society of Chemistry 2018
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NIL is a suitable method for the patterning of biopolymers,
finding a wide range of applications, particularly in the pro-
duction of biophotonic platforms.® Molding of diverse cellulo-
sic materials has previously been reported; for instance, it is
possible to hot emboss liquid wood® or to use fast imprinting
methods compatible with roll-to-roll to pattern cellulose-based
polymers.'®"* The feasibility of patterning these eco-friendly
materials is the starting point for the development of a viable
green resist for nanoimprinting lithography.

In this work, we utilize hydroxypropyl cellulose (HPC) as a
thermal aided nanoimprint (tNIL) resist fully processed with
water. We aim to provide the first characterization of the HPC
as a green resist and demonstrate its potential by fabricating
photonic crystals and 2D metal nanoparticle arrays. In doing
so, we provide data on the performance of this material in
common nanofabrication processes such as spincasting, reac-
tive ion etching and metal lift off. The opportunity to use cell-
ulose-based materials as lithographic resists is particularly
appealing, first of all because cellulose is the most abundant
polymer on Earth and since centuries it has been extracted
from vegetal sources. In particular, hydroxypropyl cellulose is a
water soluble derivative of cellulose in which some of the OH
groups from the polysaccharide chain have been substituted
with an ether group. HPC is cheap, commercially available,
biodegradable and biocompatible and it is already widely used
in the pharmaceutical industry as a passive drug excipient.
Previous patterning attempts of water processable biopolymers
such as poly vinyl alcohol (PVA) were mainly achieved in the
form of free-standing membranes and by using replica
molding techniques (pouring the polymer directly on the
PDMS mold). PVA is frequently used only as a lift-off layer
since nanoimprinting this material requires the use of hard
molds under high pressures (5 MPa), which hinder conformal
contact with the substrate.”® In contrast, we demonstrate
herein the imprinting of HPC with extremely low pressures (ca.
0.05 MPa) and flexible PDMS molds.

Furthermore, this cellulose based resist is not only an eco-
friendly alternative, but also can be combined with traditional
resists insoluble in water, leading to advanced fabrication pos-
sibilities. As an example, we fabricated alternating stacks of
HPC and PMMA in which each material can be selectively
removed with water or toluene, demonstrating its potential as
a sacrificial layer. Polymeric multilayers are widely studied
systems that find application in many different fields ranging
from biotechnology'® to optics’® and that are currently
employed in advanced lithographic techniques.'®'” Moreover,
combining this method with tNIL, we have been able to
produce ordered arrays of air-holes embedded in PMMA,
opening up the path towards a straightforward nanofabrica-
tion strategy that can find application in the production of
innovative optofluidic devices.'®

The characterization of the cellulose-based resist begins
with the fabrication of typical nanostructures by tNIL. The per-
formance of the cellulose derivative in each lithographic step
(dry etching, water lift-off and selective development) is sub-
sequently analyzed.

This journal is © The Royal Society of Chemistry 2018
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The patterning process of the HPC film on silicon wafers is
illustrated in Fig. 1a. Briefly, a spincast HPC film is heated at
140 °C on a hot plate above the HPC glass transition tempera-
ture while gently pressing with a pre-patterned PDMS mold.
After being cooled down, the mold is released, leaving the
negative pattern on the HPC layer.

Results and discussion

The first requirement for a good nanoimprinting resist is the
possibility to obtain smooth and homogeneous films with
tunable thicknesses via spin coating. The thickness of the film
depends on the concentration of the polymer solution (which
determines the solution viscosity) and on the spin-coating
speed. HPC solutions in water are optically transparent and
homogeneous. They are simply prepared by stirring HPC
powder in deionized water (see the Experimental section). The
cellulose solutions can be readily spincast on silicon wafers or
glass substrates without any pre-treatment of the substrate
surface. Smooth and homogeneous films of HPC with
different thicknesses are obtained after spincasting. To the
best of our knowledge, there is no preexisting data describing
thin films of HPC obtained by spincasting from aqueous
media. We provide herein a spin rate vs. thickness standard
curve, recorded for different cellulose concentrations (Fig. 1b).
Highly homogeneous layers of HPC on silicon were fabricated
by varying the spin speed between 2000 and 5000 rpm. Lower
spin rates resulted in inhomogeneous HPC films while at
higher spin rates there were not considerable variations in the
film thickness.

In order to characterize the surface roughness of the HPC
films, a topographic analysis (Fig. 1c) of the HPC layers before
and after the imprinting process was performed. We found
that the root-mean-square height (Sq) of the as prepared film
was only 3 nm, which further decreased to 0.8 nm after the
hot embossing process using a PDMS mold.

One of the main differences between thermally assisted
nanoimprinting or hot embossing and traditional photolitho-
graphic techniques is that the patterning process always leaves
an excess of material between the imprinted features and the
substrate.'® This residual layer must be removed in order to
expose the underlying wafer and use the polymer as a litho-
graphic mask. Good control over the thickness and homogen-
eity of this residual layer is required for a successful replication
of the pattern in the substrate. Minimizing the residual layer
thickness dramatically improves the quality of the final
pattern,’® minimizing the lateral erosion during the etching
process.

During the embossing step of the HPC films, the polymer
flows until filling the mold features after which point it
stops,”* and no decrease in thickness of the residual layer
occurs even after prolonged embossing time. A similar behav-
ior was observed by Lee et al®* during hot embossing of
PMMA films on silicon using tNIL. Following a volume conser-
ving model, it is possible to calculate a directly proportional

Nanoscale, 2018, 10, 17884-17892 | 17885
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(a) Schematic representation of the thermal nanoimprinting (tNIL) process employed to pattern the HPC resist on glass and silicon substrates.

(b) Spin rates vs. thickness curves for HPC films spincast from aqueous solutions with concentrations of 0.054 g mL™* (black), 0.047 g mL™? (red) and
0.041 g mL™* (green). (c) Atomic Force Microscopy pictures of flat HPC films as prepared (left) and after imprinting (right), reporting the measured
root-mean-square height, Sq. The insets show a photograph of the samples before and after imprinting, in which the red dot highlights the scanned
area. (d) Exemplar SEM top view image of the pillars (left) and holes (right) of an imprinted hydroxypropyl cellulose film on silicon at different mag-
nifications (samples have been covered with 10 nm of gold). (e) Atomic Force Microscopy cross sectional profiles of the imprinted features in (d).

relationship between residual layer thickness and the initial
film thickness that depends only on the mold pattern
geometry.

The excellent mechanical stability of HPC enabled the
fabrication of pillar and hole arrays with aspect ratios greater
than 1 and with minimum feature size down to 100 nm
(Fig. 1d, e and 2f). Alternatively, HPC can also be patterned via
electron beam lithography (EBL) with analogous submicro-
metre resolution. Dosage tests and further details of the per-
formance of HPC under electron beam exposure are provided
in the ESL¥

Large area patterns of 1 cm® were produced with tNIL in
cellulose showing excellent replication of the PDMS pattern.
Furthermore, hot embossing of HPC does not require any
surface treatment of the PDMS mold and it can be performed

17886 | Nanoscale, 2018, 10, 17884-17892

at relatively low temperatures (140 °C) gently pressing the
mold against the film for 1 minute.

At this point of the process, a patterned hydroxypropyl cell-
ulose layer is left on top of a silicon wafer. To transfer the
pattern from the resist to the underlying substrate, dry etching
processes are typically applied. Reactive Ion Etching (RIE) is
one of the most advanced techniques suitable for large scale
integration in surface micromachining processes. However,
the production of high aspect ratio features (deep etching)
requires a fine-tuning of the process parameters and an ade-
quate choice of precursor gases to obtain anisotropic etching.

Silicon deep etching processes often rely on chemistries
that protect the side walls to ensure minimum lateral erosion
and produce vertical side walls and sharp features.”®> Among
these techniques, the mixed mode Bosch process (pseudo

This journal is © The Royal Society of Chemistry 2018
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Fig. 2

Silicon

(a) Etching rates of silicon (black) and HPC (red) and the calculated selectivity of the process for C4Fg flows equal to 70, 80 and 90 sccm

with a fixed ICP power of 300 W. (b) Etching rates of silicon (black) and HPC (red) and the calculated selectivity of the process for ICP powers equal
to 300, 400 and 500 W with a C4Fg flow of 70 sccm. (c) Picture and top view SEM image of a patterned silicon substrate after RIE. (d) SEM cross

section of a sample etched for 2 min with 70 sccm C4Fg flow and 500 W

ICP power. Hole depth corresponds to 410 nm. (e) SEM cross section of a

sample etched for 3 min with 90 sccm Cy4Fg flow and 300 W ICP power. Holes depth corresponds to 260 nm. (f) 120 nm diameter hole patterns
transferred to silicon using HPC as a resist. From left to right: SEM top view images of the original master, imprinted HPC and silicon substrate after

RIE.

Bosch) used in this work is particularly suitable for nanoscale
etching®"?® since it allows us to obtain smooth sidewalls
without the need for cryogenic cooling. For the RIE conditions
used in this study (see the Experimental section), we investi-
gated the etching rate of HPC and its selectivity versus silicon.
The ratio between the etching rate of the resist and the wafer
substrate determines the maximum possible depth of the
etched features that can be transferred to the substrate. Mask
erosion can thus be an extremely limiting factor in dry etching
processes, particularly when a polymeric resist is employed.
The imprinted HPC films on silicon wafers underwent
different RIE steps, which were performed in order to deter-
mine the effect of the RIE conditions on the replication of the
pattern. Setting the optimal etching parameters usually

This journal is © The Royal Society of Chemistry 2018

requires several sets of experiments and is far beyond the
purpose of this paper. Here we report a preliminary study of
the etching behavior of hydroxypropyl cellulose in a DRIE
process as a general guideline that can be subjected to further
optimizations. In general, all the etching conditions studied
herein yielded a faithful replication of the pattern into the
silicon wafer. Optical and electron microscopic inspections
indicated excellent homogeneity along the patterned area and
the samples showed the characteristic iridescent color of
photonic crystals (Fig. 2¢). The minimum feature size tested in
this work is 100 nm as illustrated in the ESI{ (Fig. S10) and
was only limited by the lack of pre-patterned molds with
smaller features in our laboratory. We have not observed any
increase in roughness or distortion of the features in any of

Nanoscale, 2018, 10, 17884-17892 | 17887
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the patterned HPC films; hence, we believe that smaller fea-
tures can be achieved in HPC if new composite stamps with
nanometric patterns are utilized.*

Fig. 2a and b show the etching rates of silicon and HPC
and the corresponding selectivity obtained for three different
C,Fg flows at a fixed ICP power of 300 W and for three
different ICP powers at a fixed C,Fg flow of 70 sccm. The
maximum selectivity is obtained for an ICP power of 400 W
with a C,F; flow of 70 scem and corresponds to a value of 1.64,
which is comparable with the values reported for PMMA (ca.
2).>”7% Fig. 2d and e show SEM cross sections of two samples
etched under different RIE conditions. It is worth noting that
increasing the ICP power value with a C,Fg flow fixed at 300
sccm deteriorates the degree of anisotropy of the process. To
compensate for this effect one possibility is to increase the
C,Fg flow (Fig. 2e); however, this deteriorates the selectivity of
the process.

The poor selectivity of resist masks is well known to the
nanofabrication community, which restricts their use to low
aspect ratio features. When deep etching is required, photo-
resist masks are an intermediate step towards the deposition
of a more robust material such as metals. In these cases, a
metal is evaporated on top of the resist mask, and then the
resist is removed from the wafer, leaving the desired metallic
pattern behind. The removal of the resist mask that prevented
the metal deposition on the silicon wafer, typically called “lift-
off”, is a commonly used nanofabrication step that is most
necessary to obtain well-defined features. The possibility to
employ the lift-off technique using HPC as a sacrificial layer is
particularly attractive®® considering that the whole process can
be implemented using only water as a solvent, therefore mini-
mizing the use and generation of hazardous and polluting
wastes.

To demonstrate the validity of the cellulose resist in a lift-
off process with water, an array of aluminium nanoparticles
organized in a square array were fabricated. A schematic of the
fabrication process is depicted in Fig. 3c: briefly, HPC was
spincast on glass substrates and thermally imprinted, followed
by a short RIE step required to remove the residual layer from
the imprinted HPC structures and to expose the glass substrate
underneath. Next, 150 nm of aluminum are thermally evapor-
ated above the sample. Finally, the HPC sacrificial layer is
removed in water. After this lift-off step, only an array of alumi-
num nanoparticles remains on the glass surface.

Nanoparticle square arrays with lattice parameters of 400,
500 and 600 nm were fabricated using HPC as a sacrificial
layer. A representative SEM picture of the 400 nm lattice para-
meter nanoparticle array is shown in Fig. 3a. The optical
characterization of the samples (Fig. 3b) shows the presence of
an intense extinction peak corresponding to the Bragg surface
plasmon polariton (Bragg-SPP), which red-shifts with
increasing lattice parameter, which evidences the high
quality of the plasmonic crystals fabricated. Further tuning of
the nanoparticle diameter can be achieved by varying the dur-
ation of the etching step that precedes the metal deposition

(ESI).
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Fig. 3 (a) Top view SEM of the fabricated square array of aluminium
pillars with 300 nm diameter, 150 nm height and 400 nm lattice para-
meter. (b) Extinction spectra of the metal arrays with varying lattice
parameters of 400 nm (black), 500 nm (red) and 600 nm (blue). (c)
Schematic of the lift-off process employed to fabricate aluminium nano-
particle arrays on glass substrates.

We have demonstrated so far the viability of hydroxypropyl
cellulose as an environmentally friendly water processable
resist, providing spin rates, etching selectivity values and lift
off procedures. It is worth noting that the type of cellulose
derivative and its substitution degree might affect the perform-
ance of the polymer under chemical etching and water devel-
opment. Therefore, it might be possible to find derivatives
with improved response under the nanofabrication processes.

In the following sections, we will demonstrate that HPC is
not only a water processable resist but can also yield new and
exciting advanced nanofabrication possibilities. HPC is bio-
compatible and is completely processed in water; thus it can
be used as a means to pattern many biological materials
incompatible with previous corrosive reagents. Furthermore,
water is orthogonal to most solvents used with traditional
resists, meaning that HCP can be combined with them via
liquid-phase processing and selectively removed. To demon-
strate this additional functionality, we fabricated HPC and
poly(methyl methacrylate) (PMMA) multilayers by alternate
deposition of both polymers. ABAB and BABA stacks were fab-
ricated by alternate spincasting of A (HPC solutions in water)
and B (PMMA solutions in Toluene). Considering that HPC is
not soluble in toluene and PMMA®® is not soluble in water, it
is possible to employ both orthogonal solvents to specifically
dissolve a particular polymer in the stack.

Fig. 4 shows cross-sectional SEM images of the ABAB and
BABA multilayer stacks prior to and after removal of the A or B

This journal is © The Royal Society of Chemistry 2018
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layers. As can be clearly seen from the picture, depending on
the solvent used for the development it is possible to comple-
tely dissolve one or the other material, obtaining a monocom-
ponent system consisting of two layers separated by a thin film
of air. It is worth noting that if the films are developed care-
fully it is possible to avoid the lift-off of the upper layer and
the remaining undeveloped films adhere to the substrate and
collapse onto each other. Since we believe that water diffuses
laterally from the edges of the film towards the center, dissol-
ving the HPC can lead to delamination if thick layers of HPC
are employed. Using submicrometric HPC films minimized the
cracking of the PMMA layers and facilitated stack fabrication.

This can be exploited to fabricate novel architectures with
embedded air cavities for instance. To illustrate this advanced
nanofabrication possibility, we combined thermal nanoim-
print lithography with multilayer stacks of PMMA and HPC to
fabricate a 2D air cavity array embedded in PMMA (Fig. 5a).

To fabricate this challenging architecture, a 300 nm layer of
PMMA is spin coated on a silicon substrate and thermally
imprinted as previously described. Next, HPC and PMMA are
sequentially spin coated on the tNIL-PMMA layer: first a thin
layer of HPC followed by a second layer of PMMA at the top of
the stack. The development of the stack with water dissolves
the thin cellulose layer and the top PMMA layer collapses onto
the bottom one, encapsulating the nanoimprinted array of
holes. Fig. 5 shows cross sectional SEM images of the
tNIL-PMMA/HPC/PMMA stack before and after development
with water of the HPC. The presence of air cavities in the film
of PMMA is further confirmed by changes in the reflectance
spectra of the stacks (Fig. 5¢) and by optical inspection of the

H,0

c 06 ——FWIVA
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i
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(a) Schematic process employed to fabricate periodic air cavity arrays embedded in PMMA: briefly, HPC is spincast on thermally imprinted

PMMA (tNIL_PMMA), and then a layer of PMMA is spincasted on top of the stack. Finally, the HPC is removed with water, leaving a hole-array
embedded in PMMA. (b) Cross sectional SEM images of imprinted PMMA-HPC-PMMA stacks on silicon substrates before (top) and after (bottom)
development in water. (c) FTIR reflection spectra of imprinted PMMA on silicon (black) and imprinted PMMA-HPC-PMMA stacks on silicon substrates

before (red) and after (green) development in water.

This journal is © The Royal Society of Chemistry 2018
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films with the naked eye. The tNIL-PMMA film appears irides-
cent due to the 500 nm lattice parameter 2D grating. The
specular reflectance spectrum from tNIL-PMMA (Fig. 5c, black
line) presents the characteristic Fabry-Perot oscillations orig-
inating from the thin film, together with presenting features
in the 550 and 700 nm wavelength ranges, indicating the exist-
ence of diffraction.

When the holes in the stack are filled with HPC, the HCP
and PMMA layers are index matched (refractive indexes are
1.49 for both materials), the iridescence of the pattern dis-
appears and no distinctive features are present in the reflec-
tion spectra (red line). After developing HPC, the presence of
periodic air voids imbedded in the PMMA returns the irides-
cent aspect of the sample and diffraction features appear
again in the reflection spectrum in the 550-700 nm range.

Conclusions

We have demonstrated the use of hydroxypropyl cellulose as a
water processable resist. Patterned areas of 1 cm?® with submi-
crometric features and aspect ratios higher than 1 were fabri-
cated in silicon using a thermally assisted nanoimprinting
technique. We provide key values for spincasting rates, dry
etching recipes and selectivity values of the cellulose resist
comparable with the data reported in the literature for PMMA.
The fabrication of metal nanostructures is also possible by
combining metal deposition on the imprinted resist followed
by water removal of the cellulose derivative. High quality plas-
monic crystals with varying lattice parameter were fabricated
and their optical response was characterized by optical spec-
troscopy. The cellulose based resist has similar characteristics
to traditional resists but is biocompatible and is completely
processed with water, opening up possibilities for nanostruc-
turing many biological materials. Furthermore, HPC can be
used in combination with PMMA, both resists being processed
with orthogonal solvents, enabling many advanced nanofabri-
cation possibilities. To illustrate this added functionality, we
fabricated multilayer stacks of PMMA and HPC in which one
of the two materials can be selectively removed by just develop-
ing the stack in water or toluene. In sum, hydroxypropyl cell-
ulose is a green and water processable nanoimprinting resist
compatible with mass production processes. HPC is processed
orthogonally to most common resists; hence it can be com-
bined with them to yield novel nanostructures with potential
application in photonics, microfluidics and advanced litho-
graphic techniques.

Experimental
Materials

Prepatterned silicon masters were purchased from Cemitec
(Navarra, Spain) and from EULITHA (Switzerland). A hard oly-
dimetylsiloxane (PDMS) silicone elastomer kit was purchased
from Gelest (Morrisville, PA 19067, USA) and a soft PDMS

17890 | Nanoscale, 2018, 10, 17884-17892
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Sylgard184 silicone elastomer kit from Dow Corning
Corporation (Auburn, MI 48611, USA). 1H,1H,2H,2H-

Perfluorooctyltrichlorosilane (PFOTS), 97%, was purchased
form Alfa Aesar (Thermo Fisher GmbH, Karlsruhe, Germany).
Hydroxypropyl cellulose (HPC), with average M,, ~ 100 000,
powder, 20 mesh particle size (99% through) and degree of
substitution DS = 3, and poly(methylmethacrylate) (PMMA),
average M, ~ 15000, were purchased from Sigma-Aldrich
Quimica SL (Madrid, Spain).

PDMS molds

PDMS molds were fabricated following previously reported
methods.?' Briefly, silicon masters were functionalized with
PFOTS (perfluorooctyltrichlorosilane) as an anti-sticking layer,
lowering the surface energy and allowing the easy release of
cured PDMS. The molds were fabricated casting on the master
first a thin layer of hard-PDMS and a second thick layer of soft
PDMS as supports. The choice of using a composite mold is
necessary in order to achieve simultaneously mechanical stabi-
lity of the pattern and conformal contact with the substrate.
The three 1 cm?® patterns used in this work consist of
square arrays of cylindrical pillars with 300 nm diameter,
350 nm height and lattice parameters of 400, 500 and 600 nm.

HPC films

First, a stock solution of HPC powder in water with a concen-
tration of 217 mg mL™' was prepared by mixing and inten-
sively stirring the HPC powder in DI water. This stock solution
was further diluted in water in order to obtain three different
aqueous solutions of 41, 47 and 54 mg mL™". Each of the
aqueous solutions was stirred on a magnetic plate for 3 h. The
HPC solutions were directly spin coated on clean silicon and
glass surfaces. The spin time was 1 minute and the spin accel-
eration 1000 rpm s~ ' for all the experiments performed. Thin
films of HPC with thickness ranging between 2 pm and 50 nm
were obtained by changing the HPC solution concentrations
and the speed of spin coating.

Thermal nanoimprint lithography

HPC films deposited on silicon were placed on a hot plate at
140 °C (glass transition temperature of HPC is 105 °C*?). Next,
a patterned PDMS mold was gently pressed against the sub-
strate for 1 minute. Samples were left to cool down to room
temperature and finally demolded.

Sample characterization

Flat HPC film thicknesses were obtained by the numerical
fitting of the Fabry-Perot oscillations from the experimental
reflection spectra using the transfer matrix formalism. The
HPC refractive index value was reported in previous studies.*?
The reflectivity and transmission of the samples were
measured using a Fourier Transform Infrared Spectrometer
(FTIR, Bruker Vertex 70) attached to a microscope with a 4x
objective. The depth of the features in HPC and silicon pat-
terns was measured using a Keysight 5100 scanning probe
microscope (AFM tapping mode configuration) and scanning

This journal is © The Royal Society of Chemistry 2018
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electron microscopy (SEM QUANTA FEI 200 FEG-ESEM) cross
sectional image analysis.

Dry etching conditions

Samples were etched using an Oxford Instruments Plasmalab
System 100 ICP. Selectivity values were calculated from five
different sets of etching conditions: (i) 300 W ICP Fw power
and 70 sccm C,Fg flow, (ii) 300 W ICP Fw power and 80 sccm
C,F; flow, (iii) 300 W ICP Fw power and 90 sccm C,Fg flow, (iv)
400 W ICP Fw power and 70 sccm C,Fg flow, and (v) 300 W ICP
Fw power and 90 scem C4Fg flow. In all the processes, the
pressure has been set to 15 mTorr, the RF generator power to
35 W and the SF¢ gas flow to 45 sccm. Silicon and HPC etching
rates were calculated by linear fitting of the etching depth (see
ESIt) for 1, 2 and 3 minutes etching time (samples i, ii, and
iii) and for etching times 1 and 2 minutes (iv, v).

Metal deposition and lift off

Aluminum was deposited via e-beam evaporation (AJA
International Inc. ATC-8E Orion). Samples were developed in
running DI water for 30 seconds followed by 20 minutes soni-
cation in DI H,O.

PMMA-HPC multilayer stacks: HPC and PMMA stacks were
fabricated by alternate spin coating at 3000 rpm an HPC solu-
tion in DI water (0.054 ¢ mL™") and a solution of PMMA in
toluene (10 wt%) followed by drying at 50 °C on a hot plate for
15 min. HPC (PMMA) layers were developed by immersing the
samples in water (toluene) for 10 minutes. The samples were
dried in air.

Imprinted multilayer stacks: first, a thin layer of PMMA
(10 wt%, w = 3000 rpm) was hot embossed at 90 °C. Second, a
dispersion of HPC in water (0.0165 ¢ mL™") was spin coated at
3000 rpm on top of the imprinted PMMA. Finally, a layer of
PMMA was deposited using the same conditions as for the
first PMMA layer. Samples were developed in water for
10 minutes and dried in air.
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