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Introduction

Resolution enhancement techniques may be
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Aligned Silicon Nanofins via the Directed Self-
Assembly of PS-b-P4VP Block Copolymer and Metal
Oxide Enhanced Pattern Transfer

Cian Cummins,® Anushka Gangnaik,” Roisin A. Kelly,” Dipu Borah, ¢ John
O’Connell,” Nikolay Petkov,” Yordan M. Georgiev ” Justin D. Holmes " and
Michael A. Morris®*

‘Directing’ block copolymer (BCP) patterns is a possible option for future semiconductor
device patterning, but pattern transfer of BCP masks is somewhat hindered by the inherently
low etch contrast between blocks. Here, we demonstrate a ‘fab’ friendly methodology for
forming well-registered and aligned silicon (Si) nanofins following pattern transfer of robust
metal oxide nanowire masks through the directed self-assembly (DSA) of BCPs. A cylindrical
forming poly(styrene)-block-poly(4-vinyl-pyridine) (PS-b-P4VP) BCP was employed
producing ‘fingerprint’ line patterns over macroscopic areas following solvent vapor annealing
treatment. The directed assembly of PS-b-P4VP line patterns was enabled by electron-beam
lithographically defined hydrogen silsequioxane (HSQ) gratings. We developed metal oxide
nanowire features using PS-b-P4VP structures which facilitated high quality pattern transfer to
the underlying Si substrate. This work highlights the precision at which long range ordered ~
10 nm Si nanofin features with 32 nm pitch can be defined using a cylindrical BCP system for
nanolithography application. The results show promise for future nanocircuitry fabrication to
access sub-16 nm critical dimensions using cylindrical systems as surface interfaces are easier
to tailor than lamellar systems. Additionally, the work helps to demonstrate the extension of
these methods to a ‘high x> BCP beyond the size limitations of the more well-studied PS-b-
poly(methyl methylacrylate) (PS-b-PMMA) system.

chemoepitaxy and graphoepitaxy.”#°10111213. 14 Chemgepitaxy
utilizes lithographic methods to define a chemical pre-pattern to

required to regulate polymer interactions and force strict pattern alignment

augment current lithography tools for fabricating fine patterns
to achieve more densely packed electronic devices, i.e. Moore’s
Law.> Physical limits will be reached that established
photolithography is unable to surpass and defining sub-
wavelength dimensions/features has seen a plethora of
alternative  techniques explored.? Proposed alternative
lithographic patterning techniques (e.g. extreme ultraviolet
lithography or multi-source electron-beam lithography) are
struggling to meet required industrial criteria because of the
prohibitive costs involved, an inability to achieve density
multiplication and the low throughput associated limiting their
overall industrial implementation.® The use of conventional
‘top-down’ lithography to guide ‘bottom up’ self-assembling
materials i.e., directed self-assembly (DSA), is viewed as a
possible compatible methodology.* DSA of BCPs has been
highlighted to define intricate future electronic circuitry
enabling higher speed and reduced energy consumption per
device function.>® The DSA of BCPs is achieved through

This journal is © The Royal Society of Chemistry 2013

and order. Likewise, graphoepitaxy uses top-down optical or
electron-beam techniques to topographically pattern substrates
forming trenches to guide the self-assembly of BCP materials.
These DSA methods are advanced for the PS-b-PMMA BCP
system.”®9101 However, PS-b-PMMA BCP is limited in the
feature size attainable by having a relatively small Flory-
Huggins interaction parameter (), measures the chemical
dissimilarity of the BCP constituent blocks) of 0.04.'® For sub-
15 nm BCP defined pitch sizes, the product yN (where N is the
degree of polymerization) needs to be tailored so that ordered
microphase separation occurs at low BCP molecular weights.
High y materials can also enable reduced line edge roughness
since the interfacial width of the nanodomains are proportional
to x*° ¥ A number of newly synthesized high y BCPs including
N-maltoheptaosyl-3-acetamido-1-propyne-block-4-
polytrimethylsilylmethacrylate ~ (MH-b-PTMSS),Y”  PS-b-
PTMSS 8 PS-block-poly(methyltrimethylsilylmethacrylate)
(PS-b-PTMSM),*® PTMSS-block-poly(D,L)lactide (PTMSS-b-
PLA, x=0.4)'°, and poly(cyclohexylethylene)-block-PMMA
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(PCHE-b-PMMA)®  have been developed for ultra-small
features sizes as well as enhanced block contrast for etch
processing. These systems extend the work on PS-block-
polydimethylsiloxane (PS-b-PDMS, %=0.26) which combines
both high y and the presence of a Si backbone that enhances
etch contrast and facile pattern transfer when used as an on-chip
etch mask.??2 Other notable commercially available high x
BCP materials for etch mask applications include poly-2-
vinylpyridine (P2VP)-b-PDMS (3 ~ 1.06),%® PS-b-P2VP (y ~
0.18)** and PS-b-PLA (x ~ 0.23).%% 27 However to date,
successful pattern transfer for high x BCPs (other than PS-b-
PDMS)?% has been limited. PS-b-PVP BCPs may be
particularly attractive for nanolithography due to their high y
and a reactive PVP group that can enable inclusion of etch
contrast agents. For example, Buriak and coworkers have
shown the formation of various metallic nanowires with PS-b-
P2VP block copolymers.?®3® Gu et al* recently illustrated fine
tuning of etch chemistry and pattern transfer methodologies
using cryo inductively coupled plasma etching of PS-b-P2VP
BCPs.

Here, large scale coverage of highly oriented and aligned
parallel cylinders via DSA and solvent vapor annealing (SVA)
is demonstrated with a ‘high y’ PS-b-P4VP system. We have
used topographical patterns of hydrogen silsequioxane (HSQ)
created by electron beam lithography and an asymmetric PS-b-
P4VP (24,000 kg mol ™! - 9,500 kg mol ) BCP self-assembly to
fabricate aligned Si nanofins using etch enhanced pattern
transfer. Orientation of BCP films was controlled through
solvent vapor annealing (SVA) methodology forming in-plane
cylinders (i.e. horizontal to the substrate surface, Cy). PS-b-
P4AVP templates were developed through a surface
reconstruction strategy and etch contrast was enhanced via
incorporation of metal oxide material either iron oxide (Fe;0,)
or aluminium oxide (y-Al,03). The metal oxide inclusion
enabled an effective pattern transfer producing uniform arrays
of Si nanofins over macroscopic areas as characterized by
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). Whilst line-space features of PS-b-P4VP
systems have been shown previously,®** we further
demonstrate the mask etch application potential of PS-b-P4VP
by integrating DSA and metal oxide hardmask inclusion for

2| J. Name., 2012, 00, 1-3

high aspect ratio (1:4) Si pattern transfer. Critically, previous
work only details orientation control (i.e. vertical or parallel to
the surface plane). However, we show pattern alignment (to a
surface direction) of the arrangements which is critical for
application. This also means that we are essentially producing
defect-free patterns over large areas. The methodology
described herein resulted in highly parallel nanofin structures
with translational alignment and registration of ~10 nm feature
sizes within HSQ gratings.

Results and discussion

Scheme 1 shows the overall process flow for the fabrication of
Si nanofins following the DSA of PS-b-P4VP block copolymer
in HSQ trenches. Large areas of translationally ordered, in
plane (C,) P4VP were generated by confinement in the HSQ
topography. Experimentally robust processes were established
for developing P4VP C; patterns and their subsequent
impregnation with Fe3;04 and y-Al,O3 hardmask materials and
eventual substrate pattern transfer. PS-b-P4VP thin films were
spin coated onto HSQ topographically patterned substrates
(such that HSQ feature spacing was 32n nm where n is an
integer and 0 < n < 8). Full SEM characterization of these
substrates is shown in Supporting Information Fig. S1. SVA
was carried out in an ambient atmosphere of chloroform and
pattern transfer was then optimized for the DSA defined
features.

The graphoepitaxial alignment of PS-b-P4VP within the
topographical HSQ substrates was carefully optimized using
film thickness and SVA conditions. 0.5, 1 and 2 wt % PS-b-
P4VP BCP solutions were spin coated onto Si substrates that
had been ultrasonically cleaned. Characterization of 1 and 2
wt % films were initially examined after a 3 hour SVA period
and data are presented in Sl Fig. S2~S9. The influence of

different surface chemistries were also examined for the 0.5 wt %

films (See Sl Fig. S10~S16). Films thicknesses were

This journal is © The Royal Society of Chemistry 2012
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Scheme 1. Overall process flow enabling Si nanofins via an enhanced metal oxide pattern transfer. (a) Si substrate (b) Uniform
HSQ resist material spin coated (c) Electron beam lithography used to define 50 nm HSQ gratings at different pitches (see
experimental) (d) PS-b-P4VP BCP spin coated (e) Solvent vapor annealing of BCP film in chloroform vapors at room temperature
producing P4VP cylinders in plane (f) Film exposed to ethanol vapors to form ‘activated’ porous P4VP nanodomains (g) Iron or
aluminium oxide formed via inclusion and UV/ozone treatment (h) Pattern transfer to underlying Si forming aligned Si nanofins.

measured after SVA for 2 hours at 52.6 and 97.2 (+0.15) nm
for 1 and 2 wt % films respectively. A color change associated
with increased swelling® was observed for these films but not
the thinner films as described below (Fig. 1). Relief structures
such as ‘islands’ and ‘holes’ were observed in these thicker
films and visible in both optical and atomic force microscopy
(AFM). The thicker films proved unsuitable for
nanolithography due to irregular thickness and also that they
contained more than one layer of parallel cylinders. In
comparison, an optical image (Fig. S13b) of the 0.5 wt % film
showed film thickness uniformity and the thickness of the film

This journal is © The Royal Society of Chemistry 2012

at 24.4 (+£0.15) nm is consistent with a single layer of cylinders
(as proven in TEM data presented below). Although 24.4 nm is
below the ideal commensurability of the system (since the
cylinder centre to centre spacing is 32 nm) it is suggested that
under the chloroform solvent vapor that the thickness
approaches an ideal value.

Thus, the solvent annealing conditions of the 0.5 wt % films
was examined in detail. Fig. la~d show SEM characterization
of the line pattern evolution for 0.5 wt % films with chloroform
at room temperature (~ 290 K) from 30 minutes up to 3 hours
(note films were selectively swelled using ethanol vapor to
provide SEM contrast). The initial spin cast 0.5 wt % film

J. Name., 2012, 00, 1-3 | 3
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Fig. 1 PS-b-P4VP BCP films were spin coated from a 0.5 wt % solution on to acetone degreased Si substrates. Top-down SEM
images are shown in (a)-(d) after solvent vapor annealing with chloroform at room temperature (~ 290 K) of a 24 nm thick PS-b-
P4VP BCP film for (a) 30 minutes, (b) 1 hour, (c) 2 hour and (d) 3 hours respectively. Note films were exposed to ethanol vapors
following solvent vapor annealing to create porous structures. Scale bars are 500 nm, while inset scale bars are 100 nm.

(AFM image, Fig. S13c) showed poorly ordered P4VP
cylinders normal (C.) to the substrate. The top-down SEM
images in Fig. 1 show the film surface after 30 minutes to 3
hours. Well-developed line (C;) patterns were observed with
defects reducing as the anneal period was increased. The
average domain feature size and cylinder periodicity (C,) for
the films was 20 nm and 32 nm respectively for all samples.
Self-assembled patterns were developed in HSQ trenches as
shown in Sl Fig. S17. Patterns were stained using ruthenium
tetroxide vapor to enhance contrast. In-situ ellipsometery
suggests the swollen thickness does not reach the theoretically
ideal thickness of 32 nm and after 2 hours SVA the measured
thickness was 26.1 nm (see Fig. S18a and b). It should be noted
that we have observed that the ideal cylinder structure is
compressed in thin films and this somewhat lower value might
represent the true ideal thickness.®* The relatively small
increase in film thickness (~ 15%) under SVA is probably due
to the limited swelling of the BCP film during annealing as
chloroform is a nonselective solvent for pure PS-b-P4VPp.33
Solubility parameters for chloroform, PS and P4VP are 19.0,

This journal is © The Royal Society of Chemistry 2013

18.6 and ~23 MPaY? respectively.®**®® The use of chloroform
did result in formation of P4VP C; while PS selective annealing
solvents (e.g. tetrahydrofuran or 1,4 dioxane) gave P4VP C.
arrangements. It should be noted that the SVA conditions and
process window was optimized for this particular PS-b-P4VP
system and cannot be considered universally applicable for all
PS-b-P4VP BCP systems.® Following SVA in chloroform we
believe we have formed cylindrical morphological structures
but we cannot definitively rule out other phases without
through film analysis (GISAXS or cross-section TEM).
However, we do believe that the lack of swelling with
chloroform may ensure minimal change in the effective volume
composition of the BCP film and thus the likely formation of
cylinder structures. The lack of swelling with chloroform also
ensured minimal change in the effective volume composition of
the BCP film and thus ensured formation of cylinder structures.
Substrates without any surface modification (acetone only
cleaned Si or bare Si) gave the best ordered line patterns and
thus this window was used for BCP deposition on planar and

J. Name., 2013, 00, 1-3 | 4
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HSQ substrates. Acetone only cleaned substrates were used as
degreasing the substrates provided a uniform film.

Surface reconstruction is a popular method for creating
‘nanoporous’ structures after SVA for asymmetric PS-b-
P4VP3*8 and as shown in Fig. 1, it is sufficient to generate
SEM contrast. However, the ethanol reconstruction process
needed to be carefully controlled and destruction of the film
morphology was observed when the SVA films were immersed
in ethanol (See Fig. S19b and c) for extended periods. 10
minutes immersing times did produce porous structures (Fig.
S19a) of reasonable quality but at longer times significant
distortion of the PS matrix occurs through swelling of the P4VP
nanodomains. To create the nanoporous structure without
distortion, we used a similar approach to Gowd et al*® where
the film was exposed to ethanol vapor for 20 minutes. We
believe that this allows more limited swelling of the P4VP and
prevents degradation of the P4AVP line patterns. As shown in
previous work it is unlikely that this results in a fully developed
pore system.*® This differs from the ethanol treatment used for
cylinder forming PS-b-PEO BCP systems where the pore
system is well developed and suggests effective etching of the
PEO.***2 The nature of these activation techniques is under
debate but it is clear that well-defined inclusion formed patterns
are reliant on the optimization of the activation process. Fig.
2a~d shows top-down SEM images of highly aligned porous
features of PS-b-P4VP films in HSQ gratings with 160, 192,
224 and 265 nm channel width dimensions. The methodology
developed for planar films can be extended to the HSQ
b. 192 nm

a. 160 nm

d. 265 nm

Fig. 2 Top-down SEM images of graphoepitaxially aligned
porous PS-b-P4VP templates in HSQ gratings following
swelling of P4VP domains using ethanol vapor. (a) — (d) Show
alignment of PS-b-P4VP features in 50 nm HSQ gratings (red
bars in image a) at channel widths of (a) 160 nm, (b) 192 nm, (c)
224 nm and (d) 265 nm. (c) and (d) show areas where
alignment has taken place from open areas in to the HSQ trench
gratings. Scale bars are 200 nm.

topographical substrates as shown in Fig. 2. Notably, the
influence of the HSQ gratings is evident from Fig. 2c and d as
one can see the ‘fingerprint’ pattern in the open area aligned in
the HSQ guiding features over large areas.

This journal is © The Royal Society of Chemistry 2012
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Following surface reconstruction, the ‘activated” PS-b-P4VP
acts as a template for the development of metal oxide
nanowires to form a hardmask for the pattern transfer process.
Employing Fe;O, is an attractive and facile route to act as an
etch mask during plasma etching due to the robust nature of the
oxide material which allows the development of high fidelity
nanostructures.®®*° Improving etch contrast between polymer
blocks is extremely important for pattern transfer and
innovative methods have been explored. For example, Elam,
Darling and co-workers have developed a process involving
atomic layer deposition coined sequential infiltration synthesis
(SIS) to enhance the etch contrast of as formed PS-b-PMMA
BCP patterns with inorganic material.**** Exotic BCPs
containing an inorganic block have been reviewed lately
showing potential for lithographic purposes.*® Here we use
simple metal nitrate salts to provide a robust inorganic moiety
giving high etch contrast. The metal nitrate (iron or aluminium)
solution was spin coated on the nanoporous polymer film
structure and the surrounding polymer template was then
removed via UV/O; treatment. Fig. 3a displays large scale
coverage of the Fe;O4 nanowires and the TEM inset shows a
slightly elliptical structure that may reflect the elliptical form of
the cylinders noted before.®* The inset also shows that what
may be a small amount of Fe;O, material resides across the
polymer substrate interface. This might result from a thin PVP
wetting layer (as P4VP has a higher affinity to the hydrophilic
native oxide layer)® in the self-assembled PS-b-P4VP structure.
This was not problematic for pattern transfer and this suggests
these darker areas may instead result from electron beam
scattering events at the interface. Further characterization from
the STEM images in Fig. 3b show both low resolution and high
resolution (inset) FezO, nanowires with high and regular
uniformity. The EDX included in Fig. 3b reveals the presence
of iron in the expected regions*® (but not in areas between wires
suggesting that a scattering process is responsible for the
apparent thin film between wires) as well as Si (from the
substrate) and oxygen (from the Si oxide layer and from the
Fes;0,). y-Al,O3 inclusion was also carried out and the SEM
image in Fig. 3c show well-defined uniform nanowires. y-Al,O5
nanowires were produced in a similar manner to FezO,
inclusion with an ethanolic metal precursor and the high
uniformity is comparable to the Fe3O, nanowires described
above. Fig. 4a shows a large open area of HSQ topographical
substrate with well-defined y-Al,O; nanowires. Fig. 4b~g
displays the DSA of HSQ line gratings with aligned y-Al,0O3
nanowire features over large areas with channel widths of 96
nm, 128 nm, 160 nm, 192 nm, 224 nm and 265 nm respectively.
Distinct y-Al,O3; nanowires features are observed in all images
with two y-Al,O3 nanowire features seen in the HSQ gratings
with channel width of 96 nm and a total of seven y-Al,O;
nanowire features demonstrated in the 265 nm channel width.
The y-Al,O3; nanowires mimic the nanoporous template used
and possess centre to centre spacings (32 nm) comparable to the
original PS-b-P4VP BCP film. Fe;O, inclusion in a 265 nm
channel width HSQ grating is also shown over large areas in Sl
Fig. S20.

X-ray photoelectron spectroscopy (XPS) was used to
elucidate the chemical composition of the metal nanowire
structures developed from metal nitrate ethanolic solutions. Fig.
5a and b show the high resolution spectra of Fe 2p and Al 2p
core level binding energies of FesO, and y-Al,O; nanowires
formed following UV/ozone treatment for 3 hours. The
ozonation process allowed complete or near-complete removal
(as determined by C1s signal reduction) of polymer material to

J. Name., 2012, 00, 1-3 | 5
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form Fe;O,4 nanowires (as shown in Fig. 3a and b) and y-Al,O3
nanowires (Fig. 3c). The survey and high resolution O 1s
spectra for the Fe;O, nanowires can be found in SI Fig. S21.
The metal 2p features were processed with the CasaXPS
software using a Shirley background subtraction and curve-
fitting with Voigt profiles. For the Fe 2p core level, peaks are
found at 713.5 eV (Fe 2p3p) and 724.9 eV (Fe 2py»)
respectively. The values match previously reported literature

}

Pt Carbon
e, S

ki Iron Oxide =
Silicon ~_10nm

Journal Name

values.’®*? The 2ps,:2py, ratio was the expected value of 2:1.
Fig. 5b displays XPS of the Al2p core level binding energy
corresponding to the nanowire sample shown in Fig. 3c. The Al
2p core level binding energy (Fig. 5b) shows the characteristic
peak for Al2p at 73.9 eV typical of y-Al,O; and this was
consistent with the O1s spectra (Sl Fig. $22).%°

It has been speculated that the pattern transfer of an on-chip
etch mask is second only to lithography in importance.*” All

Iron oxide NW

Page 6 of 13

Fig. 3 (a) Top-down SEM image of Fe;O, nanowire array after UV/O5 treatment. Inset in (a) shows cross section TEM of Fes04
nanowires/substrate interface. (b) EDX spectrum of Fe;O, nanowire array and HAADF image and inset show uniformity and
regularity of Fe;O, nanowire array. (¢) Top-down SEM image of y-Al,O; nanowire arrays after UV/O; treatment. Inset in (c)

shows cross-section SEM view of y-Al,O3 nanowires. Scale bars are 500 nm in (a) and (c) and represent 100 nm in (b).

a.open area [l b. 96 nm

f. 224 nm

c. 128 nm d. 160 nm

S

Il

Fig. 4 (a) Shows top-down SEM image of y-Al,O3; nanowires in open area of HSQ substrate. (b)-(h) Top-down SEM images of aligned y-
Al,O3 nanowires in 50 nm HSQ gratings with channel widths indicated in image. All scale bars are 200 nm.

etch processes are challenging®® and it is vital that pattern
transfer methods are highly selective*’*® so that DSA of BCPs
can move successfully from ‘lab to fab’. These Fe3O4 and y-
Al,O; nanowires can act as efficient hardmasks for pattern

6 | J. Name., 2012, 00, 1-3

transfer. C,Fg/H, was employed to etch the native oxide layer
thus exposing the underlying Si which was then subject to a Si
etch (C4Fg/SFg). The top-down SEM image in Fig. 6a are of the
Si nanofins following pattern transfer of the Fe;O, nanowires

This journal is © The Royal Society of Chemistry 2012
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using a short Si oxide etch (5 seconds) and an ICP Si etch (1
minute 30 seconds). Note that the rough edges of the hardmask
from the top-down SEM image in Fig. 6a are due to the Fe;0,
nanowire material that will inevitably be etched with extended
plasma etching. However, the damage to the Fe3O4 hardmask is
not transferred to the underlying Si material (see Fig. 6 b,c and
Fig. 7).

u Fe2p,;, Fe2py; n Al2p
Fe*3
Fe*?
7] [’
o o
O (&3

WO M M M M TS % % W om oM 6
Binding Energy (eV) Binding Energy (eV)

Fig. 5 (a) High resolution XPS spectra of Fe 2p core level of
iron oxide (FezO,) nanowires following UV/Oj; treatment. (b)
High resolution XPS spectra of Al 2p core level of aluminium
oxide nanowires (y-Al,O3) following UV/O; treatment. Survey
spectra and high resolution O 1s core level spectra are shown in
Sl Fig. 21 and 22 for both samples.

In contrast, the cross-section SEM in Fig. 6b and the inset show
the regularity of the Si structures where the Si was etched for 1
minute and 30 seconds. This provides evidence for the
mechanical strength of the hardmask, and while some rough
edges are visible from top-down SEM (Fig. 6a) these did not
affect the Si structure as seen from the TEM characterization
below. As described elsewhere,® Fe;O, can be etched
away/removed from the surface of the Si structures without
damaging the existing Si. Fig. 6¢ shows Si nanofins after 2
minutes Si etching. The profile seen in the cross-section SEM
image and inset reveal an even greater depth and definition to
the Si nanofins etched for 1 minute and 30 seconds in Fig. 6b.
TEM analysis was carried out on the Si nanofins fabricated
from the Fe;O, nanowire hardmask template shown in Fig. 6a
and b. The corresponding TEM characterization of the Si
etched for 1 minute and 30 seconds are shown in Fig. 7a~c and
reveal the uniformity of the etch with dimensional control
owing to the Fe;O4 nanowire hardmask. The periodicity of the
Si structure pattern (C, = 32 nm) remains similar to the initial
microphase separated, reconstructed template and Fe;O,
nanowire patterns. The etched Si nanostructures possess
features sizes of ~ 10 nm and etch depths of ~ 40 nm.

Similarly, we examined the effectiveness of the y-Al,Os
hardmask material. The etching procedures were extended to
the y-Al,O3 hardmask showing similar results. However, it
should be noted that later etches were performed without the
native oxide etch. The native oxide etch can sometimes result in
significant damage to the y-Al,O; hardmask and, thus, limits
etch fidelity. Fig. 8a displays the top-down SEM image of Si

This journal is © The Royal Society of Chemistry 2012
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nanofin structures following etching of Si for 1 minute and 30
seconds using the y-Al,O3 hardmask. The top-down and cross-
section SEM images in Fig. 8a and b reveal a highly uniform
etch with homogeneity across the Si surface. The use of a
different metal oxide material shows the versatility of the
metal-ethanolic precursor solution as it is simple, inexpensive,
provides well-defined nanowires and acts as a robust hardmask
for pattern transfer. Fig. 8c shows the resulting profile from a

Fig. 6 (a) Top-down SEM of Si nanofins following plasma
etching of Fe;O4 nanowire hardmask for 1 minute and 30
seconds. (b) Cross-section SEM image of sample (a) while (c)
shows cross-section SEM image of an Fe3;O, nanowire
hardmask plasma etched for 2 minutes. Insets in (b) and (c)
show highly defined uniform nanofin arrays. Main scale bars
are 250 nm while inset scale bars represent 100 nm.

2 minute Si etch using the y-Al,O; material. The cross-section
view and inset in Fig. 8c reveals a homogenous etching
procedure with high reproducibility.

J. Name., 2012, 00, 1-3 | 7
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Fig. 7 (a) Low resolutlon TEM image of Si nanofin array following plasma etching Si for 1 minute and 30 seconds using Fe3O, nanowire
hardmask. (b) and (c) High resolution TEM images of Si nanofins with 10 nm feature size and 16 nm half-pitch as shown in (a).

A \ (__."
L

m ]] )]} { /H,:]:/':m/w ',;{,(;

p———

Fig. 8 (a) Top-down SEM image of pattern transfer of y-Al,O;
hardmask nanowires on planar Si generating Si nanofins. (b) Cross-

section SEM view of sample (a) after 1 minute and 30 seconds of Si
etching. (c) Cross-section SEM view of Si nanofins over large area
following 2 minutes of Si etching with y-Al,O3 as hardmask. Inset in
(c) reveals the vertical profile and uniform nature of the nanofins.
Main scale bars are 250 nm while inset scale bars represent 100 nm.

8 | J. Name., 2012, 00, 1-3

Finally we demonstrate the pattern transfer producing aligned
Si nanofins generated from the y-Al,O; nanowire hardmask
using the HSQ gratings for DSA application. Fig. 9a~c shows
the top-down SEM images of Si nanofins following pattern
transfer using Si etch (SF¢/C4Fg) for 1 minute and 30 seconds.
Fig. 9a displays an open area of the HSQ substrate where the
alignment of one P4VP cylinder was directed. The nanofin
shows good contrast in comparison to y-Al,O; features shown
earlier (Fig. 4) due to the Si etch. Distinct nanofins were also
produced in the 160 nm and 265 nm trenches displaying 4 and 7
Si nanofins respectively as displayed in Fig. 9b and c.

One can also see that the feature size of the nanofins aligned
next to the HSQ sidewalls in the larger trench width (265 nm) is
slightly smaller and we speculate that this may be due to
swelling effects during SVA or the ‘activation’ step. The issue
does not affect the pattern transfer of the y-Al,O3; nanowires in
the graphoepitaxy process however we suggest that by
increasing the trench widths initially this problem may be
overcome, and could lead to uniform nanofin formation by
accounting for excess swelling of domains during SVA. A low
resolution TEM image in Fig. 9d shows the uniformity of the Si
etch in the 160 nm channel width with the y-Al,O3; material
acting as an effective etch stop. Feature sizes were measured at
~ 10 nm while the etch depth was ~ 40 nm i.e. an aspect ratio of
1:4. The high-resolution TEM images of Si nanofins are
displayed in Fig. 9e and f revealing the uniformity of the
nanofin structure.

This journal is © The Royal Society of Chemistry 2012
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Fig. 9 Top-down SEM images of pattern transferred Si nanofins in ~ 50 nm HSQ gratings at channel widths of (a) 64 nm, (b) 160 nm and (c)
265 nm respectively. Schematic shows process for pattern transfer of aligned y-Al,O; nanowire hardmask. (d) Cross-section TEM of aligned
Si nanofins in HSQ gratings possessing channel widths of 160 nm. (e,f) Show high resolution TEM images of Si nanofins fabricated from y-

Al,O5 nanowire hardmask. Scale bars are 250 nm unless indicated.

Experimental

Materials Planar substrates used were highly polished single-
crystal silicon <100> wafers (p-type) with a native oxide layer
of ~2 nm. Poly(styrene)-block-Poly(4-vinylpyridine) was
purchased from Polymer Source, Inc., Canada, with a molecular
weight of M, = 33.5 kg mol™ (Mps = 24 kg mol™; Mupaye =
9.5 kg mol™?, fos = 0.70), a polydispersity (M,/M,) of 1.15
(where, M, and M,, are number average and weight average
molecular weights) and was used without further purification.
Fe,(NO3)3.9H,0 (Iron ( nitrate nonahydrate),
AI(NO3)3.9H,0 (aluminium nitrate nonahydrate, ACS reagent,
>98%), acetone (ACS reagent, >99.5%) chloroform (for HPLC,
>99.9%, contains 0.5-1.0% ethanol as stabilizer),
Tetrahydrofuran (inhibitor-free, CHROMASOLV Plus, for
HPLC, >99.9%), Toluene (CHROMASOLYV, for HPLC,
99.9%), ethanol (dehydrated, 200 proof) were purchased from

This journal is © The Royal Society of Chemistry 2013

Sigma-Aldrich and used without further purification unless
otherwise stated. De-ionized (DI) water was used wherever
necessary.

HSQ Substrate Preparation and Substrate Cleaning Ten x
10 mm bulk silicon (100) oriented substrates, nominal
resistivity 0.001 Q cm, were used for all DSA experiments. The
substrates were first patterned using a HSQ EBL (Raith e-LiNE
plus) process prior to deposition of the PS-b-P4VP block
copolymer (BCP). The substrates were initially degreased via
ultrasonication in acetone and iso-propanol (IPA) solutions (2 =<
2 min), dried in flowing N, gas and baked for 2 minutes at 393
K in an ambient atmosphere to remove any residual IPA. The
substrates were then spin coated (500 rpm, 5 seconds, 2000 rpm,
32 seconds) with a 2.4 wt % solution of HSQ (XR-1541 Dow
Corning Corp.) in MIBK to produce a ~50 nm film of HSQ.
The wafer was then baked at 393 K in an ambient atmosphere
for 3 minutes prior to transfer to the EBL system for exposure.
Arrays of 50 nm wide lines at pitches of (32n + 50) nm were
exposed, where n is an integer and 0 < n < 8. HSQ pitches were

J. Name., 2013, 00, 1-3 | 9
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measured at ~110, 145, 175, 205, 240, 270, and 300 nm.
Following electron beam exposure the samples were developed
in an aqueous solution of 0.25 M NaOH, 0.7 M NacCl for 15
seconds, followed by rinsing in flowing DI water for 60
seconds and 15 seconds rinse in IPA. The samples were then
blown dry in flowing N, gas.

Block Copolymer Film Preparation and Solvent Vapor
Anneal 0.5 weight % solutions of PS-b-P4VP BCP were
prepared in toluene/THF (80:20). The solutions were left
stirring overnight to ensure complete dissolution. Prior to spin
coating planar Si or HSQ substrates were sonicated for 20
minutes with acetone. Following this surface cleaning, the
substrates were then further rinsed in acetone and blown dry
with nitrogen. Spin coating of the PS-b-P4VP BCP solution
was carried out at 3200 rpm for 30 seconds. Solvent vapor
annealing was carried out in the conventional manner with a
small vial containing 8-10 ml of chloroform placed inside a
glass jar (150 ml) with PS-b-P4VP sample for 30 minutes to 3
hours (room temperature ~ 290 K). Samples were removed
from the glass jars after the desired anneal time and allowed to
evaporate the trapped solvent at ambient conditions. The films
did not exhibit any major swelling during annealing as the films
were transparent throughout (same as spin cast). Surface
reconstruction was carried out by placing the solvent annealed
PS-b-P4VP sample in a glass jar with ethanol vapors for 20
minutes. After this vapor treatment, the sample was removed
and left to dry at room temperature. This provided enough time
for swelling of the P4VP domains to enable the reconstructed
template to form for subsequent deposition of the metal nitrate
solutions.

Metal oxide nanowire pattern fabrication Fe,(NO3);.9H,0
(iron nitrate hexahydrate) and AI(NO3);.9H,0 (aluminium
nitrate nonahydrate, ACS reagent, >98%) solutions of 0.4 wt %
were prepared in ethanol and spin-coated on to the ethanol
reconstructed samples for 30 seconds at 3200 rpm. UV/O;
treatment was used to oxidize the precursor and remove
polymer. Samples were UV/O; treated in a UV/ozone system
(PSD Pro Series Digital UV Ozone System; Novascan
Technologies, Inc., USA). The UV source is two low pressure
mercury vapor grid lamps. Both lamps have an output current
of 0.8-0.95 A and power of 65-100 W, as reported by the
manufacturer, and have strong emissions at both wavelengths
of UV radiation (184.9 nm and 253.7 nm). The system
produces highly reactive ozone gas from oxygen that is present
within the chamber.

Pattern transfer recipes An STS, Advanced Oxide Etch (AOE)
ICP etcher was used for etching to pattern transfer the iron
oxide and aluminium oxide nanowires to the underlying Si
substrate. The general plasma etch methodology for pattern
transfer was as follows; the initial etch was to remove the
native oxide and then Si etch time was varied to form fins with
different heights. The native oxide layer etch was carried out
for 5 seconds using a combination of C4Fg/H, gas mixture (21
sccm/30 scem) using an ICP coil power of 800 W and a
Reactive lon Etching (RIE) power of 80 W. Following this,
nanofin fabrication involved a controlled gas mixture of
C,Fg/SF¢ at flow rates of 90 sccm/30 sccm respectively and the
ICP and RIE power were set to 600 W and 15 W respectively at
a chamber pressure of 15 mTorr. Note that further details on the
above etches can be found in previously reported work by
Ghoshal et al.**** Also as mentioned above, Fe;O, can be
removed via wet etch procedures (oxalic acid), note that the y-
Al,O3; hardmask used here can be removed using a mild base
(NaOH) treatment.

10 | J. Name., 2012, 00, 1-3

Characterization PS-b-P4VP BCP film thicknesses were
measured with a spectroscopic ellipsometer “J.A. Woollam
Ellipsometer” at a fixed angle of incidence of 70°, on at least
three different places on the sample and was averaged as the
film thickness. A two layer model (SiO, + BCP) for total BCP
film was used to simulate experimental data. Atomic Force
Microscopy (AFM) (Park systems, XE-100) was operated in
AC (tapping) mode under ambient conditions using silicon
microcantilever probe tips with a force constant of 42 N m™.
Topographic and phase images were recorded simultaneously.
Scanning Electron Microscopy (SEM) images were obtained by
a FEI Helios Nanolab 600i system at an accelerating voltage of
5 kV and at a working distance of 4 mm. For cross-section
SEM images, the substrate was cleaved in half and positioned
perpendicular to the incident beam of electrons. The stage was
then tilted at an angle of 20< Transmission Electron
Microscopy (TEM) lamella specimen were prepared using the
Helios NanoLab DB FIB and were analysed by JEOL 2100
high resolution transmission electron microscope operating at
an accelerating voltage of 200 kV. Domain size, periodicity of
HSQ trenches and feature sizes etc. were measured from SEM
and TEM data using ImageJ software. X-ray Photoelectron
Spectroscopy (XPS) was performed on Vacuum Science
Workshop CLASS100 high performance hemispherical
analyser using Al Ko (hv = 1486.6 eV) X-ray at 200W power.
Spectra were obtained at a take-off angle of 90< Photoemission
peak positions were corrected to C 1s at a binding energy of
284.8 eV.

Conclusions

In summary, a straight forward, low cost and industrial
compatible methodology for the fabrication of sub-wavelength
semiconductor features has been demonstrated. SVA was
shown to be an extremely effective route for controlling and
optimizing cylindrical morphology in an asymmetric PS-b-
P4AVP BCP system. Furthermore, the ability to develop and
control the orientation of the cylindrical morphology is
promising for line space features for on-chip etch mask
application. The tuning of the film thickness of the PS-b-P4VP
is a significant process step for forming a monolayer of
cylinders in thin film for etch mask application. Creating an
ultrathin mask is important for the subsequent pattern transfer
to the device active layer that the mask patterns. The TEM
characterization presented in this work shows the ability of PS-
b-P4VP to form well oriented C; that enable metal oxide
inclusion. Additionally, enhancing etch contrast over large
areas via metal oxide inclusion technique was shown allowing a
facile pattern transfer. The pattern transfer of the on-chip etch
mask was shown to be extremely successful for both the Fe;O,
and y-Al,O3 hardmask material on planar Si. Si nanofins were
shown to be uniform from TEM characterization with feature
sizes of sub-12 nm. DSA of the PS-b-P4VP line patterns via a
graphoepitaxial approach was also demonstrated employing
HSQ gratings. Metal oxide inclusion was carried out using
‘activated’ PS-b-P4VP features guided by the HSQ gratings
with high reproducibility comparable to the planar substrates.
The pattern transfer of the metal oxide etch masks was shown
to result in regularly aligned Si nanofins with ~ 10 nm feature
size. The technique and approach used here has potential for
industrial scale up owing to the simple and limited process
steps required for the fabrication of highly dense Si
nanostructures. Also the parallels with the semiconductor
industry are clear as a top-down method was employed to

This journal is © The Royal Society of Chemistry 2012
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fabricate the guiding trenches with a well-established negative
tone electron-beam lithographic resist. The ability to fabricate
Si structures with such high precision and placement accuracy
are attractive aspects for key enabling future devices.
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