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Abstract
Metal nanoparticles (NPs) can exhibit unique electronic, magnetic, optical, and catalytic
properties. Highly ordered, dense arrays of non-close-packed, surface-supported metal NPs are
thus of potential use in a wide range of applications. Implementing such arrays over large
surfaces can, however, be both technologically challenging and prohibitively expensive using
conventional top-down nanofabrication techniques. Moreover, many existing patterning methods
are too harsh for sensitive substrate surfaces and their applications. To address this, we here
investigate a fabrication protocol involving a water-based lift-off scheme in which the template
pattern generation is rapidly and inexpensively achieved through block copolymer (BCP) self-
assembly. A three-layer lift-off stack consisting of, from top to bottom, a poly(styrene-block-2-
vinyl pyridine) template, a SiO, intermediate hardmask, and a water-soluble poly(vinyl alcohol)
sacrificial layer is employed in this endeavor. Solvent-induced surface reconstruction (SISR) is
used to generate an initial surface topography in the BCP template which is subsequently
transferred to the layers beneath in a sequence of reactive ion etching steps. Through judicious
selection of stack materials and dry etch chemistries, a layered, high-aspect-ratio, nanoporous
mask is thus implemented. After metal deposition, the mask and excess material are simply
removed in a lift-off step by dissolving the bottommost sacrificial layer in water. The
incorporation of an intermediate hardmask and a water-soluble sacrificial layer obviates the need
for harmful and/or corrosive lift-off solvents and decouples the BCP self-assembly process from
the influence of substrate properties. We demonstrate the generation of well-ordered arrays of Au
NPs capable of supporting sharp, localized surface plasmon resonances. We also investigate
improvements to large-scale uniformity, as this is found sensitive to the SISR termination step in
the original protocol. Extensions of the technique to other BCP morphologies and materials
deposited ought to be straightforward.

Supplementary material for this article is available online

Keywords: lift-off, water-soluble sacrificial layer, nanoparticle arrays, noble metal nanoparticles,
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c-C center-to-center

DI deionized

Dx dextran

EDS energy-dispersive x-ray spectroscopy
EF etch factor

ER etch rate

hPS homopolystyrene

HSQ hydrogen silsesquioxane

LSPR localized surface plasmon resonance
MCE minimum cross-entropy (algorithm)

NP nanoparticle

PS-b-PxVP  poly(styrene-block-x-vinyl pyridine) (x = 2, 4)
PS-b-PMMA  poly(styrene-block-methyl methacrylate)
RIE reactive ion etching

RT room temperature (~21 °C)

sccm standard cubic centimeter per minute
SE spectroscopic ellipsometry

SEM scanning electron microscopy

SISR solvent-induced surface reconstruction
STEM scanning transmission electron spectroscopy
SVA solvent vapor annealing

1. Introduction

As nanostructured surfaces and interfaces are of growing
importance within a broad range of scientific and technolo-
gical applications, identifying scalable and inexpensive
methods to implement these is a critical challenge. Fabrica-
tion of large-area arrays of well-ordered, non-close-packed,
surface-supported metal NPs, in particular, has garnered
extensive interest due to their use within diverse fields such as
plasmon-enhanced, thin-film solar cells [1-4], surface-
enhanced Raman spectroscopy [5], and heterogeneous cata-
lysis [6, 7]. Thin films of BCPs capable of spontaneously
adopting periodic morphologies containing discrete nanodo-
mains, can be utilized to this end. As pattern generation is in
this case achieved through molecular self-assembly, BCP
templates containing densely packed nanometer-sized fea-
tures can be implemented in a rapid, scalable, and inexpensive
way. A prerequisite is, however, that the constituent polymer
blocks differ sufficiently in one or more properties permitting
differentiation and targeted nanolithographic processing.
Several strategies have been demonstrated for using BCPs in
conjunction with more conventional nanofabrication techni-
ques to generate arrays of metal NPs. For example, one
strategy employs selective loading of the PxVP (x = 2, 4)
domains in a poly(styrene-block-x-vinyl pyridine) (PS-b-
PxVP) film with AuCly. A subsequent ashing of the sample
will then simultaneously reduce Au(IIl) to Au(0) and remove
the polymer scaffold; the end result is an array of small
(diameter < 10 nm) Au NPs occupying the positions of the

previous PxVP domains on the substrate surface [8, 9]. From
there, electroless deposition can be used to grow the NPs to
the desired size [10, 11] and shape [12—-15] or to create multi-
metal core-shell structures [16, 17]. A second strategy
involves the use of organic—inorganic hybrid BCPs, e.g. poly
(styrene-block-ferrocenyldimethylsilane), exhibiting high
block-differential dry etching characteristics to pattern a stack
underneath containing metal layers [18, 19]. In a third and
fourth strategy, BCPs allowing for the selective removal of
one type of block, after self-assembly, are used to create
nanoporous templates through which metal is deposited onto
the substrate. Either a ‘wet’ [20-23] or a ‘dry’ [23, 24] lift-off
scheme is finally applied to remove the excess material.
Templated electrodeposition of metal onto a conductive
substrate is a fifth strategy that finds yet another use for a
nanoporous polymer structure and which obviates the need
for removal of excess material [25].

All of the options mentioned above have unique
strengths but also specific weaknesses that can limit their
applicability, especially in the context of the mentioned
applications where the substrates are often sensitive and
surface properties are of critical importance. The main issues
with the precursor loading approach are the limited size of the
resultant particles and that a prolonged or intense plasma
exposure of the sample is needed to reduce the precursor,
remove the BCP scaffold, and create coherent NPs [26]. In the
‘dry’ lift-off and hybrid BCP approaches, material redeposi-
tion and sputter-induced damage to the substrate can be of
concern. In a ‘wet’ lift-off, creating a template conducive to
the release of the top metal layer and the potential need for
large amounts of hazardous or environmentally questionable
solvents or corrosive etchants can be issues. For example,
most instances of poly(styrene-block-methyl methacrylate)
(PS-b-PMMA )-based lift-off procedures demonstrated thus
far require harsh methods, such as heated piranha solution
[20, 27, 28] or extended ultrasonic baths in organic solvents
[21, 22, 29-32], to remove the cross-linked PS template and
excess material. As for templated electrodeposition, it
requires a conductive substrate and care must be taken to
ensure uniform nucleation and deposition over the sample
surface while simultaneously preventing non-desired deposi-
tion, for instance on the backside.

In the present work, a ‘wet’ lift-off scheme utilizing a
water-soluble sacrificial layer and an intermediate hardmask
in addition to the BCP template is investigated. The advan-
tages of such a three-layer stack can be many-fold as it offers:
(1) a lift-off step using a benign and inexpensive solvent, (ii) a
decoupling of the BCP self-assembly from the substrate sur-
face properties, (iii) an opportunity to tailor the ultimate
nanopore aspect ratio (ratio between nanopore height and
diameter at the top surface) and sidewall profile in the mask
while using a thin invariant BCP layer, and (iv) a certain
degree of surface planarization for the BCP film. A number of
considerations must, however, be taken into account when
selecting the combination of materials used in the lift-off
stack. First, a set of solubility constraints as (a) the preceding
layer(s) must not be deleteriously affected by the application
of the subsequent one(s), (b) only marginal swelling of the
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Figure 1. Schematic illustration of a lift-off procedure for generating
arrays of surface-supported metal NPs using a PS-b-P2VP template.
The individual panels represent the lift-off stack after (a) application
of the sacrificial layer (PVA), the intermediate hardmask (SiO,) and
the BCP mixture (PS-b-P2VP + hPS), (b) BCP self-assembly
(monolayer of P2VP spheres in a PS matrix), (c) solvent-induced
surface reconstruction, (d) pore opening (RIE I, i.e. ‘descumming’),
(e) SiO, RIE (RIE 1II), (f) PVA RIE (RIE III), (g) metal deposition,
and (h) lift-off of the layered template and excess metal by
dissolving the sacrificial layer in water.

sacrificial layer (and intermediate hardmask) is desirable
during the solvent vapor annealing (SVA) [33] and SISR
[34, 35] of the BCP, and (c) the sacrificial layer must have
good film-forming properties and be readily soluble in water.
Second, affiliated dry etching processes with sufficiently high
etch rate (ER) selectivity, anisotropy, and reproducibility
must be available in order to faithfully transfer the BCP
pattern into the underlying layers.

Linder et al [36] have previously evaluated various
polymers for use in water-soluble sacrificial layers based on
solubility and film surface roughness after spin-coating and
identified a number of potential candidates, foremost of which
were poly(acrylic acid) and dextran (Dx). For our purposes, a
highly hydrolyzed, low molecular weight poly(vinyl alcohol)
(PVA) species is also a compelling option as it exhibits
negligible solubility in several relevant organic solvents yet
dissolves in water [37-39]. Further, PVA is non-toxic, inex-
pensive, and commercially available. As a purely organic
polymer, PVA can moreover be etched with extremely high
selectivity toward oxide hardmasks in an oxygen plasma.

As for the intermediate hardmask, SiO, has multiple
advantages such as being a well-known entity in micro-/
nanofabrication with regards to both deposition and etching.
Low-temperature deposition methods include atomic layer
deposition [40], chemical vapor deposition [41], (reactive)
sputter deposition, e-beam evaporation, and spin-coating from
a spin-on-glass formulation e.g. a hydrogen silsesquioxane
(HSQ) resist. To achieve pattern transfer from the BCP
template into SiO,, fluorine-based etch chemistries are routi-
nely used for similar purposes.

For lift-off applications, the arguably ideal BCP template
would be one adopting a self-assembled morphology with
cylindrical minority domains oriented perpendicular to the
substrate and which can selectively be eliminated to create an
isoporous structure. Candidate commercially available BCP
material systems include PS-6-PMMA and poly(styrene-
block-lactic acid) (PS-b-PLA) as the PMMA and PLA
blocks can selectively be removed in a ‘wet’ process utilizing

UV-induced chain scission[27] and alkaline hydrolysis (or
enzyme-catalyzed degradation) [42], respectively. Imple-
menting the nanoporous BCP template using SISR, which
entails the geometrical redistribution of the constituent blocks
of the minority domains rather than their elimination, would,
however, be an attractive alternative considering the proce-
dure’s comparative simplicity, reversibility, and potential for
less harsh processing conditions. Furthermore, it might also
enable the use of a wider range of BCPs for this type of
nanopatterning.

As isoporous membranes for ultra-/nanofiltration appli-
cations [43, 44] and nanofabrication templates [9, 34, 35,
45, 46] have previously been fabricated using SISR of PS-b-
PxVP films, we here investigate if this approach reliably can
be used in a large-area lift-off scheme. Hence, a thin (~21
nm) BCP template composed of a mixture of a linear diblock
PS-b-P2VP and a lower molecular weight homopolystyrene
(hPS) species is explored as a proof-of-concept. The BCP film
is believed to spontaneously adopt a morphology consisting
of a monolayer of hexagonally ordered, non-close-packed
P2VP spheres in a PS matrix during SVA, however, as the
film thickness approximately equals the diameter of the
minority domains [and close to half the center-to-center (c-c)
pitch] it is technically difficult to differentiate a spherical
morphology from one of short cylinders oriented perpend-
icular to the substrate.

Consequently, we here opt for a three-layer lift-off stack
consisting of, from the substrate up, a water-soluble PVA
sacrificial layer, a SiO, intermediate hardmask, and a PS-b-
P2VP + KPS film for pattern generation. We demonstrate that
highly ordered, large-area arrays of metal NPs can be
implemented rapidly and cost-effectively using a method that
combines the strengths of BCP self-assembly with those of a
multi-layer lift-off stack. The developed process flow is
schematically illustrated in figure 1.

2. Experimental

2.1. Materials

PS-b-P2VP (M, = 44.0-b-18.5 kg-mol ', polydispersity index
(PDI) = 1.07) and hPS (M, = 12.5 kg-mol !, PDI = 1.04)
were purchased from Polymer Source Inc., Canada. E-beam
evaporated SiO, (99.99%, Kurt J. Lesker) were used for the
intermediate hardmask while the sacrificial layer consisted of
partially hydrolyzed PVA (M, ~ 31 kg-mol ', 86.7-88.7
mol% hydrolyzed, Mowiol 4-88, Sigma-Aldrich). HSQ (XR-
1541, 2%, Dow Corning) and Dx (M, ~ 70 kg~mol_1, Pan-
Reac AppliChem) were evaluated as an alternative inter-
mediate hardmask and sacrificial layer, respectively. Toluene
(Selectipur, Merck) was the solvent for the PS-b-
P2VP + hPS mixture and was also used during the SVA of
the BCP layer. SISR was performed using ethanol (=>99.8%,
AnalaR NORMAPUR, VWR) or isopropanol (GPR Rectapur,
VWR). The metals deposited were titanium (Ti) and gold
(Au, 99.99%) and the substrates used were 100 mm Si(100)
wafers.
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2.2. Polymer solutions

The BCP solution was prepared by mixing hPS, PS-b-P2VP,
and toluene at room temperature (RT, ~21 °C), heating the
sealed vial to ~60 °C and maintaining this temperature for
60 min during continuous stirring. The total polymer con-
centration was 0.90 % (w/w) with APS constituting 30 %
(w/w) of the total amount of polymer. The 4 % (w/w) PVA
solution was prepared analogously to that of the BCP but now
using deionized (DI) water, a temperature of ~80 °C and
elevated temperatures for 90-120 min. Both solutions were
further left to stir overnight at RT before passing them through
0.1 pm PTFE syringe filters (Whatman) once.

2.3. Ashing

All instances of ashing, i.e. subjecting a sample to an oxygen
plasma, in this study were used to either completely remove a
polymer layer or as a surface treatment—not as a pattern
transfer technique—and should thus not be confused with the
later pure oxygen PVA RIE (RIE 1II, see figure 1). A TePla
300 Microwave Plasma System was used to this end. One
high (1000 W, 50 sccm O,) and one low (100 W, 50 sccm
O, + 50 sccm N,) RF power recipe, of variable duration,
were used and hereon denoted ‘high power’ and ‘low power’,
respectively.

2.4. Ascertaining RIE etch rates

In ascertaining the nominal time-average ERs and ER selec-
tivities of our chosen stack materials in RIE I-I1I, a number of
preliminary RIE runs were conducted. A largely rebuilt
Advanced Vacuum Vision 320 RIE and sets of Si(100)
sample pieces (~10 x 10 mm?), each clad with a single
thick, unstructured layer of one of the relevant materials, were
used in this endeavor. All samples were used only once and
spectroscopic reflectometery (K-MAC ST4000-DLX, normal
incidence, wavelength interval A = [400, 800] nm)—per-
formed before and after each run—was used to measure the
simultaneously induced changes in film thickness of the dif-
ferent materials as a consequence of the applied RIE proce-
dure. The settings evaluated for RIE I-III were {550 W, 45
sccm CHF; + 5 sccm O,, 20 mTorr}, {400 W, 25 sccm
CHF; + 25 sccm Ar, 15 mTorr} and {100 W, 50 sccm O,, 15
mTorr}, respectively.

2.5. Lift-off experiments

After ashing (high power, 2 min) the Si(100) wafer, the PVA
layer was applied through spin-coating (6000 rpm) and then
soft-baked (110 °C, 4 min). Next, a layer of SiO, was
deposited via e-beam evaporation (base pressure, BP =
2.3-107° Torr, rate ~1 A's”) and ashed (low power, 2 min)
prior to spin-coating (6000 rpm) the BCP film. Spectroscopic
reflectomtery was used to ascertain the film thicknesses along
the way and the final sample stack was PS-b-P2VP + KPS
(~21 nm)/SiO, (21 nm)/PVA (57 nm)/Si. The subsequent
SVA procedure was performed at RT in a custom-built
flow-based setup using toluene vapors (steady-state

Protuene / Prjuene. = 0-97 for 60 min). The parent wafer was then
split into smaller pieces (~10 x 10 mm?) that for the purpose
of SISR were immersed in isopropanol for 20 min and indi-
vidually dried with a N,-gun. Next, the samples were sub-
jected to RIE I-1II, varying the durations of the second and
third steps (table 2). Finally, 3.5 nm Ti and 10 nm Au was
deposited via e-beam evaporation (BP = 2.3-10°° Torr, rate
~ 1 As™") before immersing the samples in 50 °C DI water
for ~2 min to enact the lift-off.

2.6. Sample characterization

Digital photography and scanning electron microscopy
(SEM; Zeiss 1530, in-lens SEII detector, 5 kV acceleration
voltage, ~ 3 mm working distance) were used to document
the outcome of the lift-off experiments. The distributions of
the top-view cross-sectional size, shape, and c-c interparticle
distance of the Au NPs were characterized using digital image
analysis (DIA) of SEM images acquired at 200k and 400k
magnification. The DIA was performed using the software
Cellprofiler 3.18 and in brief, the utilized pipeline is as fol-
lows: (i) subtraction of a background generated using a large
Gaussian filter, (i) application of a 5 X 5 pixel sweeping
median filter for noise reduction, (iii) object identification
using either the Otsu or the default settings of the minimum
cross-entropy (MCE) thresholding method and (iv) extraction
of relevant object descriptors. None of the NPs touching the
image border were included in the characterization. An
equivalent procedure was applied to nanopores except that an
intensity inversion step was introduced in the pipeline prior to
(1) and only Otsu was utilized. DIA was also performed on
SEM images acquired at 50k magnification to map lattice
vacancies by thresholding the image after (i), then dilating,
eroding and inverting it prior to performing object identifi-
cation and characterization.

To examine the side-view cross-sectional morphology,
degree of crystallinity, and chemical composition of the NPs
on select lift-off samples, scanning transmission electron
microscopy (STEM) and energy-dispersive x-ray spectrosc-
opy (EDS) were additionally performed at 200 kV in a probe-
corrected FEI Titan Themis 200 equipped with a SuperX EDS
detector. DIA of TEM images was performed in ImageJ v1.53
using Otsu thresholding. The TEM-lamellae were prepared
following the in situ lift-out method in a Zeiss Crossbeam 550
(Ga" ion beam). To reduce ion beam-induced damages to the
substrate and NPs, a carbon-rich capping layer was initially
deposited using a C-pen. The final cleaning of the lamellae
was implemented using a 5 kV (50 pA) ion acceleration
voltage. The chemical composition maps were compiled
using the python-based package Hyperspy (v1.6.2). To negate
the influence of the Cu TEM grid, the EDS spectra were
deconvoluted with the Cu signal.

Optical properties of the surface-supported Au NP arrays
were also evaluated using spectroscopic ellipsometery (SE;
Woollam RC2-XI, incidence angles {65°, 70° and 75°},
photon energy range, E = [0.73, 59] eV). The relative
permittivity [e (E) = €(E) + ie,(E)] and thickness (heg) of
the effective media formed by the mixture of air and
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Figure 2. SEM-inspection of the HSQ layer in a stack originally consisting of PS-b-P2VP + hPS/HSQ/Si after sequentially performing a
SISR, a generic SiO, etch of duration (a) 15 s, (b) 20 s, (¢) 25 s and (d) 30 s, and finally an ashing (high power, 5 min).

supported NPs were modeled by fitting oscillator functions to
the SE data using the software CompleteEase. A PSemi-Tri
and two PSemi-MO oscillators were used to account for the
localized surface plasmon resonance (LSPR) and back-
ground, respectively. Using the SE-modelled ¢ and hy,
absorptance spectra were calculated as well using a transfer
matrix methodology.

3. Results and discussion

3.1. Process characterization of the RIE steps

Prior to attempting the intended lift-off scheme, the selected
RIE I-III processes were evaluated with the explicit purpose
of establishing the ERs of our chosen materials and to verify
that sufficiently high ER reproducibility and selectivity
between materials could be achieved. Note that for RIE II
(810, etch) and III (PVA etch), the ERs of the materials in
unpatterned films were investigated here.

3.1.1. RIE | (‘Descumming’). To demonstrate that the SISR-
induced relief pattern in the BCP film indeed can be
transferred to an underlying SiO, layer, a standard SiO,
RIE recipe, containing CHF; and O, and with a reported SiO,
ER of ~35 nm-min~"', was applied to a series of samples with
a PS-b-P2VP + hPS/HSQ/Si stack. Although the sought
proof of concept was obtained, a delayed onset in the
patterning of the HSQ layer was observed and interpreted as
the SISR not generating fully open pores (figure 2). The SISR
consisted of sample immersion in ethanol, at RT, for 30 min
followed by N,-gun drying. As the applied RIE recipe
contains oxygen, it is likely less suited to achieving a high ER
selectivity between the SiO, and the BCP template.
Consequently, the BCP-to-SiO, pattern transfer was divided
into two sequential steps: (i) an initial ‘descumming’ step
(RIE I) using the recipe above and with the explicit purpose
of removing the residual polymer at the bottom of the BCP
pores prior to (ii) a dedicated oxygen-free SiO, etch (RIE II,
see below). A 20 s RIE I, as used in figure 2(b), was adopted
as our default descumming procedure as it seemingly opened
all of the inspected pores.

3.1.2. RIE I (SiO etch). 'To maximize the ERs;ox:ERpcp and
ERs;ox:ERpy 4 selectivities, a RIE II process containing CHF3

and Ar was selected. Two sets of RIE II experiments were
conducted to ascertain the ERs of, and selectivities between,
the materials involved in our intended lift-off stack. In the first
set, samples clad with a single layer of our BCP mixture,
PVA, HSQ, and sputter-deposited SiO, were studied. The
RIE II process resulted in a marginal increase of the BCP film
thickness, high ERs of both HSQ and SiO,, and a modest
PVA ER (see table 1 which is a summary of tables S1-S3).
Substrate-selective deposition of fluoropolymers, due to
plasma-induced polymerization of CHF;, is thought to be
the cause of the apparent increase in the BCP layer thickness.

As a high ERgiox:ERpya would mitigate propagation
(and amplification) of any variation in depth between
nanopores, potentially accrued during the SISR, RIE I, and/
or RIE II in our intended lift-off scheme, a second set of RIE
I experiments were conducted focusing on the sacrificial
material beneath this interface. Dx was also included as an
alternative to PVA and Dx was found to etch, on average,
~54 % faster than PVA leading to ERysq:ERpya = 4.0 and
ERysq:ERpy = 2.6 while the corresponding selectivity values
toward sputter-deposited SiO, were slightly lower (table 1).
We thus opted to proceed using PVA over Dx as our
sacrificial layer material. We note, however, that the PVA ER
is nearly twice as high in this set of RIE II experiments as in
the first despite all ERs being highly consistent between runs
within each set of experiments (table 1). As water-induced
swelling of the PVA films during storage was eliminated,
varying degrees of material deposition following CHF;
polymerization is a conceivable explanation.

3.1.3. RIE lll (PVA etch). As the SiO, intermediate hardmask
ought to be highly stable in an oxygen plasma, a pure oxygen
RIE III process was selected. The PVA ER was evaluated at
two RF power settings (100 and 200 W) of which the lower
was ultimately selected for a slower, more controlled process
(table 1).

3.2. Lift-off experiments

Samples with uniform PS-6-P2VP + APS (~21 nm)/SiO,
(21 nm)/PVA (57 nm)/Si stacks were implemented as out-
lined in section 2.5. SEM verification of the sought BCP
surface topography was obtained after the SVA and SISR
steps (figure 3).
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Table 1. Summary of the RIE II and III process characterization experiments.

RIE II—experiment 1 (n = 5)*

ER selectivities

Material  (ER)® [nm'min~']  SD&g [nm-min~'] Materials (ER,/ER,)  SD
BCP? -1.6 0.9 HSQ:BCP —427 32.1
HSQ® 44.5 1.0 HSQ:PVA 7.4 0.9
Sio°f 32.7 1.2 SiOPVA 55 0.7
PVA 6.1 0.7 PVA:BCP -5.8 4.4
RIE II—experiment 2 (n = 5)* ER selectivities
Material  (ER)® [nm'min~']  SD{r [nm-min~'] Materials (ER\/ER,)  SD
HSQ® 45.1 1 HSQ:PVA 4.0 0.1
Si0of 42.8 35 HSQ:Dx 2.6 0.1
PVA 11.4 0.4 SiOPVA 3.8 0.3
Dx 17.6 0.7 SiO,:Dx 24 0.1

RIE l—experiment 1 (n = 7)%

Material RIE power [W] (ER)b [nmmin~!]  SD&R [nm-min~']
PVA 100 105.8 4.5
" 200 204.3 10.1

" Number of replicates (i.e. RIE runs) in experiment.

" (ER) = time average etch rate.

° SDgr = standard deviation of etch rate.
*30% hPS + PS-b-P2VP.

° Ashed: high power, 1 min.

' Deposited using reactive sputter deposition.
‘ Number of runs for each RF power setting.

20 30
Max Feret Diameter [nm]

Figure 3. Structure verification, via SEM, after the solvent-induced
surface reconstruction of the BCP template [(a) and (b)]. A
histogram and fitted normal distribution of the DIA-measured
polymer pore max Feret diameter is presented in (c). N, p and o are
the number of measured pores and the mean and standard deviation
of the fitted normal distribution, respectively. Inset are a 2D Fourier
transform of the SEM image in (a), a schematic representation of the
lift-off stack and a photo of a representative sample in (a), (b) and
(c), respectively.

As confinement effects can reduce the effective ER at the
bottom of high aspect ratio trenches and holes, optimal values
for the RIE II and III durations (#; and #y, respectively) thus
remain the most pertinent unknowns. This is further rein-
forced by the fact that the effects of these settings on the
resultant nanopore sidewall profile are also uncertain. Stack

Table 2. Lift-off experiment—RIE DoE scheme.

RIE II* RIE III°

ti[s]  EFSiox  tm[s]  EFpya  Stack release
37 1.25 40 1.25 Full

" " 43 1.35 "

" " 46 1.45 "

44 1.50 40 1.25 "

" " 43 1.35 "

" " 46 1.45 "

: ERsiox = 42.8 nm-min~".

" ERpya = 106.5 nm-min ™",
* Etch factor, EF = (ER-t)/h.

release during lift-off is generally aided by having a template
with nanopores exhibiting a high aspect ratio and a negative
sidewall profile (i.e. having a larger diameter at the substrate
than at the top surface). These attributes reduce the risk of
metal deposits along the nanopore sidewalls to form con-
tinuous bridges that anchor the top layer and prevent its
release or alternatively, rip NPs from the substrate. Sidewall
deposits can further remain attached to the NP circumference,
creating ear-like structures. Consequently, a small design of
experiment (DoE) matrix covering sets of predetermined EFs
(EFsijox and EFpya for RIE II and III, respectively) was
formulated (table 2). EF is here defined as the ratio between
the nominal etch depth that would be obtained on an unpat-
terned film and the measured thickness of the target stack
layer i.e. EF = (ER - t)/h, where t and h are the etch
duration and measured target layer thickness, respectively.
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Figure 4. Compilation of SEM images, acquired after lift-off, of the Au NP arrays and histograms (with fitted normal distributions) of the
DIA-measured max Feret diameters. Inset are also 2D Fourier transforms of SEM images acquired at the lower level of magnification
displayed here. N, p and o are the number of measured NPs and the mean and standard deviation of the fitted normal distributions,
respectively. EFgiox was 1.25 [(a)—(c)] or 1.50 [(d)—(f)] while EFpys was 1.25 [(a) and (d)], 1.35 [(b) and (e)] or 1.45 [(c) and (f)].

The samples went from a deep blue prior to RIE I-III
[figure 3(c)], to various shades of brown after the dry etching
steps [figure S1(a)—(f) (available online at stacks.iop.org/
NANO/33/325302 /mmedia)]. After deposition of 3.5 nm Ti
and 10 nm Au, lift-off was enacted through sample immersion
in 50 °C DI water and complete stack release was achieved
immediately on all samples [figure S1(g)—()].

SEM-inspection and accompanying DIA reveal highly
ordered arrays of uniform, well-separated NPs throughout the
RIE DoE scheme, as evidenced by the narrow NP size and
shape distributions and the structured 2D Fourier transforms
of the SEM images (figure 4, table S4). Here MCE and Otsu
thresholding, during the SEM image DIA, was applied for
NPs and pores, respectively, unless otherwise stated. The
mean max Feret diameters and c-c interparticle distances are
found to be in the ranges [21, 23] nm and [42, 44] nm,
respectively. Although instances of lattice vacancies and less
bright NPs can be observed, further DIA of images taken at
50k magnification suggest that the non-patterned area fraction
is <3.0 % (figure S2 and table S5).

Cross-sectional structural and compositional analyses were
also performed, on NPs from the {EFsiox = 1.50, EFpya = 1.25}
sample, using STEM and EDS elemental mapping, respectively.
Well separated Au NPs, embedded in a C-rich and O-containing
capping layer, can be observed resting on Ti adhesion layers
(figure 5). The height of the Au particles ([9, 10] nm) is in good

agreement with the nominal thickness of the deposited Au layer,
however, both the measured diameter ([10, 14] nm) and the c-c
pitch ([14, 16] nm) are smaller than those obtained previously by
DIA of top-view SEM images (figure S3 and table S6). This can
be explained by the orientation of the NP hexagonal lattice in
relation to the viewing plane, the thickness of the TEM lamella
and potentially also material loss during sample preparation.

A number of dark wavy striations were visually observed
on the lift-off samples after RIE III which were not discern-
able prior to RIE I [figure S1(a)—(f)]. A darker shade here
suggests that less material is removed from the stack during
RIE I-III. Similar dark lines—likely of the same origin—were
also seen in low magnification SEM images acquired after the
lift-off step but now represent areas containing less metal
(figure S4). The results of a follow-up experiment in which
different SISR solvents, sample immersion times and drying
techniques were evaluated suggest that the nature of these
irregularities depend on the solvent removal kinetics at the
end of the SISR step (figure S5). This can presumably cause
variations in the resultant BCP nanopore depth such that a
varying extent of descumming (RIE I) is required over the
sample surface. Visually darker regions, after RIE III, would
thus signify areas containing nanopores that have received an
insufficient descumming. Potential ways to mitigate this issue
are discussed below in section 3.4.


http://stacks.iop.org/NANO/33/325302/mmedia
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Figure 5. Dark-field STEM image (a) and EDS elemental maps [(b)—(f)] of a sample cross-section taken perpendicular to the substrate surface
of the lift-off sample for which { EF5i0x = 1.50, EFpya = 1.25} were used. The elements mapped are Au (b), Ti (c), C (d), O (e), and Si (f).
The NPs are embedded in an organic polymer during lamella preparation, which causes pronounced C and O signals.

3.3. Optical properties of the Au NP arrays

The ability of NPs of free electron-like metals (e.g. Ag, Au
and Al) to support LSPRs has found them applications within
various scientific fields such as in light-trapping schemes in
photovoltaic devices [1-4], surface-enhanced Raman
spectroscopy [5], and photochemistry [47, 48]. SE was per-
formed to optically characterize the LSPRs of the surface-
supported Au NPs arrays with the mixed layer of air and NPs
on the surface modelled as an effective homogeneous medium
with relative permittivity (e = €, + ie;) and thickness (hegr).
All samples exhibited similar optical properties with regards
to the position (Epspr € [1.90, 2.35] eV), amplitude
(e2spr € [0.20, 0.58]) and full width at half max-
imum € [0.40, 0.88] eV) of the peak in ¢, associated with the
LSPR [figures 6(a) and S6 and table S7]. The effective
thickness, hegr € [9.7, 14.2] nm is in good agreement with the
height of the Au NPs, as previously determined by TEM
(figure S3 and table S6), which is in line with prior results for
similar structures [49]. A calculated NP layer absorptance of
up to 19 % is observed if considering the effective medium
layer when placed on an optical cavity [55 nm SiO, on a
reflective Al film, see figure 6(c)]. The absorptance would
increase further with slightly larger NPs and/or semi-
conductor coatings [4, 49].

3.4. Towards large-scale uniformity and reproducibility

3.4.1. SISR conducted at elevated temperatures. The
geometry of the nanopores generated in the BCP film
following a SISR procedure depends on the cavity bounded
by the PS walls as well as the ultimate location and
conformation of the P2VP blocks. Uniformity issues are
thus readily explained if the ultimate location and
conformation of the P2VP blocks depend on the solvent
removal kinetics. As the amount of P2VP remains invariant,
increasing the volume of the PS housing cavity might thus be
one way of ensuring open shafts through their centers. This
can be accomplished by performing the SISR at elevated

temperatures as, for a given SISR solvent and sample
immersion time, the osmotic pressure inside the P2VP
domains during sample immersion will increase with
increasing solvent temperature. The higher osmotic pressure
in combination with a simultaneous increase in PS block
chain mobility [i.e. a lowering of the PS glass transition
temperature (Tg)] due to solvent interaction, results in a
plastic deformation of the PS matrix as the PS walls between
P2VP domains are squeezed. The result is an increase in both
the size of the PS cavities and the BCP film thickness while
the minority domain c-c distance remains unchanged [44,
50-53]. This technique has previously been used on self-
assembled PS-b-P2VP films containing perpendicularly
oriented P2VP cylinders to generate fully open pores
traversing the entire layer thickness [52, 53].

To investigate the applicability of this approach to the
current lift-off scheme, SISR was performed using ethanol
with temperatures ranging from ~35 °C to ~50 °C and a
N,-gun to dry the samples afterward. SEM-inspection after
RIE I-III does indeed reveal an increasing pore diameter with
higher solvent temperature but, unfortunately, also that a large
fraction of the inspected area remained unpatterned. Here, the
clearly best results were obtained at RT (21 °C), as
determined by both SEM and the macroscopic appearance
of the samples after RIE III (figure S7). Repeating the
experiment using the simpler (PS-b-P2VP + APS)/Si(100)
stack and SEM-inspection directly after the SISR, provided
further insight as to why unpatterned areas were observed in
the previous experiment as it revealed that the BCP pattern
becomes progressively more diffuse with increasing ethanol
temperature (figure S8). The discrepancies between our
results and those of Wei et al [52] and Yin et al [53] are
conceivably accounted for by: (i) the lower degree of
polymerization of our BCP species (PS4x-b-P2VP g 5 versus
PS590k-b-P2VP75y), (ii) our inclusion of a high mass-fraction
of a low molecular weight APS species that ought to lower T,
of the PS matrix and/or (iii) differences in the initial BCP
film morphology. The morphology of the referenced works
employing this technique was one of perpendicularly oriented
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Figure 6. Plots of (a) the imaginary part of the relative permittivity
(€2) and [(b) and (c)] calculated absorptance spectra of the effective
media formed by the surface-supported Au NP arrays. In calculating
the absorptance, the effective media were theoretically placed on an
optically thick slab of Si in (b) whereas they rest on a 55 nm SiO,
layer on top of a reflective Al substrate in (c). The legend states the
values of the sample-identifying EF's used during RIE II and III (i.e.
EFsiox:EFpva)-

cylinders whereas in our case a monolayer of P2VP spheres is
more likely considering (i) the substantial inclusion of 4PS in
the BCP film, (ii) the use of PS-selective toluene vapor in the
SVA and (iii) observed terrace formation with the same

Figure 7. Compilation of SEM images [(a)-(d)] and photographs
[(e)—(h)], acquired after RIE III, of samples subjected to a
progressively longer duration of a mainly oxygen RIE I. The length
of RIE I was 20 s [(a) and (e)], 30 s [(b) and ()], 40 s [(c) and (g)], or
50 s [(d) and (h)].

top-view structure, believed to represent a double layer of
spheres, when the BCP film thickness exceeds 21 nm by a
couple of nanometers. Thus, while increased SISR temper-
ature can be helpful to open cylindrical domains, this appears
less effective for the current BCP system.

Although not investigated here, there are several other
approaches that might eliminate or at least mitigate the
macroscopic inhomogeneities. These include: (i) the use of
dip-coating equipment in performing the SISR to achieve
more uniform drying conditions, (ii) the prior selective
sequestration of a species, able to e.g. H-bond to the P2VP
blocks, within the P2VP domains for later extraction through
solubilization [52, 54, 55] and (iii) the introduction of a
cleavable moiety or block in-between the PS and P2VP
blocks during the synthesis of the BCP [56-58]. Only minor
adjustments of the here developed nanolithographic process
flow would be required to apply any of these options.

3.4.2. Oxygen plasma descumming (Alt. RIE I). The reason
for initially opting for a CHF3-containing descumming step
was the ease by which the necessary duration could be gauged
through inspection of the SiO, layer beneath. A pure oxygen
plasma RIE I process might, however, be more apt in
alleviating the SISR-related uniformity issues as the SiO,
intermediate hardmask would then serve as an effective etch-
stop and the duration of RIE I could be tailored to the
shallowest pore post-SISR without affecting the SiO, at the
bottom of deeper pores. Consequently, propagation and
amplification of initial variations in the degree of openness
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Figure 8. SEM images acquired after (a) SISR, (b) RIE I-II, (c)
deposition of Ti and Au and (d) lift-off for the sample subjected to a
40 s oxygen-rich RIE I descumming. The histograms, and fitted
normal distributions, in (e)—(g) refer to the max Feret diameters of
the pore openings in (a)—(c) while those in (h) and (i) describe the
resultant NPs in (d) when using the Otsu and MCE thresholding
algorithm, respectively.

of the individual nanopores could be mitigated or even
remedied. The drawback is the added erosion of the BCP
template that will enlarge the pores and ultimately jeopardize
its usefulness as an etch mask. To investigate this, new
samples with a PS-b-P2VP + hPS (~21 nm)/SiO, (21 nm)/
PVA (82 nm)/Si lift-off stack were prepared using the same
methodology as in the previous lift-off experiment except that
ethanol, rather than isopropanol, was used in the SISR. RIE
I-1IT were subsequently performed using an oxygen-rich RIE I
descumming step {50 W, 45 sccm O, + 5 sccm Ar, 15
mTorr} of progressively increased duration in the sample
series. The RIE II and IIl EFs were EFgso, = 1.50 and
EFpya = 1.35, respectively. SEM-inspection, after RIE III,
reveals that a RIE I of > 30 s is required to open all the pores
in the inspected areas [figures 7(a)—(c)]. After a 50 s RIE I
only discrete remnants were, however, left of the intermediate
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Figure 9. STEM images of sample cross-sections, from the sample in
figure 8(d), acquired at different levels of magnification and in
bright-field (a) or dark-field [(b) and (c)] mode. Note the atomic
structure visible in (c). The scale bars are (a) 100 nm, (b) 50 nm, and
(c) 10 nm.

hardmask, presumably due to the almost complete removal of
the BCP template during the descumming step [figure 7(d)].
The visual appearance, after RIE III, of the samples subjected
to a >30 s RIE I was dominated by light areas, suggesting
mostly open pores after descumming. Further, the sample for
which a 40 s RIE I was used was virtually uniform in
appearance [figure 7(g)].

The sample depicted in figures 7(c) and (g) was
proceeded to a full lift-off attempt, i.e. deposition of 3 nm
Ti and 20 nm Au {BP=12-10"% Tom, 0.5 As'}
followed by immersion in 50 °C DI water. Subsequent
SEM inspection and DIA reveals high-quality NPs with a
larger average max Feret diameter (27 nm) than those in the
first lift-off experiment (figure 8 and table S4) and a highly
reduced number of lattice vacancies as only ~0.4 % of the
area is unpatterned [figure S2(m)—(n) and table S5]. Cross-
sectional STEM imaging and EDS elemental analysis were
additionally performed on this sample and the imaging
reveals slightly tapered NPs exhibiting a high degree of
crystallinity (figure 9). Further, the NP diameter ([16, 25] nm)
and c-c pitch ([37, 45] nm) are similar to those obtained from
the top-view SEM images. Again, the height is also in good
agreement with the amount of metal deposited (figure S9 and
table S8). The main NPs are seen to be resting on a bed of
smaller particles, suggesting that the nominally 3 nm of
deposited Ti does not form a uniform adhesion layer (figures 9
and 10). Instances of additional smaller particles, as well as a
diffuse corona of Ti, are also detected around the main NPs
(figure 10). Conceivable explanations for these include
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Figure 10. High-angle annular dark-field STEM image (a) and EDS Au (b), Ti (c), O (d), C (e), and Si (f) elemental maps acquired on cross-
sections containing the high-quality NPs of the sample in figure 8(d).

material redistribution and redeposition during the preparation
of the TEM lamellae or remnants from the top metal layer.

Although full stack release was not achieved on this
sample—Tlikely due to insufficient optimization of the RIE
settings given the thicker PVA layer and the larger amount of
Au deposited—it is believed that an oxygen-rich descumming
can be useful for mitigating SISR-induced uniformity issues
(figure S10).

4. Conclusions

A water-based lift-off scheme for generating arrays of surface-
supported metal NPs using a (PS-b-P2VP + hPS)/SiO,/PVA
stack is demonstrated. The thin BCP film is believed to adopt a
morphology consisting of a monolayer of hexagonally ordered,
non-close-packed P2VP spheres in a PS matrix. SISR is suc-
cessfully applied to the BCP film to generate a surface topo-
graphy. A surface relief pattern, consisting of depressions in the
P2VP domains, is thus obtained and subsequently transferred to
the SiO, and PVA layers beneath through a sequence of RIE
steps. The result is a large-area, layered lithography mask con-
taining an array of vertically oriented high aspect ratio nano-
pores, generated using a considerably thinner BCP template.
After metal deposition, dense, highly ordered arrays of discrete
metal NPs are ultimately obtained on the substrate by dissolving
the sacrificial PVA layer in water. SE analysis shows that Au NP
arrays fabricated with this protocol support the excitation of
sharp LSPRs, indicative of high array uniformity and particle
homogeneity.

The presented results may be considered a proof-of-
concept for the generation of surface-supported NP arrays via
a BCP-based lift-off scheme utilizing SISR and a water-
soluble sacrificial layer. The developed nanofabrication
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protocol ought to be compatible with a broad range of sub-
strates and materials deposited by evaporation or other line-
of-sight deposition methods, opening for many new applica-
tions of interest. Using other BCP film morphologies, gen-
eration of alternative feature patterns should also be possible
with this approach. As the protocol involves the generation of
highly ordered, high aspect ratio, nanoporous templates as an
intermediate step, it could furthermore be of interest to var-
ious applications requiring such structures.
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